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Abstract

Novae are binary systems containing a white dwarf (WD) andséwolved compan-
ion star, either a main-sequence, sub-giant or red giant Blee WD accretes matter
from the companion through Roche lobe overflow or via a st&liad. As material
is accreted, the pressure and temperature at the base aictie¢esl envelope increase
until a thermonuclear runaway occurs. This causes a suddegaise in brightness (the

outburst), which ranks among the most luminous stellapphiysical phenomena.

Following the outburst, some novae form detectable dustiarejecta. Observationally,
there is a correlation between the dust-formation timesaall the time it takes the
nova to fade optically by two magnitudes, which was emplealsis a study of infrared
emission from novae in the Andromeda Galaxy (M31). In the fiest of this thesis,
a simple theoretical model is presented, which considexshipher-energy photons
produced by the nova being absorbed by neutral hydrogereiejdtta, before they
can reach the potential dust-formation sites. This new irsageessfully replicates the
observed trend between these two parameters and agreesithethe observational

data.

The majority of novae are thought to consist of a WD and a mequsnce star, al-
though some systems harbour a sub-giant (SG-novae) or aed (RG-novae) com-
panion instead. In the Milky Way galaxy, relatively few RGvae have been con-
firmed, although in many systems, the evolutionary statdefsecondary is simply
not known. There is evidence that the progenitors of some Tgsupernovae (SNe
la) may be RG-nova systems (e.g. SN PTF11kx), therefore mprtant to under-

stand the population of such systems. In this thesis, atHnbble Space Telescope



(HST) data are used to search for RG-novae in M31. Many more noeagistovered
in M31 each year~30) than in the Milky Way £10). Distance determination is a
major complication when studying Galactic novae. Howeséthe distance of M31
all the novae may be considered to be at the same distancengridB1 an excellent

environment for studying nova populations.

We conducted a survey of 38 spectroscopically confirmed M8Mha in quiescence.
We determined that 11 of these systems had a coincidentmitogeandidate whose
probability of being a chance alignment with a resolved seum theHSTdata was<
5%. As the main sequence and the majority of the sub-giant brarenot resolvable
in theHSTdata, this implies that a significant proportion of thesdesys contain red
giant secondaries. The light curves of several M31 novaalaogpresented here, some
of which useHSTdata to extend the light curves far deeper than is typicalgsiple

for extragalactic systems.

A statistical study was then carried out to test the resdlth® survey and derive an
estimate of the proportion of M31 novae associated with alved source in thélST
data. This includes, for example, models of the spatiatitigion, speed class and
peak magnitude of the M31 nova population, as well as consgl®iases introduced

by the HST coverage of M31. The initial results suggesis 915 of M31 novae are
associated with a source in tRSTdata, a class of objects expected to be dominated by
RG-novae. This is a much greater proportion than that obdesodar in our Galaxy,
and will be important when considering such systems as pate3N la candidates.
The spatial distribution of novae that have resolved pragenandidates is consistent

with these systems being associated with the M31 disk, r#tlaa the bulge.

The method used to locate the progenitors of M31 novae wasugkd to study three
additional systems. The M31 nova, M31N 2008-12a, which appt® be a recurrent
nova (RN) with a very short inter-outburst period, producedatburst in November
2013. This outburst was studied and a candidate progeysters was found itHST

data when it was apparently in quiescence, supportingassilcation as a RN with a
high accretion rate. The method was also used to explore lippts on the brightness

of the progenitor of SN 2014J, a SN la in M82, although no pnitge was found, a



RG-nova (or in-fact any type of system) could not be ruled ot i the limitations of

the data. For the M31 transient TCP J00403295+4034387, vehiotved an unusual
spectrum, archivaiSTdata were used to show the object was probably a blend of two
objects with a very small apparent separation. Finallythiesis is summarised, and

future work on both dust formation and the progenitor searehdiscussed.

Vi
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Chapter 1

Novae

1.1 Introduction

Novae are a type of cataclysmic variable star (CV; Kraft, 396% are produced by a
white dwarf (WD) accreting matter from its companion star. Whafficient pressure
and temperature are reached at the base of the accretedmmvtle accreted matter
will undergo a thermonuclear runaway reaction (TNR). Thergyeroduced during
the TNR leads to the ejection of material from the WD surface @auses a vast in-
crease in luminosity, which is observed as the outburst.\vildrel novaitself is derived
from the Latinnova stellameaningnew star as they were originally thought to be
new stars appearing in the sky. The outburst of a typicahibngva in the Andromeda

Galaxy (M31) is shown in Figure 1.1.

Novae have been noted since ancient times. A list of predef@c novae and su-
pernovae (SNe) compiled from various sources was publislyeDuerbeck (2008)
giving over 90 events spanning from the'14entury BC until Kepler's SN of 1604.
We now know of approximately 400 novae in our Galaxy alone 8@D10; Darnley
et al., 2012) and over 900 candidates in M31 (Pietsch, 2@Eakso their online cata-

logu€e'). The first extragalactic nova was discovered in M31 in 188blsas since been

Ihttp://www.mpe.mpg.de/ ~m31novae/opt/m31/index.php
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Figure 1.1: M31 nova M31N 2010-09b @iband images taken by RATCam on the Liverpool
Telescope during quiescence (left) and during outburst (right).

identified as a SN (1885A; see e.g. Hogg, 1937, and de VauasugeCorwin, 1985,
for discussion). A number of possible extragalactic novaesvdiscovered in the early
20" century, the first, subsequently confirmed, nova (and not @iSMher CV) was
reported by Ritchey (1917, see also Shafter, 2008).

Hubble (1929) performed the first comprehensive searchxtoagalactic novae, iden-
tifying 63 novae in M31. Walker (1954) discovered that a nitxa underwent outburst
in 1934 (DQ Herculis) was an eclipsing binary. It was a furtte® years before Kraft

(1964) showed that all nova systems are probably binaries.

Novae are amongst the most energetic stellar events knoamnt@-ray bursts, SNe
and some luminous blue variables surpass them, howevee roganuch more preva-
lent than these other events. For example our Galaxy is a&thto have a nova rate of
about 35 per year (Shafter, 1997; Darnley et al., 2006), thidhmost recent estimate
giving an M31 nova rate af5"}% (Darnley et al., 2006).
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1.2 Nova Formation and Outburst Mechanism

1.2.1 White Dwarf Formation

During the main sequence, stars burn hydrogen to heliumeiin tlore, but their path
after the main sequence is dependent on their mass. If a @taa lvery low mass
(<0.5 M,) it is thought that the core of the star will not reach sufintiemperatures
to fuse helium and hence will form a He WD. However, since thea@fgpur Universe

is thought to be~13.8 billion years (Planck Collaboration et al., 2013) aratsof

similar mass to the Sun take a similar timescale to evolve ts\@L M, star spends
about10'® years on the main sequence; see e.g. lben, 1985 for a reviengich

systems are likely to have formed yet, unless a significarduennof material gets
accreted by a companion star for example. Stars with higlasses will be able to
fuse helium through the triple-alpha process forming carad oxygen. Outside the

helium-burning core, there is also a hydrogen-burninglshel

The low and medium mass stars cannot reach a sufficient tatopeto continue nu-
clear burning to form higher mass elements, so the star cdonger be supported
and contracts. This contraction continues until it is ehlig electron degeneracy pres-
sure (EDP). EDP is a consequence of the Pauli exclusioniplnavhich states that
two identical fermions cannot occupy the same quantum atadegiven time. During
this contraction the star will expel its outer layers le@vibehind a core composed of
mainly degenerate carbon and oxygen (CO WD). The upper mas$dimthe progen-
itor of this group is around 9 M (Siess, 2006), but it can depend on the amount of
mass shed by the star during its evolution. Slightly moresmasstars{ 9 — 12 M;
Siess, 2006) may reach a high enough temperature to fusernctotmeon and mag-
nesium, but not high enough to undergo further fusion to pcedeven higher mass
elements. This group of stars will undergo a similar proessthe previous group, but
instead leave behind cores composed mainly of oxygen and (@de WD). Stars
more massive than this will not form WDs, but will evolve towarcore-collapse SNe.

For further information on the evolution of these low and medmass stars, see e.g.
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Iben (1985), Garcia-Berro & Iben (1994) and GarB8erro (2013).

It is thought both types of WD can produce nova systems, witth@containing ONe
WDs being estimated to account for about one third of all owtisu(Truran & Livio,
1986; Gil-Pons et al., 2003). However, the number of systertits an ONe WD is
likely much lower than a third. This is because ONe WDs tendetariore massive,
S0 require much less matter to be accreted for an outburstciar @and hence tend to

produce outbursts more often (see also Section 1.2.3).

1.2.2 Accretion Process

There are two mechanisms by which accretion from the conopastar to the WD
can proceed. One method occurs when the companion is laoygjlerto exceed its
Roche lobe. The Roche lobe of a star is the space within whichvatgrial will be
gravitationally bound to that star. Any material outside tRoche lobe can escape
the gravitational field of the star and instead be bound eithé¢he other body or
to the centre of mass of the system (Iben & Fujimoto, 2008)nddein novae, the
matter may be accreted onto the WD. Due to angular momentuiseoaation, the
WD is not thought to accrete the material directly from theoselary, but through an
accretion disk that forms around the WD in the binary planeticapflickering of a
quiescent nova is thought to indicate the presence of art@aerdisk. The material
in the accretion disk then must lose angular momentum béfoea be accreted onto
the WD. The angular momentum is transported outwards by sigcwithin the disk
(Wynn, 2008). Figure 1.2 shows an illustration of a binargteyn where a white dwarf
is accreting matter from its companion via Roche lobe overflownovae where this
process occurs, the WD (or at least the accretion disc) cadliteaccrete gas from
the outer regions of the companion star. The second methwés$ transfer is via the
stellar wind of the secondary star. An accretion disk is giduo form when matter
is accreted via this channel too, as the material still néedsse a large proportion
of its angular momentum in order to be accreted by the WD. Thegsses within the

accretion disk have a big effect on the accretion rate of the Adb example, even if
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the secondary is losing mass at a constant rate, the WD mayo@te at a constant

rate.

Roche Lobe

Accretion Disc

White Dwarf

Figure 1.2: lllustration of a WD accreting matter from a higher-mass compataonia Roche
lobe overflow. The Roche lobes of the two objects are represented hylable lines sur-
rounding them. Any matter from the companion that goes beyond the Roahedolthen be
accreted by the WD; here it can be seen doing so via an accretion disk.

If the magnetic field in a CV system is strong enough, it cancaffew the mass is
transferred. The CVs with the strongest magnetic fields alagovhere an accretion
disk is unable to form and matter is accreted via a strearoviiig the field lines.
This allows the material lost by the companion to be quicldgrated by the WD,
although such systems can still show variation in theiretgan rate (e.g. AM Herculis;
Hessman et al., 2000). There are also intermediate polasKaown as DQ Herculis
stars, after the 1934 nova of the same name), a sub-class oivB&® the magnetic
field is not strong enough to prevent an accretion disk frormfog, but is strong
enough to disrupt it. In these systems an accretion diskrmdd, but as the material
in the disk gets closer to the WD, it then follows the magnettdfiines, and thus is
accreted quickly by the WD (Patterson, 1994). In novae wittmgf magnetic fields the
rotation of the WD is usually synchronised with the orbitalaletion (Warner, 2008).
A notable system where this is not the case is V1500 Cygni, evtiex difference is
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believed to have been caused by its 1975 outburst (Stocktredn £988).

1.2.3 Thermonuclear Runaway on the White Dwarf

When a critical pressure and temperature are reached at sieeobghe accreted en-
velope, hydrogen burning is triggered. However, on the degee surface of a WD
temperature cannot be moderated as it would be within a&t&s.is due to the differ-
ing relationships between temperature and pressure. In-@@generate star, pressure
is proportional to temperature, so if the star expands €tihefowering the pressure)
the temperature will also be reduced. In degenerate mitemnaperature and pressure
are only very weakly coupled, therefore the rate of hydrdgeming can continue to
increase. If this continues it will trigger a TNR. This occbesause the accreted mate-
rial is heated by the energy from the nuclear burning and thetgtional energy until

an explosion occurs, and happens over a very short timescale

The nuclear burning occurs initially through the p-p chamd ghen through the CNO
cycle (Starrfield et al., 2008). Isotopic ratios are diffearen novae than in stars due
to the differing timescales of the expansion (the fast exjmemin novae not allow-
ing equilibrium to be reached). The metallicity also affetite TNR, as increased
metallicity gives an increased opacity. This increasectibpéhen traps the heat being
produced by nuclear burning, triggering the TNR with lesssiaaving been accreted
than would be required at a lower metallicity (Starrfield ket 2008). Any mixing of
the WD core with the envelope increases metallicity. The magsired for a TNR to
occur is lower in systems with more luminous WDs because thleenitemperatures
at the WD surface further heat the accreted envelope. Théopevemass required for
a TNR to be triggered is also lower the more massive the WD (ftiar et al., 2008).
Due to the increased pressure at the surface of a massive W&mkerial is required

to achieve nuclear fusion.

An equation for the critical pressur@,,;, is given by Starrfield (2008):
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GMWDMig

Pcrit -
A1 R ’
WD

where Myp and Rwp are the mass and radius of the WD respectively afgd is
the ignition mass of the accreted envelop®,;; is thought to be~10?° dyne cn1?
(Starrfield, 2008) and as a WD’s mass is related to its radiesiass of the WD can
be estimated using an accretion rate (and hémgpestimate. Starrfield (2008) notes

however thaP,,;, is also dependent on accretion rate and the WD’s composition.

1.2.4 The Ejecta

Evans (2001) lists five phases of the expanding ejecta, vizEhk fireball phase, as
the optically thick ejecta expand. 2. The free-free phaseha ejecta thin out. 3.
The dust formation phase. 4. The nebular phase, where tb&gjee excited by the
hot remnant. 5. The coronal phase, where coronal lines araipent. Not all novae

produce dust and not all, indeed only a minority, show a calrphase.

The mass of the material ejected can be more or less thantdiartass accreted by
the WD from its secondary and typically ranges fronT1®, to a few 10* M
for classical novae (CNe; Bode, 2010), with less mass beiregjen most recurrent
novae (RNe; for descriptions of RN and CN systems see Sectign There is a
long-standing disagreement between the mass predicteslégebted by TNR theory
and the mass actually observed to be ejected. The obsemetibajmasses can be
up to ten times those predicted (see Starrfield et al., 2008, references therein).
Typical ejection velocities of novae are from a few hundmea few thousand kns
(Bode, 2010). Models predict that some material dredgedarp the WD core will be
expelled along with the envelope (e.g. Prialnik & Kovetz849Casanova et al., 2011),
hence analysis of the ejecta can indicate whether the sysisman ONe or CO WD.
Models by Prialnik & Kovetz (1995) suggested that the masthefWD in a system
increases with each outburst if the accretion raf®~" M., yr—! and decreases with

each outburst if the accretion ratel0° M, yr—! independently of the WD’s mass
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or temperature. This leaves a significant accretion ratgararhere the WD mass can
either increase or decrease, depending on other parameiguse 1.3 showsiubble

Space Telescof&lST) images of the remnant of DQ Herculis, which erupted in 1934.

Figure 1.3: Hvimage of the remnant of DQ Herculis taken on 1995 September 4 using WFPC2
onHST(proposal ID 6060).

From studying relative abundances, Truran & Livio (1986)vad at several conclu-
sions about typical abundances of novae ejecta: They hgvehalium to hydrogen

ratio and high abundances of heavy elements. Higher hellumdances tend to oc-
cur in slower novae and substantial heavy-element enriohteads to occur in faster
novae. The abundance of nitrogen in novae is generally leetvi® and 100 times
the solar level, while overall metal abundances are tylyidd) to 50 times greater in
the ejecta (Evans, 2001). In order to produce observed almaed in the ejecta it is
thought there must be some mixing of the core of the WD and thesterd envelope
(and indeed there must be if the overall mass of the WD is dsitrga The com-

position of the ejecta may also vary with the time at whiclksitjected, depending
upon when the material from the WD core is dredged up. Willi&rdason (2010)

suggested that there are two components to nova ejecta iffehedt origins. They
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argued that one component is the ejected gas from the oytslaf the WD and the
other is pre-existing circumbinary gas that representsd@jeom the secondary or the

accretion disk and expands much more slowly.

1.2.5 Post-outburst

It is thought that during a nova outburst, an accretion disk be destroyed, or at
least disrupted. This is indicated by the loss of opticakéitng for a period of time.
For example 241 days after the 2006 outburst of RS Ophiuchi (B9,@vidence of
the reappearance of optical flickering was found (Worteia.e2008). U Scorpii (U
Sco) showed evidence that its accretion disk began to refouth sooner after its
2010 outburst, at onlg — 10 days (Mason et al., 2012). Once the accretion disk has
reformed (if there was one and if it was disrupted) the acmmgbrocess then starts
again, eventually leading to another outburst. This cyaletake any amount of time
from one year (Darnley et al., 2014) to the order of decade&fde up to the order
of 10* — 10° years for CNe. The upper time limit for this cycle is not knownt all
novae are thought to have more than one outburst. Thereigwldence that accretion
discs can survive or reform very quickly (e.g. Walter & Bdifi2011). Some novae
can remain active X-ray sources long after outburst. V723i0psia, for example,
was still active 12 years post-outburst. A possible exglangor this is continued
hydrogen burning at the WD surface, being fed by renewed aonréNess et al.,
2008).

1.3 Light Curves of Novae

The light curve of a particular nova can indicate a numbehwfgs about its proper-
ties. The various phases in the light curve of an outburséwescribed by McLaugh-
lin (1939). An ideal light curve was plotted from this by Gapbkin (1957) and
McLaughlin (1960). A version of this ideal light curve credtby Darnley (2005)

is reproduced here in Figure 1.4, and the stages are aldty ltéscribed here.
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Figure 1.4: A reproduction of the ideal nova light curve adapted fropoSehkin (1957), McLaughlin (1960) and Darnley (2005).
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1.3.1 Pre-nova

Only RNe are usually studied pre-outburst, as their postame already known. The
pre-outburst stages of CN systems usually have to be stueliedpectively and hence
usually in no great detail. Robinson (1975) found half of ttenbvae with well
defined pre-outburst light curves he studied showed changéeir light curve 1-15
years before the outburst, with five showing an increaseighbress between 0.25 and
1.5 magnitudes. However when Collazzi et al. (2009) testedetliesults they found
four out of the five Robinson (1975) found to have significamt-putburst rises were
due to mistakes in the old literature. Collazzi et al. (200€)bwever find two cases
of significant pre-outburst rises out of 22 studied. Thisgasgs the phenomenon is
much less widespread than previously believed. Adamakad. €2011) studied the
historical light curve of RS Oph. Using wavelet analysis tifi@ynd that the system
appears to show a signal in the power spectrum prior to arugsttba method that

could therefore be used to predict when an outburst may occur

1.3.2 Rise To Maximum

The initial brightness rise during an outburst is a very spbase of the light curve and
is rarely observed except in slow novae. A number of novaglajsa pre-maximum
halt in their light curve; this can be a pause in the risingjlmess or even a small
decrease in brightness. The cause of the pre-maximum fsill isncertain, however
recent models by Hillman et al. (2014) have suggested thenapemum halt is ac-
companied by a temporary dip in total luminosity, possikdyiged by convection in
the envelope becoming less efficient as it expands and thinstdas long been noted
that the length of the pre-maximum halt appears to correspmthe speed class of the
nova, with the slower novae displaying longer pre-maximuttsh(e.g. McLaughlin,
1939). Observations of the fast nova V463 Scuti by Kato e24102) showed there
are exceptions to the trend, as V463 Scuti displayed a presmian halt of at least
24 days. As these early stages are often missed, whole skgysucan be useful in

retrospectively studying these early phases of bright @a¢eay. Hounsell et al., 2010).
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After the pre-maximum halt (if one occurs) the increase igtiiness is then resumed
until the maximum is reached. This is known as the final rise tends to be slower

than the initial rise.

1.3.3 Decline From Maximum

The early decline phase can be a smooth decline or show ftigrtgan brightness.

The transition phase is the stage where individual novaglajismost differences.
McLaughlin (1939) defined the three forms as: (1) an abruphgk of the curve to-
wards a gentler slope, (2) a single broad minimum of veredsiht depth in individual

cases, followed by a recovery of light or (3) a series of giroscillations. Attempts
to further classify nova light curve declines have been m@dg Duerbeck, 1981;
Strope et al., 2010). Robinson (1975) found that in CNe, almogormly, the post-

outburst magnitudes were the same as the pre-outburst tudgsi Indeed Collazzi
et al. (2009) too found that the average change in magnitode pre-outburst to post-
outburst was 0.0 magnitudes. They did however find five novesr&the post-outburst

brightness was over ten times the pre-outburst brightness.

1.3.4 Nova Classification by Speed of Decline

In general, the more luminous a nova is the faster its lunityegll decline. Novae
can be classified by the speed at which their light curve deslort,,, the time it takes
a novae to fade by magnitudest, for very fast novae can be less than 10 days, but

for very slow novae it is in the order of hundreds of days.

Gaposchkin (1957) suggested a scheme for classifying noy#ee time they take to

fade by two magnitudes, which is reproduced here in Table 1.1

RNe often decline very rapidly after outburst hence outlsuzah be missed simply by
them occurring when the nova appears near the Sun in the gig.light curves of

individual RNe tend not to vary greatly between outbursthéeder, 2010).
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Novae speed classes
Speed class t, (days) 7y (mag day?)

Very fast <10 >0.20

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

Table 1.1: The classification of light curve decline speeds as defineépygahkin (1957).

1.3.5 Magnitude 15 Days After Maximum

It was long been believed that absolute magnitudes of nora@@proximately the
same 15 days after the maximum. This relationship was firgtchby Buscombe &
de Vaucouleurs (1955), who statélde mean light-curves of the combined two groups
of fast novae and the combined two groups of slow novae iteasd 4 days” This
could obviously be a useful indicator as to whether the marmof a given nova has
been missed, although recent work suggests there is noalationship (e.g. Ferrarese

et al., 2003; Darnley et al., 2006).

1.4 Infrared Emission

During outburst, a nova emits radiation over a large rang&eafuencies, from ra-
dio to X-rays. The overall luminosity remains approximgtebnstant during the first
phases of the outburst, but the type of radiation emittechbynbva changes. During
this constant bolometric luminosity phase, as the effeqiivotospheric radius shrinks,
the effective temperature increases, causing radiatidre tgystematically emitted at
shorter wavelengths. For example, novae are initiallytiraptically, but as they fade
in the optical, they become bright in the UV, and then the ¥-r&his is illustrated
in Figure 1.5. Different frequencies indicate differenb@esses in the outburst. For
example, infrared is the most important emission when gryindetect dust formation
in the ejecta and soft X-ray emission is thought to indicatetioued nuclear burning

on the surface of the WD.
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Figure 1.5: A multi-wavelength illustration showing how the emission of a typicatusing
nova varies over the course of an outburst (from O’Brien & Bod@820

The dip in the visual light curve at about 100 days in Figutedarresponds to dust
formation. This is caused by the newly formed dust obscuttiegcentral source. As
the optically thick dust cloud expands and disperses, theesaoe-emerges and the op-
tical emission re-brightens. This dip in the optical is anpanied by an increase in the
infrared emission, caused by re-emission. In non-dustifog novae the infrared de-
cline would follow that of the optical, with the infrared dee being delayed. Infrared
observations can be used to measure the abundances of C,r@, @har elements in
dust formed after an outburst (Gehrz et al., 1998). They tsamlreelp determine if the
primary in the system is a CO or ONe WD. For example, outbursasi®Ne system
produce strong Ne infrared forbidden lines (Gehrz et al., 1998). This dip ie tp-
tical light curve and the accompanying rise in the infrarethie primary indicator of

dust formation in novae.

1.5 Recurrent Novae

RNe are novae for which more than one outburst has been retondereas CNe

have only one recorded outburst. However, since all novadhaught to undergo
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multiple outbursts, RN systems are likely just on the extreme continuum of re-
currence times. RNe contain higher mass WDs and have hightiaccrates. This
is because the more massive the WD, the less matter is requirtee surface of the
WD in order to reach a high enough pressure for the TNR to bgdr&d. In order
to produce recurrence times in the order of decades, higtetame rates are still re-
quired even in systems with the highest mass WDs. Due to thgvedly short period
between outbursts in RNe and less mass being required for atd Hé&cur, RNe tend
to eject much less mass when they have an outburst. Many RNefastMight curve
declines, increasing the likelihood of outbursts beingseis The WDs of many RNe
are believed to increase in mass with each outburst (e.g. RSHxzhisu et al., 2007;
U Sco, Hachisu et al., 2000). This is the opposite to CNe theatharught to typically
decrease in mass when they undergo an outburst (see e@& uran, 1992). della
Valle & Livio (1996) estimated about 10%-25% of nova outlsingould be attributed

to systems that are classed as RNe.

The RN U Sco appears to produce outbursts at regular intes/al$0 years (Schaefer,
2010). This is assuming several pre-1960 outbursts have méssed. U Sco is a
very fast nova so this is not an unreasonable assumption.ettowfor some RNe
the inter-outburst time-periods change significantly. R T Pyxidis (T Pyx) has
outbursts recorded in 1890, 1902, 1920, 1944, 1967 (Sch&&f@0) and recently in
2011 (Waagan et al., 2011). T Pyx is a slow nova, so outburstsach less likely to
have been missed and there were almost certainly no owthesteen 1967 and 2010
(Schaefer, 2010). T Pyx is thought to be atypical among the Bbds®f objects. The
nova shell around T Pyx appears to originate from the firseotesl outburst in 1866
(Schaefer et al., 2010a). The low ejection velocities amh léjecta mass also imply
this was a CN type outburst with a very long quiescent periddrbehe 1866 eruption
(Schaefer et al., 2010a).

Darnley et al. (2012) proposed a new classification schemeedweae. This scheme is
based on the evolutionary state of the secondary, ratherahéurst properties. The
classification of novae into the CN or RN group depends not onlyMD mass, but

on properties such as accretion rate (which can change)vamdobservational biases
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(i.e. some CNe could have produced more than one outburst ilash 100 years, yet
are not classified as RNe). Darnley et al. (2012) propose thpes: Those with main-
sequence companions (MS-novae), those with sub-giant @eiops (SG-novae) and

those with red giant companions (RG-novae).

1.5.1 Types of Recurrent Novae

There are currently only 10 known Galactic RNe (Schaefer020®ith 3 known in

the LMC (e.g. Shore et al., 1991; Bode et al., in preparation)afew candidates in
M31 (e.g. Henze et al., 2008a; Shafter et al., 2010a; Dariey)., 2014; Shafter et
al., in preparation). From this small sample, there apptedog distinct subtypes into
which the known RNe can be categorised. The properties of graclp as described

by Anupama (2008), Bode (2010) and references therein athybgiven here.

RS Oph/T CrB type (hereafter RS Oph type) RNe have orbital penotie order of
hundreds of days and contain red giant secondaries. Merobéng group are fast
novae and have high initial ejection velocities 4000 km s?!). The ejected mass is

typically a few 10° M.

U Sco type RNe are very fast novae and contain sub-giant sadeadThey typically
have orbital periods in the order of hours and ejection \igémc~ 10000 km s,

ejecting about 10" M.

T Pyx type RNe contain main-sequence secondaries and arewessclass of RNe,
in the moderately fast to slow range (see Table 1.1). Theatigin velocities are in the
range of 800 - 2500 kms and they have much higher ejection massesJ° M),
approaching those of some CNe. Indeed T Pyx itself is thougbetdecreasing in
mass with each outburst. Selvelli et al. (2010) estimateddtal accreted mass to be

~5.2 x 10" M, with the ejected mass being at least1M...

These sub-groups of RNe also fit well into the classes thatlBagt al. (2012) pro-
posed. RS Oph type RNe are RG-novae, U Sco type RNe are SG-nova®grdype

RNe are MS-novae, with majority of CNe also thought to be membethe MS-nova
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group.

1.5.2 Predicting Outbursts of Recurrent Novae

The outbursts of RNe can, in principal, be predicted using di&@m previous out-
bursts (such as the mass required to trigger the TNR) and thetam rate during the
inter-outburst period. This was displayed when the outbor&RN U Sco was pre-
dicted to occur 0r2009.3 + 1.0 by Schaefer (2005) and it occurred at 2010.1 (Schaefer
et al., 2010b). However, this currently unreliable, assiitated when Schaefer (2005)
incorrectly predicted that T Pyx would erupt 2052 + 3, which was then extended
by Schaefer et al. (2010a) to be later than the year 2225. wke outburst actu-
ally occurred in 2011. It should be noted that within the dreample of confirmed
RNe, T Pyx does not appear typical. As noted in Section 1.3damakis et al. (2011)
showed that it may be possible to predict outbursts of RS Opto @#pfew hundred

days before eruption through wavelet analysis.

1.6 Novae as Distance Indicators

Novae can be used as distance indicators, due to the linkebatthe maximum mag-
nitude of a nova and the rate at which its visible light dexdin The trend of bright
novae declining faster was first noted by Hubble (1929). Téationship between
peak brightness and speed of decline was defined by McLau@®45) and is known

as the maximum magnitude, rate of decline (MMRD) relatiopsHrior to this, the

average brightness of several novae in a galaxy was usetnaesthe distance. No-
vae have advantages over Cepheids in the determination afygdistances. Novae
are brighter than all but the longest period Cepheids and-pamgpd Cepheids are
concentrated in the spiral arms, where overcrowding andrpben is a problem (van
den Bergh & Pritchet, 1986). However, using the MMRD relatomeasure distance
can be difficult due to the time period that a nova must be eBskior to measure its

decline.
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Pritchet & van den Bergh (1987) observed over 15 nights in E9®bdetected 9 novae
in the Virgo cluster. Using six novae with reasonably welsetved light curves they
estimated the distance of the Virgo cluster talbe& + 3.9 Mpc. This is consistent with
modern estimates (e.8.0 + 1.2 Mpc, Fouge et al., 200117.6 + 1.0 Mpc, Jerjen
et al., 2004)

1.7 Spectroscopic Classification

Williams (1992) proposed that novae could be split into thasses based on whether
they had stronger Fe or He and N emission lines; designated as Fenovae and
“He/N” novae. Williams (1992) suggested that the He/N typecddra are formed in
the shells that are ejected at the optical maximum, with #ha Bype spectra being
formed later on, in the winds. Hence he deduced that the peeasof the shell and
the wind dictate which emission dominates for a given novparAfrom the Fel or
He/N emission, one of the main spectral differences aredlagively narrow lines of
the Fell spectra compared to the relatively broad lines of the Heftsp. Spectra
of Fe 1l type novae also often display P Cygni absorption profiles. PnCgrpfiles
are characterised by strong emission lines with blue-ethifbrresponding absorption

lines.

There is also a group of novae that initially exhibitiFéype spectra, but then develop
into displaying He/N type spectra. These novae are knowwylascdnovae, often (and
hereafter) denoted as Fid novae. Another spectral class was proposed by Shafter
et al. (2011f), narrow-lined He/N novae (He/Nn). He/Nn typeae produce narrow
lines, but display neither Feor nitrogen lines. Examples of the two main classes| Fe
and He/N, are shown in Figure 1.6. Shafter et al. (2011f)sdiasl ~82% of novae in
M31 as Fal type. Although in both the Large Magellanic Cloud (LMC; Shaf013)
and M33 (Shafter et al., 2012a) a much lower proportion obe@ppear to be of e
type. This indicates that the faster He/N type novae mayrgdpdoe associated with
a younger stellar population (see Section 1.9 for furtheaitsy. As both He/N and
Fell type novae can produce Ne lines, it is thought both types oatan ONe WDs
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(Shafter et al., 2011f).

1.8 Galactic Novae

As would be expected for such bright objects, novae have bleserved in our Galaxy
since ancient times (see e.g. Ze-Zong & Shu-Jen, 1966; Rakr2008). Indeed,
naked-eye novae are not uncommon. Nova Aquilae 1918 (V6038 fay example,

reached around magnitudd at its peak and was the brightest nova of th& 2entury.

More recently KT Eridani (KT Eri), which produced an outhuirs 2009, reached
magnitude 5.4 (Yamaoka et al., 2009; Hounsell et al., 20T@gre were two naked-
eye novae in 2013, with V339 Delphini reaching4.4?> and V1369 Centauri getting
to ~ 3.52. The novae rate of the Galaxy is estimated to be[34Darnley et al., 2006).
However, as we are in the Galaxy the majority of these are lne¢vable, with about

ten novae being discovered each year.

Duerbeck (1990) suggested two different populations obrpthose associated with
the Galactic disk and those associated with the bulge. Eudbservations (e.g. della
Valle et al., 1992) confirmed this, with the disk novae tegdimbe faster and brighter

than those associated with the bulge.

della Valle & Livio (1998) found that 63% of Galactic novaeldr@ged to the Fel
spectroscopic class. They also suggested that He/N ty@eriend to be near the disk,
whereas Fel type tend to be distributed uniformly throughout the Galaaithough
the latter trend does not appear to be true for M31 (see Setth3). A more recent
examination of all Galactic novae with spectroscopic infation indicated a higher

proportion of novae were of Fetype (~79%; see Shafter et al., 2011f).

2http://www.aavso.org
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Figure 1.6: Spectra of M31 novae M31N 2007-11e, 2007-12a, 2@®7and 2007-12d from
Shafter et al. (2011f). M31N 2007-11e are 2007-12a are examplesiptype novae, whereas
M31N 2007-12b and 2007-12d are both He/N nov@®AS. Reproduced with permission.
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1.9 Extragalactic Novae

Novae are bright enough to be studied in the Local Group atettssl far beyond. One
of the main advantages of studying extragalactic novaesis tithin a given galaxy,
they can all be assumed to be at a similar distance. Also,amilyrabout ten Galactic
novae discovered per year, studying extragalactic syssemnstantially increases the
sample size. Observing novae in external galaxies has stiawthe faster He/N type
novae tend to be associated with a younger stellar popol#tet those belonging to
the Fell spectroscopic class (see below). Here the nova populatibttse LMC,
Small Magellanic Cloud (SMC), M31 and M33 are briefly reviewet dhe more

distant galaxies are also looked at.

1.9.1 Novae inthe LMC

The first nova candidate to be discovered in the LMC was in 1@2ten, 1927;
Henize et al., 1954). Since that date there have been a futtheandidates discov-
ered, with 18 of these having sufficient data for their spectraktyto be determined
(Shafter, 2013). Novae in the LMC tend to fade quicker thararan either our Galaxy
or M31 (Shafter, 2013). Shafter (2013) also showed thataqmately 50% of LMC
novae appear to belong to the Fepectroscopic class, a lower proportion than in our

Galaxy.

Three of the novae in the LMC are suspected to be recurremrtfifidt discovered RN
was LMCN 1990-02a, whose position was coincident with LMCN&93@a (Williams
etal., 1990). The outbursts of LMCN 2004-10a and LMCN 2009-&2aalso believed
to be the second observed outbursts of older novae (Bond, @084, Liller, 2009).
LMCN 2009-02a, which is associated with LMCN 1971-08a, has bken observed
in quiescence. Bode et al. (in preparation) classified iters#ary as a sub-giant, and

thus it is the first extragalactic SG-nova to be discovered.

Shttp://www.mpe.mpg.de/ ~ m31novae/opt/imc/index.php
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1.9.2 Novae in the SMC

The first nova candidate to be discovered in the SMC was in .18gier this first
nova there was only one further candidate (in 1927) befo&® 1Blenize et al., 1954),
but we now tend to see one every few years. In total, as of 20bde are 17 nova

candidates in the galaxy, with five of these being spectpisatly confirmed.

1.9.3 Novae in M31

As the largest galaxy in the Local Group, M31 is vital for stund) extragalactic no-
vae. It was the host galaxy of SN 1885, which was then sim@gsified as a nova.
The first observed CN outburst candidate in M31 occurred i@ was reported
by Ritchey (1917). The first large survey of novae in M31, oreled extragalactic
novae as a whole, was conducted by Hubble (1929), who idesht®8 novae in the
galaxy. We now know of over 900 nova candidates in R1&ad the majority of novae
in the last decade have been spectroscopically confirmgd Seafter et al., 2011f).
Shafter & Irby (2001) calculated a nova rate of-§7and Darnley et al. (2006) derived
a rate of 657% per year for M31. However, M31 is difficult to observe with fes-
sional telescopes for several months of the year. Due taatidsother factors about
30 novae are observed each year, which is still much moreahgother galaxy. The
distribution of all discovered M31 nova candidates (up taydst 20139 is shown in
Figure 1.7. Shafter et al. (2011f) found that approxima&d9o of M31 novae be-
longed to the Fel spectroscopic class, consistent with our Galaxy. The sait®es
found some evidence to support the Galactic trend of fasieaa being more asso-
ciated with the disk than slower novae. However they foun@vidence of spectral
class being dependent on galactic position as has beenstadge our Galaxy (see
Section 1.8). Several M31 novae appear to be recurrent,Jenvadeie the the number
of novae recorded, some of these will probably be chancarakgts (see e.g. Shafter

et al., 2013 and Shafter et al., in preparation).

*http://lwww.mpe.mpg.de/ ~m31novae/opt/smc/index.php
Ssee Pietsch (2010) arndtp://www.mpe.mpg.de/ ~m31novae/opt/m31/index.php
6Created from data frornttp://www.mpe.mpg.de/ ~m31novae/opt/m31/index.php
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Figure 1.7: The distribution of all discovered nova candidates in the ¢éntr@dquare degrees
of M31 up to the end of August 2013, with the darker shades of gresesepting higher
number densities. The figure has a one arcminute resolution. The blue ®HiEsesophotes

from the surface photometry of Kent (1987).
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Bode et al. (2009) discovered the first extragalactic novgemior system when they
usedHST data to observe M31N 2007-12b in quiescence. The work pregen

Chapter 3 of this thesis used a similar method to those autb@snduct a survey of
38 quiescent novae in M31 to search for RG-novae. This workbasheen submitted

for publication in a refereed journal.

We also occasionally observe novae in M32 and NGC 205 (gatgllaxies of M31),
for example, M32N 2006-07a (Leonard et al., 2006) and NGC2098[7-11a (Qiao
et al.,, 1997). However, Neill & Shara (2005) suggested thatriova rate in the
two galaxies may be relatively high, possibly one or two pearyin both M32 and
NGC 205.

1.9.4 Novae in M33

The first nova observed in M33 was M33N 1919-12a, reportediytie (1926). The
galaxy is near to M31 in the sky, but fainter and has a muchlemstellar popula-
tion. The nova rate is 2/87 (Williams & Shafter, 2004) and the number of novae we
observe each year is third only to M31 and the Milky Way witthie Local Group,
although it is subject to the same observational difficalie M31 and we see one or
two per year on average. Including the most recent, M33N ZIZ&4 there have been
41 nova candidates discovered in M33hafter et al. (2012a) found that only three
of the eight novae with available spectra werelFeovae. This would initially sug-
gest a similar ratio of F& type to He/N type novae to that of the LMC. As both the
LMC and M33 have a generally younger stellar population ti@nGalaxy and M31,
the findings of these extragalactic surveys suggest thatiéd type novae are more

associated with these younger stellar population thaetbb&ei type.

http://www.mpe.mpg.de/ ~m31novae/opt/m33/index.php
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1.9.5 Novae Beyond the Local Group

The only galaxy outside the Local Group where novae are gbdaegularly is M81.
M81 is believed to have a nova rate of'33 (Neill & Shara, 2004) and approximately
5 or 10 are actually observed each year. Many more of thesvedl nearby galaxies
are predicted to have reasonably high nova rates, but arelisetved systematically
enough for regular discoveries. For example M101, the haktxg of SN 2011fe,
has a predicted nova rate of 112 (Coelho et al., 2008), yet few novae have been
discovered in this galaxy outside of such surveys as thaedsdtithors and Shafter et al.
(2000). There are examples of novae being readily discdwaren further afield, past
15 kpc. Ferrarese et al. (2003) displayed how many novaeeérund with dedicated
observing time on powerful telescopes. They found nine @eamaM49 on images
taken at 19 epochs over a 55 days, yielding a expected navafabughly 100 per
year. The giant elliptical M87 is believed to have a simyérigh nova rate (Shafter
et al., 2000).

1.10 Type la Supernovae

The only type of SNe that are not caused by the collapse of aineestar are Type la
SNe (SNe la). SNe la are caused by stars that would have be&esr Imedium mass
stars whilst on the main sequence and hence formed WDs aftamhleurning had
ceased. The progenitors of SNe la are still largely unaefsee Section 1.10.1), but
they are thought to occur when the total mass of a CO WD exceed3ttandrasekhar
limit (~1.38 M) and it can no longer be supported by EDP, so collapses fuati
explodes. SNe la can be identified by their singly ionizeail line at 615nm and

their lack of hydrogen.

There are two main candidates for progenitors of SNe la;itigdesdegenerate model

and the double degenerate model. These are explained iors&ct0.1.
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1.10.1 Progenitors of Type la Supernovae

The single degenerate model of SNe la progenitors involVa&aaccreting matter
from a less evolved (i.e. main-sequence, sub-giant or radt)gsecondary. The WD
accretes matter from the secondary and increases in mgss\eelan & Iben, 1973).
Eventually the WD mass approaches the Chandrasekhar limith@en8N explosion
occurs when the carbon ignites. One of the leading progec@ndidates are novae,
particularly those classified as RNe, due to their high WD nsaasel low ejection
masses. Thoroughgood et al. (2001) called U Sco “the best Tayf5N progenitor
currently known” and estimated that it is likely to explodé&hin ~700 000 years,
although Mason (2011) suggested the U Sco system may camt@Ne WD. It is
believed that nova systems with ONe WDs do not produce SN tanstead collapse
to form a neutron star (Gutierrez et al., 1996). Super-smfitces (SSSs) are other
possible progenitor candidates. They have steady burmngeoWD surface, but this
requires a very high accretion rate. The main problem wigrsthgle degenerate model
concerns the occurrence rate of SNe la versus the occunratecef likely progenitors
via this method. As most WDs in RNe systems are thought to beasang in mass
with each outburst they are prime candidates for the progesnof SNe la. However
as most CNe are thought to be decreasing in mass as they uralglgwst, they are
unlikely candidates for progenitors of SNe la (Starrfielélet2012; Newsham et al.,
2013). T Pyx type RNe are not thought to produce SNe la due foitlability to
maintain a high accretion rate (Schaefer et al., 2011). Tmeposition of the WDs
in RN systems are largely not known with any degree of cestaifihis is important
in assessing their merit as likely candidates for SNe lagmdgrs. As ONe WDs are
formed by more massive stars, the WDs with higher initial ntesd to be ONe WDs.
Therefore if RNe can only be formed in systems with massive @NIs and not by

increasing the mass of a CO WD, they are unlikely SNe la progemit

Ruiz-Lapuente et al. (2004) studied the proper motion osstaremnant of SN 1572,
Tycho’s SN, and suggested one of the stars, named Tycho G-&@&8tar, appeared
to be a surviving companion from the SN. Gatez Herndez et al. (2009) found that

Tycho G has an overabundance of Ni relative to Fe as well agrelLlimbundance. The
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overabundance of Ni could indicate the star has been conged by the ejecta from
the SN 1572 explosion. The reason for the high abundanceisféss clear, although
it is a feature that is in common with companions of neutr@arssand black holes
(i.e. core-collapse SN events; Gahez Herdndez et al., 2009). Kerzendorf et al.
(2009, 2013) have argued against Tycho G being the survieamgpanion, stating
the proper motion and rotation is consistent with stars @3N 1572 field; further,
they could not detect the high Li abundance claimed by @GzzHerandez et al.
(2009). Conversely, Bedin et al. (2014) used furtH&Tobservations to constrain the
proper motion and supported Tycho G being the companionAtir considering all
factors, such as velocity, metallicity and relative aburadss, they state the probability

of Tycho G being a chance alignment to §€).00037.

In 2011 a SN Ia, SN 2011fe, exploded in the nearby galaxy Midiyhich Li et al.
(2011) used pre-outburst images to rule out a single-degensystem harbouring
a luminous red giant as the progenitor, but could not comsitaurther, although
Darnley et al. (2013) pointed out that this analysis did nafee fainter RG-nova
systems such as T Coronae Borealis (T CrB). Nugent et al. (20&@fppped that it was
most likely from a system with a CO WD and a MS secondary. Dildagl.e(2012)
suggest that a single degenerate system with a red giantasoamwas the progenitor
of SN PTF 11kx. Several other SNe (e.g. SN 2002ic, SN 2006 XS@007le) show
features consistent with what would be expected from RG-sgstems (Dimitriadis
etal., 2014).

The double degenerate model involves the merger of two W, their combined
mass exceeding the Chandrasekhar limit. However during genef two CO WDs
it is thought the disruption of the less massive WD and acamatinto the more mas-
sive would instead form a ONe WD (e.g. Podsiadlowski, 201@weler Nomoto &
Iben (1985) suggested that in some cases this may be avoydixd lformation of a
thick disk during the merger and a low accretion rate. Thesntaslld then exceed
the Chandrasekhar mass before carbon ignition occurredsarig et al. (2003) sug-
gested that rotation could also help avoid a ONe WD forminggtallowing a SN
la). Schaefer & Pagnotta (2012) could find no resolvable @mgn star in the SN
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la remnant SNR 050967.5 in the SMC and neither could Ga@iez Herandez et al.
(2012) for the Galactic SN 1006. This implies these SNe atleere produced by
double-degenerate systems, although the searches ddenoutisome main-sequence

secondary stars, if a suitable mechanism was put forward.

In January 2014, SN 2014J exploded in M82 and was the neadxekt #r decades
(Zheng et al., 2014). This SN gives an opportunity to learmenadout the progenitors
of SN la, or the progenitor of this particular SN la at leastgd dome work on con-

straining the progenitor of SN 2014J is presented as pahifthesis, in Chapter 6.

1.11 This Work

Prompted by results contained in the first infrared survepafae in M31 (Shafter
et al., 2011b), this thesis first examines the theoretidattiomship between dust-
formation timescale and rate of optical decline in novaesédmtional evidence shows
that novae that fade quicker tend to form dust quicker. Hanetie previous basic the-
ory did not replicate this, predicting the two parameterbdceffectively independent
of each other. By considering neutral hydrogen within thetejéfor which there is
observational evidence), the basic theory was modified iyramg the dust formation
sites only see emission long-ward of the Lyman limit (91.2) nwith that at shorter
wavelengths being absorbed by the neutral hydrogen. Muthifvork has already
been published in Williams et al. (2013). Chapter 2 showsekalts of this work and

how it compares to the observational data.

The thesis then looks more broadly towards extragalacti@e@nd their progeni-
tors. Chapter 3 presents the use of Liverpool Telescope (leElSet al., 2004) and
archivalHST data to search for 38 spectroscopically-confirmed M31 navagiies-

cence. Photometry of the novae in quiescence is also peblifhr systems where
likely progenitor candidates are found. In Chapter 4, lightves of eighteen M31 no-
vae are presented, several of which contd8il data, allowing for those light curves

to be extended to fainter magnitudes than is normally ptessils extragalactic sys-
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tems. Additionally, a spectrum of M31N 2013-12b taken a faysdafter discovery is

shown.

In Chapter 5, the statistics of the catalogue are explored. odehis produced that
considers many potential biases, such asHBE coverage of M31 and the speed-
class distribution, as well as the probability of being aleed in outburst and getting
spectroscopic confirmation for a given nova. After takingsih biases into account an
estimate is derived for the proportion of novae in M31 likedybe associated with a

source in theHSTdata — a group expected to be dominated by RG-novae.

Chapter 6 outlines the use of the same technique as the noxeysarhelp determine
the nature of the three additional extragalactic variabkasstly, the chapter focuses
on a RN in M31 that may have a recurrence time of approximated/year. This
object, M31N 2008-12a, was first observed as a nova in 20@8hisuvork focuses on
photometry of the 2013 outburst and the search for a progrecgindidate. The same
progenitor-location method is also used to derive magsitudits on the progenitor
of SN 2014J, a SN la in M82. Lastly the chapter looks at the M@tical transient
TCP J00403295+40343877, which after being classified asacandidate displayed
an unusual spectrum. Finally, Chapter 7 summarises the wesdepted in the thesis
and looks at the future work planned for both the dust forama#ind progenitor search

work.



Chapter 2

An Investigation into the Relationship
between Speed Class and Dust

Formation in Novae

The majority of the work presented in this chapter has bedaighed in Williams,
S. C., Bode, M. F., Darnley, M. J., Evans, A., Zubko, V. and Shraft. W. (2013, ApJ,
777,L32)

2.1 Introduction

Dust formation has been observed in Galactic novae for o®gredrs (Geisel et al.,
1970; see Bode & Evans, 1989 for a review of the early obsems)j but observations
have only recently extended to the potentially much largen@e of extragalactic
novae (e.g. Shafter et al., 2011b). Dust formation typjcattcurs between 1 and
5 months post-outburst and appears to depend on the spessdotithe nova (e.g.
Gehrz et al., 1998; Evans & Rawlings, 2008; Shafter et al. LBR1A nova outburst
of a system containing a CO WD (CO nova) can produce silicatksorsicarbide,

carbon or hydrocarbons, or indeed a combination of thesar@st al., 1998). The

30
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grains formed in novae can be larger(Q.5 um; Evans et al., 1997) than those in
the interstellar medium (ISMg£0.2 um; Evans, 2001). However Evans et al. (2005)
found an upper limit on the grain size in V705 Cassiopeiae t@iig ~0.06 ym
and suggested if the grains in this particular nova were notrelously small, grains
sizes may have been overestimated in novae with opticalik tust shells. Only a
small portion of the ISM dust (probabls0.3%; Gehrz et al., 1998) of a galaxy is
dust that originated in novae, but novae may be an importants of some elements
and isotopes. Indeed they are predicted to be the majorsadfiféC, °N and'’O
(Starrfield et al., 1972; Jose & Hernanz, 1998; Starrfield.et2808). Neon novae,
however, produce little or no detected dust. It may be that 6@ generally produce
more dust because they involve lower mass WDs, hence an stithuolves more

mass ejected at lower speeds (Gehrz et al., 1998).

The relative ratio of carbon to oxygen is important in dushfation, because carbon
monoxide is a very stable molecule. Generally this leadbéde¢ast abundant of the
two molecules being almost entirely used up in CO formatioeh la@nce unavailable
for forming dust. Hence simplistically it would be expectedt if C > O, carbon rich
dust would form and if O> C, oxygen rich dust would form. However this does not
appear to be the case in novae, with CO saturation only ooguduring early times
after the outburst (Pontefract & Rawlings, 2004).

In novae, CO is produced by two paths:
C+Hy, —CH+H
CH+O0O—CO+H

C'+Hy; — CH"+H
CH"+ O — CO"+H
COt+H — CO+H*

(Evans & Rawlings, 2008)

Nova ejecta are much hotter than the ISM and any dust is debj¢o the strong

radiation fields from the nova. However some factors of therenment in nova ejecta
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are favourable to dust formation, such as the high dengitine ejecta. Many reaction

rates are also higher at the higher temperatures in thadfeeans & Rawlings, 2008).

Data from Gehrz et al. (1998), Evans & Rawlings (2008), Shadteal. (2011b) and
references therein suggest that the timescale on whicHalasation occurs in novae,
tecond, 1S lOnger for slower novae. Indeed Shatfter et al. (2011byvsthat there appears
to be a strong relationship betweep,q and the time it takes for the brightness of a

nova to decline by two magnitudes, This is shown in Figure 2.1.
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Figure 2.1: A reproduction of the plot produced by Shafter et al. (Bp$howing the dust
condensation time against the speed the visual brightness declines in Tbga&alactic novae
are shown as triangles, whilst the two suspected dust producing now&lirare squares.
(©AAS. Reproduced with permission.

This work aims to better understand the relationship betvaderst formation timescale
and speed class. During a nova outburst the underlyingraounta spectrum evolves

as the temperature of the pseudo-photosphere increasbgh&tr temperatures more
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radiation is systematically emitted at higher energies tha& Lyman limit and there-
fore can be absorbed by neutral hydrogen. Using this sitigphgpothesis, the basic
theory described in Section 2.2 is modified and the initiautes are compared to ob-

servational data.

2.2 The Simplistic Model

From energy balance considerations, Evans & Rawlings (20@8)he dust formation

timescalef.ona, IS given by

L (Qa)]?
167T‘/(3?0—Tfond <Qe>

teond = 5 (2 . 1)

whereL is the luminosity of the nova as seen by the grains (usuadlyrasd to be the
bolometric luminosity — see Section 2.4), is ejection velocity((),) is Planck mean
absorptivity, (Q).) is the Planck mean emissivity afd,,q is the dust condensation

temperature. Hence, from Equation (2.1)

Lcond X Ll/Q‘/ej_l' (22)

Using the MMRD, Warner (2008) states absolute magnitivlas given by

M = bylogt, + a,

wheret,, is in days. This means that

2.5log L oc —log t%

and thus ifby ~ 2.5 (Warner, 2008), then
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L Xt;h (2.3)

An empirically determined relationship from Warner (2098)es

log Ve = 3.57 — 0.51og ts, (2.4)

whereV; is in kms™ andt, is in units of days. In a survey of M31 novae, Shafter

et al. (2011f) find a similar relationship from line widthshérefore

Ve K500 (2.5)

Substituting Equations (2.3) and (2.5) into Equation (8)wst...q is then predicted
to be approximately independent#f Taking, for example, the value 6§ = 2.55 +
0.32 from Downes & Duerbeck (2000) results in thedependency of:

—0.01+0.06
tcond XX t2 .

However, as can be seen in Figure 2.1, this is clearly notabe and this basic analysis

needs modifying. The modification of the theory is describelbw.

2.3 What if there was no MMRD?

If there was no significant MMRD relationship, as discusse#asliwal et al. (2011),

t.ona Would be dependent an and would be given by

0.5
tcond % t2 .

A full quantitative analysis then reveals however that elerery low luminosities
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are assumed (which are more conducive to earlier dust faymatdust is predicted
to form far later than is ever observed. An example of an uUistezally low luminos-
ity of 103° W (see the initial luminosities in Figure 2.3 for an indicatiof realistic
bolometric luminosities of novae) and an unrealisticadlygge grain size of 0.04m
(see Equation 2.9 for realistic grain sizes; assuniing; ~ 1200 K) is shown in Fig-
ure 2.2. It can be seen that even in this example, the re&dtiprdoes not fit the data

well.

2.4 The Effect of the Evolving Underlying Nova Spec-

trum on Dust Formation

As a first step in refining the simplistic model described &)dvis assumed that the
grain nucleation sites only see emission at wavelengthgelothan the Lyman limit
(see e.g. Evans & Rawlings, 1994), with neutral hydrogenmateto the dust forma-
tion sites absorbing all radiation at wavelengths shokizn the Lyman limit. Although
simple uniform-chemistry models predict that the ejectaldde fully ionised before
dust formation takes place (e.g. Mitchell & Evans, 1984js itvell known that the
chemistry leading to the formation of nucleation sites sezhse, cool, neutral clumps
(see Evans & Rawlings, 2008 and references therein). Indeewd is strong observa-
tional evidence — in the form of N&(ionisation potential 5.14 eV) and CO emission
(e.g. Evans et al., 1996; Rudy et al., 2003; Das et al., 2009eRal}, 2012) shortly
before dust formation — for the presence of cool hydrogarraeclumps which are
likely at the outer edge of the ionised wind; nucleationssitesuch clumps will indeed
be exposed only to radiation long-ward of the Lyman limit.the analysis presented

here it is assumed the dust is formed at the outer extrenotigee ejected shell.

The initial step is to take the bolometric luminosity as dans (e.g. Warner, 2008)
and defined by the speed class and then we find the fractionsdiithinosity that is
red-ward of the Lyman limit for any given nova at any givendinwe define the peak

absolute magnitudéy/,, of a given nova using the MMRD relation
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Figure 2.2: Thely — teong relationship assuming no MMRD. The black line represents the
relationship derived if a luminosity of03° W and a grain size of 0.0&4m is assumed, as
discussed in the text. The points represent observational data frasfodmsng nova identical

to those presented and discussed later in Figure 2.5 and Section 2.2.
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MV = 2510gt2 —11

(see Warner, 2008, and references therein). Assuming tloenketric correction BC
= 0 at the peak of the visual light curve (as it seems most navagaximum have an
effective photospheric temperature of about 8000K — seadweaal., 2005) )M, is

then converted to luminosity to give the bolometric lumitgsl,,.;, corresponding to

eachts.

The temperature of the pseudo-photosphere is at a minimtime &tme of visual max-
imum, which is in turn reached within the first few days of auti in most novae. At
this time, almost all of the radiation is at wavelengths kemtpan the Lyman limit. The
fraction of radiation red-ward of the Lyman limit can be ecdéted from the effective

temperature] g, given by the following equation from Bath & Harkness (1989):

Tup = Ty x 1027722,

whereTj is the pseudo-photospheric temperature at visual pea&0(0 K as noted
above, Evans et al., 2005) aid/ is the change in magnitude from peak. In order to
find T, as a function of time, model optical light curves were praetlifor each,

value.

To do this, first the outburst amplitudd, for eacht, value was estimated using the
57° line in the amplitude-log t, relationship plot in Warner (1995, the average flux
observed from thin accretion disks with a random distrilmutdf inclinations will be
equal to that of &7° system). The time after outburst corresponding to eathwas
calculated by assuming a standard exponential decay, ehangagnitude AV, can

be expressed as:

AV = A— Ae™™ (2.6)

WhereA is the outburst amplitude (in magnitudes)s a decay constant ands time
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after outburst. So:

L InA—In(A—AV)

Xz

For t,:

~ InA—-In(4-2)
= ; ’

xz

hence

B lnA—ln(A—AV)t
T ImA-In(A-2) ¥

How the luminosity red-ward of the Lyman limit,;,,, declined over time was then
calculated for each, value. Assuming the nova emits as a black body (although this
is a first approximation for the purposes of this work — seeddhildt, 2008), the
blackbody function was integrated to find the luminosity-veald of the Lyman limit

that is received by the nucleation sites at a given tilmeg,

Lyy = 47 R? / N B(T)dA,
91.2 nm
where R is radius of the pseudo-photosphere. Figure 2.3 shbwysagainstt for
varioust, values. It can be seen from the figure that, as expedigddrops much
faster for faster novae. For example, potential dust foonadites in ai, = 40 days
nova see more central source luminosity at 30 days than potential sites infa= 25
days nova do at the same epoch, despite the bolometric lsityrieing higher for the

faster nova.
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Figure 2.3: How the luminosity seen by potential dust-forming sites changastiove for
different speed classes. The top plot shows the luminosity produceddseahat will be seen
by the grains for, = 10 days (highest initial luminosity), = 15, 20, 30, 40 andt, = 50 days
(lowest initial luminosity). The bottom plot shows the same, but expressedrat$o of the
total luminosity produced by a nova with a givenvalue, witht, = 10 days being the fastest
declining and;, = 50 days being the slowesAAS. Reproduced with permission.
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2.5 The Need for Q,, values

Assuming the nova emits as a black body, the emission red-afathe Lyman limit
was first calculated by integrating the Planck function lestavwavelengths 91.2nm

and infinity:

/Oo BA(T):/OO Md)\ 2.7)

91.2nm 91.2nm€)\kT —

which integrates to give:

3 2
hc hc
o0 2k4TH | 7t ( ) 3 (Aka) 6he 6 nhe
BA(T) = = E — | e AmrT | |
/91.2nm ) h3e3 { 15 = ( n? + A kT'n3 * nt | €

EachL;, equation was substituted into Equation (2.1). Assuminglgta carbon,
(Qa) ~ 1, (Q.) ~ 0.01aT?3,, andT,,,q ~ 1200 K (Evans & Rawlings, 2008). As
V; could be calculated for eac¢h value using Equation (2.4), the equation was solved

using trial and error, to produce a theoretital, for each value of,.

The initial results of this analysis showed that dust fororatimescale was indeed
dependent onyt Figure 2.4 shows the relationship calculated, but theltasurela-

tionship appears to makg,.q far too dependent ofy. The figure also illustrates how
dependent the relationship is on the assumed grain sizesveowven the lower grain

size estimate of 0.04m is an overestimate of the radius of nucleation sites.

Using an equation from Evans (1993):

1.3
~ Tdust

L., (2.9)

it can be seen that with an estimated temperature for dusgfiton of 1200 K the grain

size would be expected to be no more than a few nm when dusafmmoccurs.

It is clear from Figure 2.4 that the initial analysis desedlin Section 2.4 produces
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Figure 2.4: A plot showing how the initial modified theory shows that dush&ion is depen-
dent ont, and how dependent the relationship is on grain size. The points reptbeesame
observational data used and described later in Figure 2.5.



2.5. The Need for @, values 42

a relationship where dust formation timescale is far tooedeent onts. The main
problem with the above analysis is that the mean Planck mesorptivity, (Q.), and
Planck mean emissivity().) were used. However since a complete Planck function is
no longer used it is inappropriate to use these and is threrefecessary to reconsider

this assumption.

The emission coefficient)..., is dependent only on the temperature of the nucleation
centres, not the means of heating, and hence the emission dérectly governed by
the wavelengths of the absorbed radiation. Therefore aRlsr@an can still be used

in this case. However the absorption coeffici€n,s, will be affected, and hencg).,)

can no longer be used. Therefore Equation (2.8) is no lorgj&t and a new equation

taking into accoung).;, had to be derived.

As part of the revised theoretical exploration, differeypds of grain material were
considered, for example using data from Zubko et al. (1996)terms of the size

of nucleation centres, it was assumed thata8 a nucleation centre acts as a solid
sphere, where grain radius~ 0.26 nm (see Evans & Rawlings, 2008, and references
therein). A Mie theory code was run by V. Zubko to genei@tg, values for a range

of grain sizes fron0.26 < a < 5 nm over0.05 < A < 1 um for a condensation
temperature],..q, 0f 1200 K (appropriate for graphite in a 1:1 ratio C:O enviramnt;
Evans & Rawlings, 2008). Absorption efficiencies at longevelangths were found

by extrapolation.

The carbon species that were explored were graphite and A@Harphous carbon is
thought to form in H-rich environments; Zubko et al., 19%8)hough the formation of

spherical nucleation centres is of course less likely inctme of graphite. The results
showed that, as expected in the Rayleigh regihg, o< a. The Planck mean emission

for graphite was calculated to be

(Qe) ~ 0.15aT3°

and that for ACH2 was
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(Qe) =~ 400aT94°,

whereTy is the temperature of the grains (in Kelvin) angs in cm in each case. These
Planck means are not valid over all temperatures, but serftidor these calculations
(i.e. they easily cover the range around 1200 K - the Planckmfar graphite is valid
over the temperature range of approximately 500 K to 4000 i what of ACH2
being valid approximately between 500 K and 2000 K).

Thus, considering the energy balance between absorbednatiddeenergy by a nu-

cleation site for graphite

0.18
5Ll /OO
Ty=|—-""—5— By (T, abs (@, A)dA 2.10
and for ACH2
- 0.22
Ty = Lo / B(Tetr) Qans(a, \)dA ~ (2.11)
6400&0'27—‘643‘/6?252 91.2 nm © ’

Equation (2.11) was solved numerically for dust condensatemperatures in the
range of 1000 K to 1400 K and Equation (2.10) was solved nwallyifor T,,.,q =

1200 K for reference.

2.6 Results

The predicted.,.q — t» relationships from the above model were compared with the
data produced by Shafter et al. (2011b) using their obdensaand those of references
therein. This is shown in Figure 2.5, with additional poiatikled for V1425 Aquilae
(Kamath et al., 1997), V1280 Scorpii (Chesneau et al., 2008579 Sagittarii (Raj
etal., 2011), V496 Scuti (Raj et al., 2012) and V809 Cephei (Muet al., 2013). The
graphite and ACH2 relationships shown in the figure were predly performing the

numerical integration described at the end of Section 2et avange of, values.
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Figure 2.5: Observational data from Shafter et al. (2011b) andemdes therein, with the
additional data points listed in the text, showing dust condensation#ime, against the speed

of visual brightness decling;, in novae. The Galactic novae are shown as open triangles,
whilst the two suspected dust producing novae in M31 are shown asesquéhe outlying
Galactic novae PW Vulpeculae and V445 Puppis are discussed in moreid&hifter et al.
(2011b). The dashed line shows the results for the model for graphéavh,q = 1200 K.

The solid line shows the results for the model for ACH2 whgnp.q = 1200 K, with the
shaded area showing the results for ACH2 f@i.g,q4 in the range between 1000 K and 1400 K
(with the higherT..,q being the lower limit of the shaded areaP)AAS. Reproduced with
permission.
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The analysis was also performed using a very simple opteairtk of

2t
-

AV (2.12)

which had very little effect on the final results as can be seéngure 2.6.

2.7 Discussion and Conclusions

As can be seen from Figure 2.5, the results for both grapinite ACH2 appear to
agree well with the general trend &f,.q with ¢, from the observations, despite the
simplistic assumptions made. There do not appear to be ditfatences between
the relationships for the two types of carbon. The shaded afr¢he figure displays
the relationship for ACH2 fof,,,.q between 1000 K and 1400 K. This shows that the
relationship holds well for a range @t.,.q. Note that many specific data points at
the lowert, values lie outside our relationship, but this reflects tmepdicity of the
model and the variation in parameters, including specifét drain types, expected for

individual nova outbursts.

It can also be seen in Figure 2.5, that there is a gap in oldsmmeh data between
100 > ¢, = 200. Note of course that the extreme case, V445 Puppis, isvasual
helium nova. The apparent gap may however be due to theveehatiity of novae of
these slow speed classes, and furthermore not every navg bleserved sufficiently
systematically at such late times to detect the epoch of fdustation. Overall, the
results of this work can be used to predict when dust will famna nova of a given
speed class and hence when, for example, infrared obsersathould be taken to

detect the onset of dust formation.

The only known dust-forming nova where carbon-based dushbabeen observed is
QU Vulpeculae (QU Vul), where SiQOdust was formedt( = 20 days and,,q = 40
days; Evans & Rawlings, 2008; Strope et al., 2010), althobghriova still appears

to match our theoretical relationships for carbon-based. dbeveral novae have been
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Figure 2.6: Observational data as in Figure 2.5, but showing only the nmdaCH2 with

Teona = 1200 K. The black line is the same ACH2 line as that presented in Figure 2.5 and the
red line represents ACH2 with..,,q = 1200 K, but using the simple optical decline show in
Equation (2.12).
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observed to form both carbon-rich and oxygen-rich dust (Ev& Rawlings, 2008),

although the dust in CO novae is thought to consist mainly afrahmous carbon grains
(Gehrz, 2008). The future steps to making a more realistidehare described in
Section 7.2.1.

Having studied dust formation in novae, and offered a thezaeexplanation for the
relationship betweety andt...q, the thesis now moves on to present a survey for the
progenitors of M31 novae, and looks at the proportion of eowéh evolved secon-

daries.



Chapter 3

Searching for the Progenitors of M31

Novae

The majority of the work described in this chapter has beeepated for publication in
Williams, S. C., Darnley, M. J., Bode, M. F., Keen, A. and Shafte W. (2014, ApJS,
accepted, arXiv:1405.4874)

3.1 Introduction

Many of the brighter Galactic novae can be readily obsermeguiescence, even with
smaller professional telescopes. However, due to the Pasision within the Galaxy,
the study of the entire nova population is hindered by thewtisg effect of dust in
the Galactic plane and large uncertainties when detergudistances and extinction.
Approximately ten novae are discovered each year in theyMMay, only around a
third of the predicted nova rate of 84 (Darnley et al., 2006). While some outbursts
may be missed due to seasonal gaps, the majority are likély toissed due to extinc-
tion effects. Therefore surveys of other galaxies are niéatamore complete studies

of nova populations.

The number of galaxies where novae will be resolvable atsgeiece, even with large

48
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telescopes, is relatively limited. RG-novae (i.e. the novéh brightest secondaries)
are observable at quiescence in the Local Group and novaeuwmitinous red giant
secondaries (like RS Oph for example) are detectable fudbexe.g. in the M81
Group). Whilst the Magellanic Clouds are ideal for studyindiwidual objects (e.g.
LMCN 2009-02a; Bode et al., in preparation), their nova ratestao low for any
population studies of quiescent systems. M31, whilst mestadt, has a predicted
nova rate ofi5*; (Darnley et al., 2006) and around 30 novae per year are disedy
allowing statistically significant population studies dpnducted over a much shorter
timeframe than would be required for any other member of theal Group. Whilst
there are still dust extinction effects, these are generalich smaller than Galactic
extinction. As is shown in Section 5.3, a considerable nunabenovae are likely
missed due to the seasonal gap, where M31 is difficult to gbder several months.
It is also shown in Section 5.3 that even just extrapolatiogifthe novae discovered
when M31 is easiest to observe yields a nova rate d8 per year. Additionally, as in
any extragalactic system, novae in M31 can all be assumeel & the same distance,
therefore negating one of the main uncertainties that i®s@mered when studying

Galactic novae.

The ability to detect multiple outbursts of a given nova egstn M31, thus classifying
it as a RN, is hindered by a number of factors. An outburst tleatis during the
seasonal gap is less likely to be discovered, particul&rtyfades quickly, as is often
the case for RNe. Furthermore, a greater number of novae ardisoovered in M31
each year than were a decade or so ago, when a much greatertjgmopvere likely
missed. This means that there are probably a number of systeahhave produced
multiple outbursts since the time of the survey of Hubble2&)9but they have simply

not been discovered.

Additionally, the astrometric accuracy required to matgb putbursts at the distance
of M31, particularly in the bulge (more novae occur here)yrha greater than was
achievable for some old M31 novae. Nonetheless, there heswa & number of at-
tempts to explore the recurrent nova population of M31 bydeag for multiple out-

bursts at similar positions (e.g. Rosino, 1973; della Valleigo, 1996; Ansari et al.,
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2004; Henze et al., 2008b; Lee et al., 2012; Shafter et apreparation). However,
these have all been severely limited by the large positioneértainties of the old no-
vae, and have only yielded a few RN candidates. Additionaljzometric errors can
give rise to incorrect association between multiple owgtsyr(see Figure 4 of Bode
et al., 2009, for example). This technique is further hamgdry the misidentification
of some long period Mira variables as M31 novae (see, for @@marnley et al.,
2004; Shafter et al., 2008a,b).

Some of these problems can be overcome by using a specticatpponfirmed sam-
ple of novae which all have well determined astrometric fpmss$. But this essentially
limits us only to M31 novae since around 2006 when spectpsob large samples
of M31 novae in outburst became viable (see e.g. Shafter,&2Gl1f). Based on the
recurrence timescales of their Galactic counterparts) awshort baseline{ 10 years)

is not long enough to recover a good sample of RNe using meiltiptbursts alone.

Here a technique that can be used to recover the progengtamsg of novae belonging
to the RG-nova class (which Galactically is dominated by cordd and candidate
RNe of the RS Oph sub-class) from a spectroscopically confirsaaple of M31
novae is proposed. In some (exceptional) cases this tashmay also be able to
recover SG-novae in M31 (a class dominated by RNe of the U Soelags) as was
recently achieved for the (albeit much closer) LMC RN LMCN 2a¥% (Bode et al.,

in preparation).

A number of space-based and the larger ground-based ofgtieatopes are capable
of resolving red giant stars within M31. As such, the progmrsystems of RG-novae
in M31 can in principle be directly imaged. Similar work haseb used to directly
image the lensed system for M31 microlensing events (seextomple Aurere et al.,
2001) and indeed the nova M31N 2007-12b (Bode et al., 2009liwa et al. (2011)

have also discussed such an approach.
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3.2 Method

The technique employed in this work to attempt to recoverpttogenitor system for
each nova was first outlined in Bode et al. (2009). This metlehi¢s upon accu-
rate registration between images containing the nova inusst and deeper (typically
archival) high-resolution images where the system isyikebe in quiescence. Here a
catalogue of Local Group novae selected by virtue of thescgpscopic confirmation
(see e.g. Shafter et al., 2011f) and astrometric preciditimecoutburst was used. The

input catalogue is shown in Table 3.1.

For this study, data taken using RATCam, an optical CCD camer#hehiverpool
Telescope (LT), which is on La Palma, were used to deterni@@titburst position of
the nova and the corresponding position in archiW8IT data for the identification of
the progenitor. The ground-based data were processed ahged using a combina-
tion of Starlink and IRAF? (Tody, 1986) software. Imaging data from the Wide-Field
Planetary Camera 2 (WFPC2), the Advanced Camera for Surveyse-Méttd Chan-
nel (ACS/WFC) and the Wide-Field Camera 3 — UVIS Channel (WFC3/UVI®)
boardHSTwere used, all three of which provide very good overlap wig.6 x 4’.6
RATCam LT fields used for this survey. TiHSTdata are again processed using Star-
link and IRAF software, thé&iSTphotometry is performed using HSTphot (Dolphin,
2000) for the WFPC2 data and DOLPH#&)a photometry package based on HSTphot,
for the ACS/WFC data.

http://starlink.jach.hawaii.edi

2IRAF is distributed by the National Optical Astronomy Obsziories which are operated by the
Association of Universities for Research in Astronomy Jnmder cooperative agreement with the Na-
tional Science Foundation.

Shttp://purcell.as.arizona.edu/dolphot



Table 3.1: The input nova catalogue: spectroscopically confirmed sathplthd T or Faulkes

Telescope North (FTN) astrometry. The availability of LT and FTN outbdast along with
HSTWFPC2 and ACS/WFC quiescent data are shown for each nova. We alkbe lipectro-

scopic type ands of each outburst. For novae that have aalue published in more than one

filter, we note the one in the filter closest to that used in this work to sear¢hdgrogenitor.

The table also shows the proposal IDs of th8T data used in this paper. The first number

is for the data used to determine the position of the system, with any subséQuannbers

being for data used in the light curves (with the latter being presented in&hyp

Outburst astrometry

ArchividlSTdata

Proposal ID of

Nova Spectral Class ¢, (bandy
LT FTN WFPC2 ACS/WFC HSTdata used
M31N 2006-09c  Feil 23.1+1.6(R? v X v X 10273
M31N 2006-11a Fa® 28.7+26(R)?> Vv X v v 10273
M31N 2007-02b Fei?* 34.1+36(R? v X v v 10260, 11218
M31N 2007-10a He/Nh® 7.94+0.4(V)? v v X v 9719
M31N 2007-10b  He/NhS 3.140.4 (R)? v v X v 12058
M31N 2007-11b He/Nh’ 744+16.7()? v v v X 10273
M31N 2007-11c Fel® 11.74+0.9 (i")? v v X v 12058
M31N 2007-11d Fel® 9.2+ 0.5 (i')? v v X v 12057
M31N 2007-11e Fa° 27 (R)® v X X v 12110
M31N 2007-12a Fe!! 29.6+2.0(")? v v v v 12057

Continued on next page
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Table 3.1 — continued from previous page

Nova Spectral Class ¢, (bandy LT FTN WFPC2 ACS/WFC Proposal ID
M31N 2007-12b  He/’t 5.0+ 0.5 (R)? v X v v 12058

M31N 2008-10b Fel'? 98.4+14.9 (B? Vv v v v 10006, 11833, 12058
M31N 2008-12b Fel®® 247436 (@)? v X X v 12109

M31N 2009-08a Fe'* 36.7+4.1(B)? v X X v 10760, 12058
M31N 2009-08b Fei'® 26.9+22()? Vv X X v 12114

M31N 2009-08d Fei® 27.9+6.5(B)? Vv X v v 10006

M31N 2009-10b Fel'’ 8.0+ 0.2 (B)? v X X v 11013, 12058
M31N 2009-10c  Fei'8 14.9+08(B)? Vv X v v 10006, 12058
M31N 2009-11a Fe®® 207 +£12(V)? v X X v 10273

M31N 2009-11b Fei?° 7484106 (V)? Vv X v X 10273

M31N 2009-11c  Fel?! 325+24(V)? v X v v 10273, 12058
M31N 2009-11d Fel?? 112404 (B? Vv X X v 12105

M31N 2009-11e Fa&? 55.7+3.1(R? v X v v 5907, 12058
M31N 2010-0la Fe? 28 + 21 (B)*® v X X v 10760, 12058
M31N 2010-05a Fa& 26 39+ 17 (B)?® v X v v 10006, 12058
M31N 2010-09b Fei?":28 38+02(B%»® Vv X X v 12073

M31N 2010-10a Fe?® <16+£2(B)*® v X X X 12109

M31N 2010-10b Fel?® > 41%0 v X X v 10273

M31N 2010-10c  Fel®! 20%° v X v v 10407

M31N 2010-10d Fel®? 23+ 7(B)® v X v v 10006, 12058

Continued on next page
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Table 3.1 — continued from previous page

Nova Spectral Class ¢, (bandy LT FTN WFPC2 ACS/WFC Proposal ID
M31N 2010-10e  He/RP > 529 v X v v 10273
M31N 2011-10a F@3*35 v X X v 12058
M31N 2011-10d  Fei36:%7 v X v v 12058
M31N 2011-12a Fes8 v X v X 10273
M31N 2012-01a Fea&°® v X X v 11647
M31N 2012-09a Fab*° v X v v 12058
M31N 2012-09b  Feib* v X v v 12058
M31N 2012-12a F@*? v X v v 12058

& References:(1) Shafter et al. (2006), (2) Shafter et al. (2011f), (3)f&heet al. (2011b), (4) Pietsch et al. (2007a), (5) Gal-Yar@8&imby
(2007), (6) Rau et al. (2007), (7) Rau (2007), (8) Ciroi ef{2007), (9) Shafter et al. (2009), (10) Di Mille et al. (2007)1) Shafter (2007),
(12) Di Mille et al. (2008), (13) Kasliwal et al. (2009), (1¥aleev et al. (2009), (15) Rodyjuez-Gil et al. (2009), (16) Di Mille et al. (2009),
(17) Barsukova et al. (2009), (18) Fabrika et al. (2009),) @6rnoch et al. (2009b), (20) (Kasliwal, 2009), (21) Horhaet al. (2009c),
(22) Hornoch et al. (2009a), (23) Hornoch & Pejcha (20094) (2ornoch et al. (2010e), (25) this work (see Section 4)) {26rnoch et al.
(2010c), (27) Shafter et al. (2010c), (28) Shafter et al1l(&), (29) Shafter et al. (2010f), (30) Cao et al. (2012)) @iafter et al. (2010d),
(32) Shafter et al. (2010b), (33) Shafter et al. (2010a)) (Bdo et al. (2011), (35) Cao (2011) (36) Shafter et al. (2D1BY) Shafter et al.
(20114d), (38) Shafter et al. (2011a), (39) Shafter et all 220, (40) Shafter et al. (2012d), (41) Shafter et al. (2DX2P) Shafter et al. (2012¢)
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3.2. Method 55

Much of the LT data were taken as part of a monitoring surveiaifal Group no-
vae in outburst (see e.g. Shafter et al., 2011f, 2012a). r@ésens were generally
taken throughB, V, " and?’ filters, with a typical exposure time per filter of 180s
(each comprising x 60s images combined by taking the median). For most of these
observations the cameras were operateddnxa2 binning mode, giving an effective
pixel size of0’279. Towards the end of this survey, the observations inrthend’
filters were dropped in favour of first a higher cadence thinaihg B andV” filters and
more recently, greater exposure times. The data used f@Qh2 novae were long-
exposure (typically 3300s)r'-band images, specifically taken for this project. The

M31 progenitor survey presented here ended in February.2013

The accuracy of the registration between the LT data andH®BiEdata is dependent
upon a number of factors, including: the size of the commaerlap region; the stel-
lar density in the overlap; the seeing of the ground-baseat dlae luminosity of the
nova, and théiSTinstrument available. Typically, it is the seeing in thewgrd-based
data that has the largest detrimental effect, but some comipe must be reached
between the ground-based seeing and the luminosity of the imoeach image. In
order to minimise these effects, a number of approacheswaptoged. Preferentially,
ground-based data ihand/’ filters were used, as these are where these telescopes are
most sensitive against the unresolved M31 background Wigltling superior position
measurements on fainter objects and usually more numetgeasts for registration.
Observations of M31 taken by the Angstrom survey using théd.gj. Kerins et al.,
2006; Darnley et al., 2007, also Darnley private commuiacatindicated that the’
andr’ filters gave superior contrast between M31 variable solandghe unresolved
M31 background (at the typical site seeing on La Palma). I&4FC3/UVIS data
would be used to search for the progenitor systems, howtheze is little data taken
of the M31 field in a suitable filter (as can be seen in AppendibaAd indeed none
for the novae in this survey. Therefore ACS/WFC data is preteover WFPC2 data.
This is due to the smaller pixel size, yielding greater spag@solution, and quantum
efficiency improvement and hence better sampling of the RSEhe ground based

data are generally “red”, the most approprie8Tfilter is chosen if possible, which
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was typically F814W.

3.3 Observations

The spatial distribution of the 38 novae in the catalogu&ds in Figure 3.1.

3.3.1 LT Image Selection

LT images taken using the RATCam instrument in the Sloan¢lik@dr’ filters along
with B andV Bessel filters were used, with the images that would produsenibst
reliable position for each nova, taking into consideraboth the seeing and brightness
of the nova, being selected. The filters were also matchdutivitse used for theST
images where possible. The position of each nova in theagptal with respect to

2MASS (Cutri et al., 2003; Skrutskie et al., 2006) is shownabl& 3.2.

3.3.2 HSTImage Selection

For this work, archivaHST images taken with ACS/WFC and WFPC2 using the
F435W, F475W, F555W, F606W, F625W, and F814W filters werel.udeor some
novae, pre-outburst archivellSTimages were not available, but images taken long af-
ter the outburst were. In such cases it was ensured that sthensyvas likely to be at
guiescence using the speed class of the nova and the imagesdlves. For example,

a nova with &, of just a few days will clearly have faded to quiescence ifithages
were taken some years after the outburst. Additionallynforae which could not be
confirmed as being likely in quiescence using the previouthatk multiple epochs
of HSTdata (if available) were looked at. A system was assumed &t baiescence

if it had not faded between ortéSTimage and the next when they are taken several
months apart. For the individual novae with only post-owbdata, it is noted why
the system is believed to be at quiescence in Section 3.4pidalyexample of how LT

images of novae in outburst coincide with the archii&ITdata is shown in Figure 3.2.
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Figure 3.1: The spatial distribution of the 38 M31 novae with known spexips classes
examined in this study. The He novae are indicated by filled red circles, the He/N novae
by filled blue squares and the Fé types by filled green triangles (see Shafter et al., 2011f,
for a summary of each pre-2010 nova’s spectroscopic type determipalibe grey ellipses
represent isophotes from the surface photometry of Kent (198YAAS. Reproduced with
permission.
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: :41:40.0I L 35.0 37.0

Figure 3.2: M31N 2012-01a during outburst invaband LT image taken on 2012 January
10.83, with the dimensions of the coincident ACS/WFC F55E@8Timage overlaid as white
boxes. M31N 2012-01a is shown with the white circle (the nova being thdevisiturce at the
centre of the circle)©AAS. Reproduced with permission.
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3.3.3 Astrometry

The best images were combined for a given nova, taking intowat the seeing and
the brightness of the nova itself, in order to produce thetmeise position possible
for the system. Typically, arounzb — 30 stars were selected and matched up with
the same stars in the other images using the starfind algoitHRAF, which finds
stars by searching an image for local density maxima witlk peagnitudes greater
than a given threshold above the local background. Afterstaes were matched in
the chosen images using the xyxymatch algorithm, the nagessnslation, rotation,
magnification and distortion needed for the images to aligrevthen calculated and
executed using the geomap and geotran algorithms in IRAFn&Wwy aligned images
were combined using the imcombine algorithm, with the coratliimage being cre-
ated from the average pixel values of the individual frank@sally the position of the

nova within the combined image was measured using the imaidralgorithm.

The positions (which were first found manually, and then tw®ueate positions were
calculated using imcentroid) of abolii — 25 stars in the combined image were then
recorded, as were their respective positions in the chBi&Iimage. The astrometric
analysis used the drizzled (drE)STimages. The drizzling process is an algorithm
used onHST data to correct for geometric distortion and cosmic rays daylzining
pre-processed images. The two lists of coordinates werehmdtand the necessary
transformation to convert between the two data sets wasileédcl using the IRAF
routines described above. The position of the nova in thedtd dias then transformed

into a position in theHSTimage using the geoxytran algorithm.

Using the position determined from the LT image, the coat#ia of each nova were
calculated using 2MASS (Cutri et al., 2003; Skrutskie et2006). This was done
using the same method as described above, but by using tlimpe®f the stars in
2MASS, rather than thelSTimages. The resulting positions are more accurate than

those previously published in the majority of cases andlame/s in Table 3.2.



Table 3.2: A summary of the outburst images used to define the position afiezghncluding

the date the images were taken and the filter they were taken through. Tdéetes of each

nova were calculated from the LT images using positions from 2MASS (€uti., 2003;

Skrutskie et al., 2006).

Telescope Date (UT) Filter Right Ascension Declimatio
M31N 2006-09c LT 2006 September 19.0 V 0742m425 38 4 0°.02 +41°08'45"74 £ 02
M31N 2006-11a LT 2007 February 9.9 1 0"42™56%800 4 05009 +41°06"18"3 + 0”1
M31N 2007-02b LT 2007 February 14.9 i’ 0"41™40%307 4 05009  +41°14’33"4 + 01
M31N 2007-10a LT 2007 October 10.9 V 0M42m555947 4+ 05007 +41°03'21"79 + 071
M31N 2007-10b LT 2007 October 16.0 i 0743™29%47 4 001 +41°17'13"9 £ 0”1
M31N 2007-11b LT 2007 November 16.9 7’ 0"43™52599 + 0501 +41°03'35"79 + 0"1
M31N 2007-11c LT 2007 November 17.0 i’ 014304516 + 0501 +41°15’53"793 4+ 0709
M31N 2007-11d LT 2007 November 28.0 i 01'44™54559 4+ 0501 +41°37'39"8 £ 0”1
M31N 2007-11e LT 2007 December 5.1 i 0R45™475.76 4 0%.01 +42°02'03"7 £ 0”1
M31N 2007-12a LT 2007 Dec 16.9, 31.8, 2008 Jan 8.9¢' 0"44™03%52 4+ 0501 +41°38'40"9 + 01
M31N 2007-12b LT 2007 December 14.9 i’ 0"43™19%96 + 0502 +41°13'46"3 + 01
M31N 2008-10b LT 2008 October 21.0 B 0"43™02541 4 0%.02 +41°140979 £+ 0”2
M31N 2008-12b LT 2009 January 15.0 1’ 04304585 + 0501 +41°17'51"6 4+ 02
M31N 2009-08a LT 2009 August 27.1, September 4.1 0M42m58%105 4 05007  +41°17'29/56 + 0706
M31N 2009-08b LT 2009 August 18.0 i 0144™09%.89 + 0502 +41°48'50"7 £ 0”1

Continued on next page
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Table 3.2 — continued from previous page

Nova Telescope Date (UT) Filter Right Ascension Declinatio
M31N 2009-08d LT 2009 August 20.1 B 0"42™46574 + 0502 +41°15'37"4 +£ 01
M31N 2009-10b LT 2009 October 15.0 B 0"42m20%.83 + 0502 +41°16'44"3 £ 01
M31N 2009-10c LT 2009 October 15.0 B 0242m45% 72 4 0°.02 +41°1556"799 + 0”09
M31N 2009-11a LT 2009 November 13.9 \%4 043045789 4 05009  +41°41'07"79 4+ 0”08
M31N 2009-11b LT 2009 December 6.8 1% 0142m39%596 4 05009  +41°09'02"79 + 01
M31N 2009-11c LT 2009 November 12.9 Vv 0"'43™10%46 + 0501 +41°12'18"5 £ 01
M31N 2009-11d LT 2009 November 24.0 V 0"44™16%866 4 05009  +41°18'53"/6 + 02
M31N 2009-11e LT 2009 November 27.0 1% 0"42™35%33 + 0501 +41°12'59"4 4+ 02
M31N 2010-01a LT 2010 January 15.9 B 0"42™56570 + 0502 +41°1720"2 + 01
M31N 2010-05a LT 2010 June 17.2 B 0P42m355899 + 05008  +41°16/38"24 4+ 0”04
M31N 2010-09b LT 2010 October 5.1 B 0"43™45%545 4+ 05008  4+41°07'54"5 + 0”1
M31N 2010-10a LT 2010 October 10.1 1% 0"42™45582 4+ 0503 +41°24'22"0 + 01
M31N 2010-10b LT 2010 October 11.1 V 014241555 + 0502 +41°03'27"7 + 01
M31N 2010-10c LT 2010 October 22.1 B 0h44™265575 4+ 05008 +41°31/13"6 + 01
M31N 2010-10d LT 2010 October 30.0 B 0"42™36%914 4+ 05008  4+41°19'28"9 + 0”1
M31N 2010-10e LT 2010 November 7.0 \% 0"42m57575 + 0501 +41°08'12"3 £ 0"1
M31N 2011-10a LT 2011 October 26.1 B 0P42m57513 4+ 0501 +41°17'10"9 £ 01
M31N 2011-10d LT 2011 October 26.1 B 0"42m55%74 4 0501 +41°17'52"3 £ 0”1
M31N 2011-12a LT 2011 December 26.8 1% 0h42m06%277 4 05009 +41°01'28"7 + 01
M31N 2012-01a LT 2012 January 10.8 \% 0"41™41501 4 0501 +41°19'44"3 £ 01

Continued on next page
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Table 3.2 — continued from previous page

Nova Telescope Date (UT)

Filter

Right Ascension

Declimatio

M31N 2012-09a LT 2012 September 10.0
M31N 2012-09b LT 2012 September 18.2
M31N 2012-12a LT 2012 December 20.9

r

/

,r/

7,,1

0R42m47%16 + 0501
0M42m50%.98 + 0%.02
0"42m49%13 + 0202

+41°16'19'63 + 0"/07
+41°14'09"7 £ 0”2
+41°17'02"5 + 01
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3.3.4 Photometry

Crowded field photometry was carried out on ti8T data available for each nova
using the specific ACS/WFC modules for the DOLPHOT photometfinare' and

the HSTphot software (Dolphin, 2000) for the WFPC2 data. Tisedvare pack-
ages create catalogues of all objects (above a certaintibetebreshold;30 above
the local background in this case) simultaneously acrdsavallable filters for each
data-set. For the purpose of this work HSTphot and DOLPHO#ewssentially run
as “black-boxes” following the standard procedure andpatars given in the manu-
als/cookbooks. Often multipldSTobservations are taken during a given observation
group and when this was the case, photometric data for a gitamwas combined us-

ing a weighted mean, with the associated errors propagatedhe weights in mind.

The results of this photometry were first used to determieeptbsition of all objects
in the vicinity of the nova eruption, and from this the pamitiof the most likely (sta-
tistically closest) matching object is drawn. The resolgedrces (in thedST data)
from the region around a given nova were also used, in caojuetith a Monte Carlo
technique, to test the significance of any detected progiecgindidates. In this Monte
Carlo technique, positions were randomly generated {ihva5” square centred on the
position of the nova) and the distance to the nearest redslverce (in the actu#dST
data of that particular region) was measured for each ratydeseded point. Once the
measurements for all these seeded points were combinegtus the probability of
a resolved source being within a certain distance from tis#tipa of the nova. This
probability was used to examine how significant the detaaticany progenitor candi-
dates, which appear to be coincident with the nova, may bet€lis also an analytical

solution to this, which is discussed in Section 5.8.

The HSTphot/DOLPHOT software also computes photometrgémh object in each
catalogue. This photometry is presented in the na#$d photometric/filter system,
and where photometry in at least two filters is available fpagicular object, these

data were converted from the nati#ST system to thdJBVRL- system using the

“http://americano.dolphinsim.com/dolphot
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relations from Dolphin (2009) and Sirianni et al. (2005)ttoe WFPC2 and ACS/WFC
data respectively. Additionally the extinction internalN131 that the novae may be
subject to was calculated for each individual system basetdsoapparent position
within the galaxy. The extinction estimates were based ere#tinction map of M31
published by Darnley (2005). This extinction map givesithband extinction for an
object positioned at the far side of M31. The extinction laani Cardelli et al. (1989)
was then used to estimate the equivalBnV, R and /- extinction. It was assumed
that the actual internal extinction is between this value zero, allowing the effects
of internal extinction to be incorporated into the magnéwhd colour measurements
of the quiescent systems. The effects of extinction towd84 are not taken into
account for the numbers presented in the text, but are abfieatalogue Galactic
stars when analysing the progenitor candidates in the xbofecolour—magnitude
diagrams, such as in Figure 3.24 (i.e. the magnitudes ofcBaktars are shifted to the
distance of M31, with the appropriate extinction towardsIM8 £z _, = 0.1 mag;
Stark et al., 1992; applied).

Figure 3.3 shows the coloumagnitude diagram for an ACS/WFEST field posi-
tioned along the semi-major axis of M31, approximately le§rdes out from the
centre. The photometry of each source in the field was caeulilasing DOLPHOT.
This is compared tdlipparcosdata (Perryman & ESA, 1997) shifted to the distance
of M31. Although, the sources in the M31 field do not follow #sgected sequence
as tightly as thédipparcosdata, it can clearly be seen that the red-giant branch g full
resolved. Sources were included in this plot if they kad.5 magnitude error on their
colour, which introduces some scatter. Additional scagtémtroduced by the extinc-
tion internal to M31, which will vary between individual swmes, and although the
field is dominated by M31 stars, there may also be some congdion by foreground
Galactic objects. It could also be possible that DOLPHOT imnagrrectly associate
some fainter objects in one filter with faint objects in thieastfilter if they have a small

apparent separation.
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Figure 3.3: The regions of thievs. (B — I) colour-magnitude diagram of M31 resolved by
ACS/WFC onHST. The M31 field used for this plot is- 1.3 degrees along the semi-major
axis away from the centre of M31, with data having been taken using F4aaiF814W
filters. The red points represent the sources inHIST data, with the overlaid black points
representing thélipparcosdata (Perryman & ESA, 1997) shifted to the distance of M31, as-
suming (h—M), = 24.43 (Freedman & Madore, 1990) and extinction8f_ = 0.1 mag
towards M31 (Stark et al., 1992).
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3.4 Progenitor Systems

The positional information for the most likely matching ebis for each nova, along
with the probability of coincidence are summarised in Téb& We present below the

results of each individual nova in the catalog.

Table 3.3: The distance from the calculated nova position in arcsees(@mdearest 0.05; the
o value is derived from the error in the positional transformation) for @asbenitor candidate,
along with the probability of the detection being a chance alignment. The tables <hlb
candidates within @ of the calculated position or if no source is withit &e show the closest
source. The two progenitor candidates at the bottom of the table were f@imgHSTimages
taken during outburst. In both of these systems, the progenitor candalatd fs the same

source identified using LT data.

N Distance from nova position Offset Coincidence Limiting
ova
Pixels Arcsec €) probability  magnitude (filter)
2006-09c 1.688 0.168” 3.90 0.285 23.8 (F814W)
2006-11a 2.825 0.142" 3.95 0.580 26.1 (F814W)
2007-02b  0.325 0.016" 0.30 0.011 26.6 (F814W)
2007-10a 0.517 0.026"” 1.00 0.027 26.3 (F814W)
2007-10b  3.842 0.193" 1.85 0.811 25.4 (F814W)
2007-11b  0.319 0.032” 1.75 0.0005 22.3 (F814w)
2007-11c  2.317 0.117" 2.80 0.422 24.7 (F814W)
2007-11d 0.181 0.009” 0.25 0.003 26.3 (F814W)
2.018 0.102" 1.75 0.344

2007-11e 0.786 0.040” 1.40 0.042 26.4 (F814W)
2007-12a 0.446 0.022" 1.30 0.017 26.1 (F814W)
2007-12b 0.684 0.034” 0.95 0.043 25.5 (F814W)
2008-10b  1.815 0.091” 2.95 0.309 26.4 (F435W)
2008-12b 1.431 0.072" 1.75 0.180 26.0 (F475W)
2009-08a 1.118 0.056" 1.40 0.121 26.0 (F435W)
2009-08b  2.830 0.142" 3.25 0.571 26.6 (F814W)
2009-08d 3.236 0.163" 2.95 0.627 25.9 (F435W)
2009-10b  1.803 0.091” 4.30 0.291 26.7 (F435W)
2009-10c 2.128 0.107" 2.40 0.287 25.9 (F435W)

Continued on next page
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Table 3.3 — continued from previous page

Nova Distance from nova position  Significance Coincidence Liimgit

Pixels Arcsec €) probability  magnitude (filter)
2009-11a 3.999 0.201” 3.45 0.683 26.5 (F814W)
2009-11b 1.971 0.197" 4.15 0.386 23.8 (F814W)
2009-11c  2.975 0.150” 3.35 0.550 25.8 (F814W)
2009-11d 0.505 0.025" 0.60 0.022 26.4 (F814W)
2009-11e 1.104 0.110” 0.80 0.099 22.8 (F814W)
2010-0la 1.058 0.053" 1.45 0.094 26.1 (F435W)
2010-05a 1.939 0.098" 2.20 0.369 25.8 (F435W)
2010-09b 0.579 0.029” 0.55 0.026 26.3 (F814W)

2.264 0.114" 2.05 0.363
2010-10a 1.181 0.059” 1.20 0.112 26.7 (F814W)
2010-10b 1.968 0.099” 3.60 0.334 26.1 (F814W)
2010-10c  1.083 0.055" 1.05 0.124 27.1 (F606W)

1.988 0.100” 1.90 0.385

2.084 0.105” 2.00 0.416

3.405 0.171” 3.00 0.786
2010-10d 2.992 0.151” 4.25 0.656 26.3 (F435W)
2010-10e  1.216 0.061” 0.80 0.156 25.9 (F814W)

1.859 0.094" 1.45 0.344

4.310 0.217" 2.75 0.923
2011-10a 2.540 0.128" 4.80 0.468 26.1 (FA75W)
2011-10d 1.400 0.070” 3.25 0.164 26.1 (FA75\W)
2011-12a 1.129 0.113” 1.15 0.036 24.2 (F814W)
2012-0l1a 1.712 0.086" 2.50 0.220 26.2 (F814W)
2012-09a 2.152 0.108" 3.65 0.328 25.8 (F475W)
2012-09b 3.659 0.184" 10.55 0.784 24.6 (F814W)
2012-12a 1.532 0.077" 2.00 0.199 25.6 (F475W)
2009-08a 0.516 0.026" 2.85 0.024 26.0 (F435W)
2010-0la 0.641 0.032” 2.65 0.038 26.1 (F435W)

1Due to problems with the F814W photometry, short exposusgis had to be used, leading to a
relatively bright limiting magnitude. For F814W limitingagnitudes see text for each nova.
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3.4.1 MS31N 2006-09c

Nova M31N 2006-09c was discovered independently by K. kiéggand R. Quimby on
2006 September 18 (Quimby, 2006). A spectrum showed thsiémainto be an Fa
type nova (Shafter et al., 2006, 2011b) and it hadRabandt, of 23.1 + 1.6 days
(Shafter et al., 2011f). The LT outburst detection imagesdus determinte the po-
sition of the system in the archival data were taken usirig-lbband filter on 2006
September 19.0 UT, with the position of the nova calculabdae" 4242538 + 0502,
+41°08'45"4 + 02. TheHSTimages used were taken using WFPC2 with F814W and
F555W filters on 2004 August 22. There is no resolvable sowitten 3o of the cal-
culated position, with the nearest object being 1.688 WFP&&Iqi0”169 or 3.900
away from the defined position. The local population dersitygests there is a 28.5%
probability of an object alignment this close occurring Imace. Note that due to the
data being taken with WFPC2, which cannot resolve sourcesirasam ACS/WFC,
there may be sources that would have been visible in ACS/WF€kchko the posi-
tion of the nova tha.169”. Therefore the 28.5% coincidence probability is valid for
objects with a F814W magnitude brighter than 23.8. From thezail distribution of
stars in the M31 field in ACS/WFC data, it would be expected thedwace would be
at least as close #5169 to a random point in a typical ACS/WFC image ab60%;

of the time. The location of the quiescent system is showngnré 3.4.

3.4.2 MS3IN 2006-11a

Nova M31N 2006-11a was discovered by K. Itagaki on framesrtadn 2006 Novem-
ber 21.657 UT. Shafter et al. (2011b) classify it as an Feype nova and Shafter
et al. (2011f) derive afR-bandt, of 28.7 + 2.6. LT data were taken using aift
band filter on 2006 February 9.9 UT and the position of the aavas calculated to
be 0"42™565800 4 05009, +41°06'18"”3 4 0”1. The region where the quiescent nova
M31N 2006-11a lies is covered BYSTimages that were taken with ACS/WFC using

Shttp://www.cbat.eps.harvard.edu/CBAT_M31.html#2006- 09c
Shttp://www.cbat.eps.harvard.edu/CBAT_M31.html#2006- 1la
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Figure 3.4:HSTimages of the~ 2.2” x 1.9” region surrounding each nova. Top: WFPC2
F555W image, M31N 2006-09c progenitor position determined froriytand data. Bottom:
ACS/WFC F814W image, M31N 2006-11a progenitor position determined ffbni-band
data. In each case, the inner green ellipse indicate$dhadius uncertainty of the outburst
position, the outer ellipse th&r region. The redx indicates the position of any candidate
progenitor systems0AAS. Reproduced with permission.
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F814W and F555W filters on 2004 August 17. No resolvable sosrfound within3o

of the calculated position, with the closest resolvablers®ieing 2.825 ACS/WFC
pixels, 0.141” or 3.950 away from the defined position. The local population den-
sity suggests that the coincidence probability at this isjmm is58.0%. The limiting
F814W magnitude is 26.1. The region where this system lissagvn in Figure 3.4.

3.4.3 MS31N 2007-02b

Nova M31N 2007-02b was discovered on 2007 February 3 by Knétdf and had
anR-bandt, of 34.1 + 3.6 (Shafter et al., 2011f). The first published spectrum, taken
on 2007 February 13 by Pietsch et al. (2007a) indicated it beagn Fellb nova,
although in their spectroscopic and photometric survey 8ilMovae, (Shafter et al.,
2011f) used an earlier spectrum and suggested it was melt &k Fell outburst. The
nova also became a SSS, still visible two years after thaimtitburst (Henze et al.,
2011). On 2007 February 14.9 Uilsband LT images were obtained, which gave the
position of the nova to b@"41™40%.307 40009, +41°14/33"440"1. The archivaHST
images of this position were taken with ACS/WFC using an F814tf fon 2004 July

4 and an F606W filter on 2004 August 2. There is a resolvablecsowithin 1o of
the calculated position and no other resolvable sourcemiidn. The source is 0.325
ACS/WFC pixels).016” or 0.30 away from the defined position. The local population
density, which is resolved down to an F814W magnitude of 26uggests there is
only a 1.1% chance of coincidence at such a separation. Tiikdzde had an F814W
magnitude oR4.82 + 0.03 on 2004 July 4 and an F606W magnitude26f95 + 0.05

on 2004 August 2. Assuming the source remained at a congtghtress between
the two dates, this gives \&band magnitude 026.39 + 0.06, I-band magnitude of
24.83 + 0.04 and (V' — I) colour of 1.55 4+ 0.07. We can see from Darnley (2005)
that a nova at the apparent position of M31N 2007-02b woulduigect tor’-band
extinction ofA,, = 0.69 if it were at the far side of the galaxy. Using the extinctiaw|
from Cardelli et al. (1989) this equates to maximidimand extinction ofA; = 0.46

andV-band extinction ofd,, = 0.80. If we take this into account we derive\&

"http://www.cbat.eps.harvard.edu/CBAT_M31.html#2007- 02b
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band magnitude af6.0 4 0.4, I-band magnitude dt4.6 + 0.2 and (V' — I) colour of
1.4 + 0.2. This system is shown in Figure 3.5. M31N 2007-02b was alseed
in outburst with WFPC2 on 2007 September 13, which is desciiib&#ction 4.3.1.
As the nova is relatively faint at this time any attempt tocoddte the position of the
system in the quiescehtSTimage from the outburdiSTimage is dominated by the

error on the position in the WFPC2 outburst image.

3.4.4 M31N 2007-10a

Nova M31N 2007-10a was a He/Nn nova (Gal-Yam & Quimby, 200¥after et al.,
2011f) with aV-bandt, of 7.9 + 0.4 (Shafter et al., 2011f) that was discovered on
2007 October & LT images were taken on 2007 October 10.9 UTViband, with
the position of the nova calculated to 0812555947 4 05007, +41°03'21"9 4 0”1.
The region where M31N 2007-10a lies is coveredH§Timages that were taken with
ACS/WFC using an F625W filter on 2003 August 5. There is a rebtdvsource near
1o of the calculated position and no other resolvable sour¢kimBs. The source
is 0.517 ACS/WFC pixels).026” or 1.00c away from the defined position, with the
local population density suggesting that the coincidenmobatility at this separation
is 2.7%. The source had an F625W magnitud22a397 + 0.008 at this time. TheHST
images were only taken in one filter, so it was not possibleatoutate the colour of
the source, although it can be estimated to hav-aand magnitude 0f22.3 with
internal extinction in M31 taking it te-22.0. The location of this system is shown in
Figure 3.5.

3.4.5 MS31IN 2007-10b

Nova M31N 2007-10b was discovered on 2007 October 13.255yJBuswitz et al.
(2007). The outburst faded rapidly, with Ribandt, of 3.14+0.4 (Shafter et al., 2011f)

and its spectrum classified it as an He/Nn nova (Rau et al.,; Z&ltafter et al., 2011f).

8http://www.cbat.eps.harvard.edu/CBAT_M31.html#2007- 10a
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o

Figure 3.5: As Figure 3.4. Top: ACS/WFC F814W image, M31N 2007-02Qemitor position
determined from L%’-band data. Bottom: ACS/WFC F625W image, M31N 2007-10a position
determined from LTV -band data@©AAS. Reproduced with permission.
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On 2007 October 16.0 UT,-band LT images were obtained, giving the position as
0843m29%47 4 0501, +41°17'13"9 £ 0”1. The location of the quiescent M31N 2007-
10b was observed bySTwith ACS/WFC using F814W and F475W filters on 2010
July 22. There are no resolvable sources withinof the calculated position, with
the nearest resolvable source being 3.842 ACS/WFC pixel83” or 4.4 away
from the defined position. The local population density &sggg that the coincidence
probability at this separation is 81.1%. There is also a@®afoser to the position
of the nova resolvable in the F475W image that is not detaatéide F814W image,
which has a limiting magnitude of 25.4. The source is 1.529 ATC pixels,0.076”

or 1.850 away from the defined position. At the separatior) 076", the coincidence

probability is 21.2%. The location of this quiescent systeishown in Figure 3.6.

3.4.6 MS31N 2007-11b

Nova M31N 2007-11b was discovered on 2007 NovemBer@dl later classified as a
He/Nn nova (Rau, 2007; Shafter et al., 2011f) with'abandt, of 74.4 +16.7 (Shafter
et al., 2011f). LT data were taken on 2007 November 16.9 UT wait:’-band filter,
giving the nova position a8"43™52599 4 0501, +41°03'35"9 & 0”1. Although the
area of M31 where M31N 2007-11b lies has not been observddAGS/WFC,HST
images were taken with WFPC2 using F814W and F555W filters ob Eebruary
18. There is a resolvable source witlin of the calculatedHSTposition and no other
resolvable source withind®3 The source is 0.319 WFPC2 pixels)32” or 1.750 away
from the defined position, with the local population densiiiggesting a coincidence
probability at this separation of only 0.05%. However the@sages have a F814W
limiting magnitude as bright as 22.3. Therefore the 0.05%a@dence probability
is valid for objects with a F814W magnitude 22.3. The candidate had an F555W
magnitude 022.6 0.1 and F814W magnitude @f).44 +0.06 at this time. This gives
anl-band magnitude ¢f0.30+0.06 andV-band magnitude df2.6 £0.1, with (V' — 1)
colour of 2.3 4+ 0.2. Darnley (2005) showed that a nova at the apparent posifion o

M31N 2007-11b would be subject t¢-band extinction of approximatelyt,, = 0.52

Shttp://www.cbat.eps.harvard.edu/CBAT_M31.html#2007- 11b
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Figure 3.6: As Figure 3.4. Top: ACS/WFC F814W image, M31N 2007-106gmitor position
determined from LT’-band data. Bottom: WFPC2 F814W image, M31N 2007-11b position
determined from LT’-band data©AAS. Reproduced with permission.
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if it were at the far side of the galaxy. Therefor&/éand magnitude o22.3 + 0.3,
[-band magnitude df0.1 + 0.2 and (/ — I) colour of2.1 4+ 0.2 are derived. Notably,
from the overall distribution of stars in the M31 field in ACS/\WFa source would be
expected to be at least as closé@)d#32 in a typical ACS/WFC image only about 4%
of the time. M31N 2007-11b is shown in Figure 3.6.

3.4.7 MS31IN 2007-11c

Nova M31N 2007-11c was a Fenova (Ciroi et al., 2007) with ait-bandt, of 11.7 +

0.9 (Shafter et al., 2011f) that was discovered on 2007 NovertiBerThe LT data
used to define the position in the archiv#bTdata were taken using afband filter

on 2007 November 17.0 UT, from which the position of the noee walculated to be
0243™04516 4 0501, +41°15'53793 & 0709. This location was observed bHSTwith
ACS/WFC using F814W and F475W filters on 2010 July 21 and theneasesolvable
source just withirso of the calculated position. The source is 2.317 ACS/WFC pjxels
0.115" or 2.800 away from the defined position. The local population densityich

is resolved down to an F814W magnitude of 24.7, suggests thex 42.2% chance
of coincidence at such a separation. The location of thiespgint system is shown in

Figure 3.7.

3.4.8 M31N 2007-11d

Nova M31N 2007-11d was discovered by K. Nishiyama and F. Kaioaa on 2007
November 17.57 UT (Nakano, 2007). The nova had’dandt, of 9.2 4+ 0.5 days
(Shafter et al., 2011f) and was a member of the@ Bpectroscopic class (Quimby et al.,
2007; Shafter et al., 2009). The nova had a relatively sle&/to optical maximum, but
was one of the most luminous novae observed in M31 (Shaftalr,e2009). The LT
observations used in this work were obtained using-aand filter on 2007 November
28.0 UT and gave the position of the nova tabé4™54559+£0%01, +41°37'39"840"1.
HSTimages were taken of the position where M31N 2007-11d ligh wWCS/WFC
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Figure 3.7: As Figure 3.4. Top: ACS/WFC F814W image, M31N 2007-1bgemitor posi-
tion determined from LT’-band data. Bottom: ACS/WFC F814W image, M31N 2007-11d
progenitor position determined from Li*-band data(©AAS. Reproduced with permission.
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using F814W and F475W filters on 2010 July 13, by which timehsadast nova
should have faded back to quiescence. There is a resolvaiteeswithinlo of the
calculated position and another withta. The closest candidate is 0.181 ACS/WFC
pixels,0.009” or 0.250 away from the defined position. The local population density
which is resolved down to an F814W magnitude of 26.3, sugdhste is only a 0.3%
chance of coincidence at such a separation. This candiddtaiF475W magnitude
of 24.46 + 0.04 and F814W magnitude df1.387 + 0.005, which gives anl-band
magnitude oR1.44 £ 0.05, B-band magnitude af5.43 +0.07 and a(B — I') colour of
3.9940.09. The other candidate is 2.018 ACS/WFC pix€l§01” or 1.750 away from
the defined position, with a 34.4% chance of coincidenceigtséparation. We can
see from Darnley (2005) that a nova at the apparent posifintf8@N 2007-11d would
be subject to’-band extinction ofd,, = 0.58 if it were at the far side of the galaxy.
Taking this into account gives B-band magnitude o25.0 + 0.5, I-band magnitude
of 21.3 +£ 0.2 and (B — I) colour of 3.8 4+ 0.3 for the closer of the two progenitor
candidates. If indeed thdSTimages were detecting the tail of the nova outburst it
would be expected to be blue in colour, as can be seen by e post-outburst
HSTdata described in Chapter 4. Furthermore, the candidatél islsarly bright in
ACS/WFC observations taken 2013 August 4, over three yeanstlan theHSTdata
used to search for the progenitor system. M31N 2007-11dawisin Figure 3.7.

3.4.9 M31N 2007-11e

Nova M31N 2007-11e was Fe nova (Di Mille et al., 2007) with ankR-bandt, of

27 days (Shafter et al., 2011b) discovered on 2007 Noventhéyizan et al., 2007).
i’-band LT data were taken on 2007 December 5.1 UT and the positihe nova was
calculated to b@"45™47576 £ 0501, +42°02'03"7 £ 0”1. HSTimages were taken with
ACS/WFC using F814W and F475W filters on 2012 February 5, ovaryears after
the outburst, that encompass the position of M31N 2007-Ttere is a resolvable
source withire of the calculatedHSTposition and no other resolvable sources within
30. The candidate is 0.786 ACS/WFC pixels)39” or 1.40c away from the defined
position of the nova and has an F814W magnitud2{of9 + 0.03 and F475W magni-
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tude of25.5+ 0.1. This gives ari-band magnitude @f4.19 + 0.04, B-band magnitude
of 26.3 £ 0.1, with a(B — I) colour of2.1 4+ 0.1. From Darnley (2005) it is estimated
that a nova at the apparent position of M31N 2007-11e may bestto a maximum
r’-band extinction ofd,, = 0.42. Taking this into account givesBtband magnitude
of 26.0 4+ 0.3, I-band magnitude af4.1 + 0.1 and (B — I) colour of1.9 + 0.2 for the
progenitor candidate. If this is the nova, it is confirmed ¢oito quiescence by earlier
HSTobservations, which show the progenitor candidate to hae844W magnitude
of 24.30 + 0.03 on 2011 July 26. At the separation ©039”, the local population
density suggests a coincidence probability of 4.2%. Theseyes have an F814W
limiting magnitude of 26.4. M31N 2007-11e is shown in FigGr8.

3.4.10 MS3IN 2007-12a

Nova M31N 2007-12a was discovered by K. Nishiyama and F. Klaibaa on 2007
December 5.52 U*. The nova was a member of the fFepectroscopic class (Shafter,
2007) and had aii-bandt, of 29.6 + 2.0 days (Shafter et al., 2011f). The data used
to calculate the outburst position of the nova was taken wiéhL T using an’-band
filter on 2007 December 16.9, 31.8 and 2008 January 8.9 UH,thet position derived
being 0"44™03%52 & 0501, +41°38'40”9 4 0”1. The HSTimages that were used to
locate M31N 2007-12a were taken with ACS/WFC using F814W arkbWAfilters
on 2010 December 31. There is only one resolvable sourcé@wdithof the calculated
position. The candidate is 0.446 ACS/WFC pix€lg)22” or 1.300 away from the
defined position, with an F475W magnitude25f98 4+ 0.08 and F814W magnitude of
25.3 + 0.1. This gives an/-band magnitude d25.3 + 0.1 and B-band magnitude of
26.14 £+ 0.08, with a(B — I) colour 0of0.9 + 0.1. It can be seen from Darnley (2005)
that a nova at the apparent position of M31N 2007-12a woulduiect tor’-band
extinction of aboutd,, = 0.61 if it were at the far side of the galaxy. Therefore a
B-band magnitude af5.7 + 0.5, I-band magnitude af5.1 + 0.2 and a 8 — I) colour

of 0.6 + 0.3 were derived. The local population density, which has ard#@1limiting

magnitude of 26.1, suggests there is a 1.7% chance of cemmogtat such a separation.

Lnttp://www.cbat.eps.harvard.edu/CBAT_M31.html#2007- 12a
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Figure 3.8: As Figure 3.4. Top: ACS/WFC F814W image, M31N 2007-1bggitor posi-
tion determined from LT’-band data. Bottom: ACS/WFC F814W image, M31N 2007-12a
progenitor position determined from Li*-band data(©AAS. Reproduced with permission.
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This nova is shown in Figure 3.8.

3.4.11 M31N 2007-12b

Nova M31N 2007-12b was a fast He/N nova (Bode et al., 2009) antR-band¢, of
5.0 & 0.5 days (Shafter et al., 2011f) and was discovered on 2007 Deeegh'. The
position of this nova was near the reported position of aburst in 1969, although
Bode et al. (2009) revealed the two outbursts were caused bgdparate systems.
The same authors found a likely progenitor candidate inieatHST data, imply-
ing this system may be a RG-nova. The SSS phase started be?iessrd 30 days
after the optical discovery, was still active 60 days pasgbarst, but not detectable
120 days post-outburst (Pietsch et al., 2011). The samemutised dips in three X-
ray observations to suggest a possible orbital period 06A®8 hours, contradicting
the nova’s assignment as a RG-nova, which would be expectea/toa much longer
orbital period. They also suggested it to be an intermeghatar system. Bode et al.
(2009) estimated the mass of the WD to be at least about 1,3wlereas Pietsch
et al. (2011), who estimated an ejected mas2 »f10~° M, derived a WD mass of

1.2 M.

From-band images taken using the LT on 2007 December 14.9 UT,dbiéign of
the nova was calculated to 84319596 & 0502, +41°13'46”3 & 0”1. The location
of M31N 2007-12b was observed B{STwith ACS/WFC using F814W and F475W
filters on 2010 July 21 and 22, when this very fast nova is yikelhave returned to
quiescence. There is a resolvable source withirof the calculated position and no
other resolvable sources withtw. The candidate is 0.684 ACS/WFC pixels)34”
or 0.950 away from the defined position, with the local populationgignsuggesting
there is a 4.3% chance of coincidence at such a separati@progenitor candidate
had an F475W magnitude @6.36 4+ 0.04 and F814W magnitude &3.79 4+ 0.04 at
this time, which gives ard-band magnitude 023.80 + 0.04, B-band magnitude of
26.14 £ 0.06 and(B — I) colour of2.34 £ 0.07. This is the same candidate identified

Uhttp://lwww.cbat.eps.harvard.edu/CBAT_M31.html#2007- 12b
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by Bode et al. (2009), who used a different setH8T images and found that the
probability of a star being as close by change was 3.4%. Towyd the candidate to
havel-band magnitude df2.33+0.04 and(V — I') colour 0f2.3+0.1 in August 2004,
although they note that the F814W data may have been affegtactosmic ray. This
comparison clearly shows that the nova had indeed retumediéscence by the time
theHSTobservations used here were taken. The location of theapne®M31N 2007-
12b is shown in Figure 3.9. Darnley (2005) found that a nowh@apparent position
of M31N 2007-12b would be subject t6-band extinction of4,, = 0.65 if it were
at the far side of the galaxy, which givesBaband magnitude o25.7 + 0.5, I-band
magnitude o23.6 + 0.2 and (B — I) colour of2.1 £+ 0.3.

3.4.12 M31N 2008-10b

Nova M31N 2008-10b was discovered on 2008 October 18, buvigdde as early as
October 6 (Henze et al., 2008c). A spectrum taken by Di Mitlale(2010) showed
it to be a Fell type nova. The nova had B:bandt, of 98.4 + 14.9, although the
light curve suggests the nova initially faded quickly andrthre-brightened, before
undergoing a slower decline (Shafter et al., 2011f). Therh&ges used to determine
the position of the quiescent system in the archW&IT data were taken with 8-
band filter on 2008 October 21.0, from which the position eftiova was found to be
0843m0254140%02, +41°14'09”79+0"2. HSTimages coincident with this position were
taken with ACS/WFC using a F435W filter on 2004 October 2. Theome resolvable
source withirBo of the calculated position. The candidate is 1.815 ACS/WFElpiar
2.950 away from the defined position. The local population densityich is resolved
down to an F435W magnitude of 26.4, suggests there is a 3th@%ce of coincidence
at such a separation. The location of M31N 2008-10b is shawigure 3.9, but
it is clear from the post-outburst F435WST images taken on 2010 January 1 (see

Section 4.3.2) that the source listed above is not the nova.
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Figure 3.9: As Figure 3.4. Top: ACS/WFC F814W image, M31N 2007-12iggmitor posi-
tion determined from LT’-band data. Bottom: ACS/WFC F435W image, M31N 2008-10b
progenitor position determined from LB-band data(©AAS. Reproduced with permission.
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3.4.13 M31N 2008-12b

Nova M31N 2008-12b was discovered on 2008 Decemb¥t Bivas a member of the
Fell spectroscopic class (Kasliwal et al., 2009) and had-bandt, of 24.7+3.6 days
(Shafter et al., 2011f). On 2009 January 15®and LT data were obtained, giving the
position ag)"43™0458540%01, +41°17'51”6+0"2. The location of nova M31N 2008-
12b was observed bySTwith ACS/WFC using F814W and F475W filters on 2012
July 9. The closest resolvable source, and the only onemithjis 1.431 ACS/WFC
pixels, 0.072" or 1.750 away from the defined position. It has F475W magnitude of
24.75 £+ 0.05, but is not detected in the F814W data. However, it shoulddiedhthat
due to problems with the photometry and a short-exposurd\W8inage having to be
used, the limiting F814W magnitude was 22.7, whereas th&WAmhagnitude limit
was 26.0. The local population density suggests that tlseaeli8.0% probability of
such an alignment occurring by chance. The closest sousctvedle in the F814W
data was 4.558 ACS/WFC pixels 228" or 5.800 away from the defined position. The
location of this quiescent system, including the candidatly visible in the F475W

image, is shown in Figure 3.10.

3.4.14 MS31N 2009-08a

M31N 2009-08a was an Hetype nova (Valeev et al., 2009) discovered on 2009 Au-
gust 4 by Pietsch et al. (2009a), witiBebandt, of 36.7 + 4.1 (Shafter et al., 2011f).
Using i’-band LT data taken on 2009 August 27.1 and September 4.Jpa$idon
08427585105 4= 05007, +41°17'2956 + 0”06 was calculated for the nova. THEST
images used to locate the quiescent M31N 2009-08a were vake ACS/WFC using

an F435W filter on 2007 January 10. There is a resolvable sawithin 20 of the
calculated position and no other resolvable sources within The source is 1.118
ACS/WFC pixels(.056"” or 1.400 away from the defined position, with the local pop-
ulation density suggesting there is a 12.1% chance of atémcie at such a separation.

The source has an F435W magnitude26f50 + 0.05 and the images have a limit-

Phttp:/lwww.cbat.eps.harvard.edu/CBAT_M31.html#2008- 12b
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Figure 3.10: As Figure 3.4. Top: ACS/WFC F814W image, M31N 2008-I2gnitor po-
sition determined from LT’-band data. Bottom: ACS/WFC F814W image, M31N 2009-08b
progenitor position determined from Lit-band data(©AAS. Reproduced with permission.
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ing magnitude of 26.0. ThelSTimages were only taken in one filter, so it was not
possible to calculate the colour of the source, although éstimated to have B-
band magnitude 0£25.5 with internal extinction in M31 taking in te 25.2. The
position of the system, as determined from the LT imageshasva in Figure 3.11.
M31N 2009-08a was also observed in outburst with ACS/WFC or®Zdy 21 and
December 14, which is described in Section 4.3.3. Usinggbst-outbursHSTdata,
it was possible to determine the position of the progenitithout using LT data. Here
the same method as previously described was employed, dphthtometrically de-
termined positions for the transformations from DOLPHOTrevased. The closest
resolvable source is 0.516 ACS/WFC pixdld)26” or 2.850 away from the defined
position of the nova, with a 2.4% probability of a chance mtigent. Due to the small
errors associated with the transformation and the souricg belatively faint, the er-
rors on the position of the pre-outburst source may be maueifsiant than in the
regular transformations using LT data. The position of tbean as determined from

the post-outburdtiSTdata, is also shown in Figure 3.11.

3.4.15 M31N 2009-08b

Nova M31N 2009-08b was discovered to be in outburst by K. iMesha and F. Kab-
ashima on frames taken on 2009 August 9.78 UT and was indepéndiscovered by
both K. Itagaki and R. Ferranéfo The nova was a member of the Fespectroscopic
class (Rodguez-Gil et al., 2009) and had @kbandt, of 26.9 + 2.2 (Shafter et al.,
2011f). The nova was calculated to be0at4™09%89 £ 0502, +41°48'50"7 £ 0”1
from LT ¢/-band images taken on 2009 August 1845Timages, coincident with the
position of M31N 2009-08b, were taken with ACS/WFC using F814kd F475W
filters on 2013 January 6. The closest resolvable source888)2ACS/WFC pixels,
0.142” or 3.250 away from the defined position. The local population densityich
is resolved down to an F435W magnitude of 26.6, suggests thar57.1% chance of
coincidence at such a separation. Additionally, it is ndted there is a source visible

around thelo area in the F475W drz image, but it is too faint to determimeRBF and

Bhitp://lwww.cbat.eps.harvard.edu/CBAT_M31.html#2009- 08b
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Figure 3.11: As Figure 3.4. Top: ACS/WFC F435W image, M31N 2009-08ggmitor po-
sition determined from LTB-band data Bottom: F435W FLT image with M31N 2009-08a
progenitor position determined from post-outburst F475W d&eAAS. Reproduced with
permission.
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hence perform photometry or accurate astrometry. Theitwcat M31N 2009-08b is

shown in Figure 3.10.

3.4.16 M31N 2009-08d

Nova M31N 2009-08d was discovered by K. Hornoch and P. Zasch2009 Au-
gust 124. It was an Fel nova (Di Mille et al., 2009) with &-bandt, of 27.9 +
6.5 days (Shafter et al., 2011f). LT images of the nova were takédna B-band filter
on 2009 August 20.1, from which its position was determinede 0"42™46°74 +
0502, +41°15'37"4 + 0”1. TheHSTimages used to locate position of the quiescent
M31N 2009-08d were taken with ACS/WFC using an F435W filter o84&0anuary
23. The closest resolvable source is 3.236 ACS/WFC pixel$3” or 2.950 away
from the definedHSTposition. The local population density, which is resolvesvd
to an F435W magnitude of 25.9, suggests there is a 62.7% elarmincidence at
such a separation. There is also a very faint source aboataway from the defined
position, but it is too faint to determine a PSF. The locatwdriM31N 2009-08d is

shown in Figure 3.12.

3.4.17 M31N 2009-10b

Nova M31N 2009-08d was discovered on 2009 October 11 (NaKaNaosa, 2009)
and later confirmed as an Fenova (Barsukova et al., 2009) with Btbandt, of
8.0+0.2 days (Shafter et al., 2011f). The nova was particularly hous and was quite
similar to M31N 2007-11d (Shafter et al., 2011Bband LT data were taken on 2009
October 15.0 and the position of the nova was calculated @ $"20°83 + 0502,
+41°16'44"3 + 0"1. It had coincidenHST images taken with ACS/WFC using an
F435W filter on 2009 August 25. There is no resolvable souit@mao of the calcu-
lated position, with the closest source being 1.803 ACS/WEElpj0.091” or 4.300

away from the defined position. The local population dersitygests there is a 29.1%

Yhttp://www.cbat.eps.harvard.edu/CBAT_M31.html#2009- 08d
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Figure 3.12: As Figure 3.4. Top: ACS/WFC F435W image, M31N 2009-G8dgnitor po-
sition determined from LTB-band data. Bottom: ACS/WFC F435W image, M31N 2009-10b
progenitor position determined from LB-band data(©AAS. Reproduced with permission.



3.4. Progenitor Systems 89

chance of coincidence at such a separation. The data had3&WFdmiting magni-
tude of 26.7. The location of M31N 2009-10b in quiescencénas in Figure 3.12.

It is clear from the post-outburst F475M5Timages taken on 2010 December 26 (see
Section 4.3.4) that neither of the sources shown in the figteghe nova. Note that
M31N 2007-11d, which this nova is similar to in terms of peakinosity, decline
rate and spectroscopic class, does have a nearby resoluee sioat is likely to be the

progenitor.

3.4.18 MS31N 2009-10c

Nova M31N 2009-10c was discovered by Podigachoski et aQ9aPon 2009 October
9. Fabrika et al. (2009) confirmed it as an IFeype nova and it had B-bandt, of
14.9+0.8 days (Shafter et al., 2011f). The LT data used to determmpdisition of the
nova in the archivaHSTdata were taken usingBtband filter on 2009 October 15.0,
from which the outburst position @f*42™45572 £ 0502, +41°15'56"99 £ 0”709 was
also calculated. ThelSTwere taken with ACS/WFC using an F435W filter on 2004
January 23. There is one resolvable source wishirof the calculated position. The
source is 2.128 ACS/WFC pixels,107” or 2.30c away from the defined position, and
the local population density, which is resolved down to aB3%W magnitude of 25.9,
suggests there is a 28.7% chance of coincidence at such@agepaThe location of
this system is shown in Figure 3.13. It is clear from the pmgburst F475WHST
images taken on 2010 December 22 (see Section 4.3.5) thebtnee listed above is

not the nova.

3.4.19 MS3IN 2009-11a

Nova M31N 2009-11a was discovered on 2009 November 3 (Nashay& Kabashima,
2009a). It was a member of the Fespectroscopic class (Hornoch et al., 2009b)
and had av-bandt, of 21.7 4+ 1.2 days (Shafter et al., 2011f)V-band LT data

were taken on 2009 November 13.9 and the position of the nasocalculated to
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Figure 3.13: As Figure 3.4. Top: ACS/WFC F435W image, M31N 2009-16ggnitor po-
sition determined from L1B-band data. Bottom: ACS/WFC F555W image, M31N 2009-11a
progenitor position determined from Ur-band data(©AAS. Reproduced with permission.
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be 0743™045789 4 05009, +41°41'07"79 £ 0708. HSTimages, coincident with the
position of M31N 2009-11a, were taken with ACS/WFC using F81did F555W
filters on 2004 August 15. There are no resolvable sourcdsnit of the calculated
position, with the closest resolvable source being 3.999/CE pixels,0.201” or
3.450 away from the defined position. The local population densityich is resolved
to an F814W magnitude of 26.5, suggests there is a 68.3% elwmincidence at

such a separation. The location of this system is shown iargig.13.

3.4.20 M31N 2009-11b

K. Nishiyama and F. Kabashima discovered nova M31N 20094l frames taken
around 2009 November 6.523 (Nishiyama et al., 2009) and & avenember of the
Fe 1l spectroscopic class (Kasliwal, 2009; Shafter et al., 20%ith a V-bandt, of
74.8 + 10.6 days (Shafter et al., 2011f). M31N 2009-11b is thought to BNawith
previous outbursts having occurred in 1997 (M31N 1997-hhk) 2001 (M31N 2001-
12b) (Nishiyama et al., 2009; Henze et al., 2009; Shaftet.ehgreparation). The
LT images used to calculate the position of the quiescenesys the archivaHST
data were taken with ®-band filter on 2009 December 6.8, with the position of the
nova being calculated &842™395596 4 05009, +41°09'02"9 + 0”1. HST observed
this location with WFPC2 using F814W and F555W filters on 2004usi 22. There
are no resolvable sources withta of the calculated position, with the closest re-
solvable source being 1.971 WFPC2 pix€ld,97” or 4.150 away from the defined
position. The local population density suggests there i8.6%8 probability of an ob-
ject alignment this close occurring by chance, althoughithiking F814W magnitude

is only 23.8. If looking at a typical ACS/WFC image of M31, it wdibe expected that
an object at a distance 6f197” would have approximately an 81% chance of being
aligned by chance. The location of M31N 2009-11b in the WFPC&yens shown in
Figure 3.14.
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Figure 3.14: As Figure 3.4. Top: WFPC2 F555W image, M31N 2009-1bbegritor posi-
tion determined from LTV-band data. Bottom: ACS/WFC F555W image, M31N 2009-11c
progenitor position determined from Ur-band data(©AAS. Reproduced with permission.
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3.4.21 MS3IN 2009-11c

Nova M31N 2009-11c was first seen to be in outburst on imadgesitan 2009 October
31 (Hornoch et al., 2009d), but was not reported until sévkgs later. The nova was
of Fell spectral type (Hornoch et al., 2009c) and hadlaandt, of 32.5 + 2.4 days
(Shafter et al., 2011f). LT data taken with aband filter on 2007 November 17.0
showed the position of the nova to 0&13™04516 4 0501, +41°15'53"93 4 0”09. The
HSTimages used to locate M31N 2009-11c in quiescence were taike CS/WFC
using F814W and F555W filters on 2004 August 22. There are smvable sources
within 3¢ of the calculated position. The closest resolvable sow2e975 ACS/WFC
pixels,0.150” or 3.350 away from the defined position, with the local population-den
sity, which is resolved to an F814W magnitude of 25.8, sutjggshere is a 55.0%
chance of coincidence at such a separation. The locatiomsystem is shown in
Figure 3.7. It is clear from the post-outburst F47H58Timages taken on 2010 July
23 (see Section 4.3.6) that the source listed above is notave

3.4.22 M31N 2009-11d

Nova M31N 2009-11d was an Fenova (Hornoch et al., 2009a) withBxbandt, of
11.2+ 0.4 days (Shafter et al., 2011f) discovered on 2009 NovembePa8igachoski
et al., 2009b; Nishiyama & Kabashima, 2009b). It can be seam tata published
by Shafter et al. (2011f), that 51 days after peak the novadhaddy faded by al-
most five magnitudes in botyi and+’. The position of the nova was calculated to
be0"44™16°866 + 05009, +41°18'53"6 + 0”2 usingV-band LT images taken on 2009
November 24.0. The system had coincidei®Timages taken with ACS/WFC using
F475W and F814W filters on 2011 December 22, more than twcs\adtar the out-
burst. There is a resolvable source within of the calculated position and no other
source withine, with the source being 0.505 ACS/WFC pixelg)25” or 0.600 away
from the defined position. The local population density,altias an F814W limiting
magnitude of 26.4, suggests there is only a 2.2% chance objactalignment this

close occurring by chance. On 2011 December 22, the souttarm&814W mag-
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nitude of25.1 £ 0.2 and F475W magnitude df5.67 4+ 0.04. This gives aB-band
magnitude of25.81 + 0.06, /-band magnitude o025.1 + 0.2 and (B — I) colour of
0.7 + 0.2. From Darnley (2005) it can be seen that a nova at the apppositton of
M31N 2009-11d would be subjectté-band extinction of approximately,, = 0.58 if

it were at the far side of the galaxy. This giveB-#and magnitude df5.4+0.4, I-band
magnitude oR4.9 4+ 0.3 and (B — I) colour of 0.5 #+ 0.3 when the effects of internal
extinction are included. M31N 2009-11d is shown in quieseen Figure 3.15. Fur-
ther coincidenHSTobservations were taken of the position of M31N 2009-11@sev
months later on 2012 July 21. Between the two sets of obsengthe brightness of
the source had varied very little and had an F475W magnitéi@s.89 + 0.09 in the

latter set, confirming that the nova was likely at quiescendmth sets of images.

3.4.23 MS3IN 2009-11e

Nova M31N 2009-11e was an Fetype nova (Hornoch & Pejcha, 2009) discovered on
2009 November 20 (Pietsch et al., 2009b) wittRabandt, of 55.7+ 3.1 days (Shafter

et al., 2011f). The LT observed the nova throug¥-band filter on 2009 November
27.0 and its position was calculated to @&i2™35%33 4 0501, +41°12'59"4 + 0"2.
This location was observed BYSTwith WFPC2 using F814W and F555W filters on
1996 February 14. There is a resolvable source withirof the calculated position
and no other source withiBw, with the source being 1.104 WFPC2 pixdls,10” or
0.80c away from the defined position. The local population densityich is only
resolvable to an F814W magnitude of 22.8, suggests there9i8% chance of an
object alignment this close occurring by chance. If, as prgvious WFPC2 images, a
standard ACS/WFC image of the M31 field is considered, an objeatd be expected
to be at least as close 84 10” from a random point in the image approximately 33%
of the time. The location of this system is shown in Figure 3t7s clear from the
post-outburst F475WISTimages taken on 2010 December 25 (see Section 4.3.7) that

the source listed above is not the nova.
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Figure 3.15: As Figure 3.4. Top: ACS/WFC F475W image, M31N 2009-Ibdgnitor po-
sition determined from LTV -band data. Bottom: WFPC2 F555W image, M31N 2009-11e
progenitor position determined from UI'-band data(©AAS. Reproduced with permission.
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3.4.24 MS3IN 2010-01a

Nova M31N 2010-0l1a was discovered on 2010 January 11 (Buetitd., 2010b)
and was confirmed as an Hetype nova by Hornoch et al. (2010e). The LT images
used to find the position of the quiescent system in the aathi®T data were taken
with a B-band filter on 2010 January 15.9, from which the positionhef hova was
calculated to b@"42™56°70 4 0502, +41°17'20”2 £ 0”1. TheHSTimages were taken
with ACS/WFC using an F435W filter on 2006 February 10. There iesalvable
source within2o of the calculated position, which is the only object witl3isn and
1.058 ACS/WFC pixels).053"” or 1.450 away from the defined position. The local
population density, which is resolved down to an F435W miagiei of 26.1, suggests
there is a 9.4% chance of an object alignment this close doguby chance. The
source has an F435W magnitude2df79 + 0.04, but theHSTimages were only taken
in one filter, so it was not possible to calculate the colouthef source, although it
is estimated to have B-band magnitude of 24.8 with internal extinction in M31
taking in to~ 24.5. The location of this nova is shown in Figure 3.16. M31N 2010-
0la was also observed in outburst with ACS/WFC on 2010 July Bighws described
in Section 4.3.8. Using this post-outbuk$8T data, it was possible to determine the
position of the progenitor without using LT data. Here thmeanethod as previously
described was employed, but the photometrically deterthpesitions were used for
the transformations. The closest resolvable source idA64S/WFC pixels().032" or
2.65 away from the defined position of the nova, with a 3.8% prdiigtuf a chance
alignment at this separation. As previously noted, due ¢ostinall errors associated
with the transformation and the source being relativelgtfdhe errors on the position
of the pre-outburst source may be more significant than imegelar transformations
using LT data. The position of the quiescent nova, as deterdrfrom the post-outburst
HSTdata, is also shown in Figure 3.16. Later in the year thereavasva outburst
(M31N 2010-12c) very close to the position of M31N 2010-Od@yever the precise
positions reveal that they are not the same system (Horrtadh 2010d; Shafter et al.

in preparation).
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Figure 3.16: As Figure 3.4. Top: ACS/WFC F435W image, M31N 2010-0thgegmnitor po-
sition determined from LTB-band data. Bottom: F435W FLT image with M31N 2010-0la
progenitor position determined from post-outburst F475W d&@AAS. Reproduced with
permission.
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3.4.25 MS3IN 2010-05a

Nova M31N 2010-05a was an He type nova (Hornoch et al., 2010c) discovered
on 2010 May 28 (Hornoch et al., 2010f). It hadBabandt, of 39 + 17 (see Sec-
tion 4.3.9) and the position of the nova was calculated t6"de™35°899 + 0%008,
+41°16'38"24 + 0”04 from B-band LT data taken on 2010 June 17.2. The location of
M31N 2010-05a was observed b\ Twith ACS/WFC using an F435W filter on 2004
January 23. There is one resolvable source wishirof the calculated position. This
source is 1.939 ACS/WFC pixelg., 053" or 2.10c away from the defined position. The
local population density suggests there ¥6a0% probability of an object alignment
this close occurring by chance. The data has a limiting F43b&gnitude of 25.8.

This location of this quiescent system is shown in Figurg 3.1

3.4.26 M31N 2010-09b

Nova M31N 2010-09b was discovered on 2010 September 30i¢idisia et al., 2010a)
and belonged to the He spectroscopic class (Shafter et al., 2010c,eB-Bandt, of
3.8 + 0.2 was calculated from LT data (see Section 4.3.10). FBsband LT images
taken on 2010 October 5.1, a position05f3™45%545 + 05008, +41°07'54"5 £ 0”1
was derived. ThélSTimages used to locate M31N 2010-09b in quiescence were taken
with ACS/WFC using F814W and F475W filters on 2011 December ®nEkiough
the HSTdata were taken only about 14 months after the outburstyérsfast nova
should have returned to quiescence by then. There is a eddelgource withino

of the calculated position and another resolvable sourtt@mio. The closest source
is 0.579 ACS/WFC pixelq).029” or 0.55¢0 away from the defined position. The local
population density, which is resolvable down to an F814Wmitage of 26.3, suggests
there is &.6% chance of coincidence at such a separation. This sourcena8ila'W
magnitude of24.7 + 0.1 and F475W magnitude df6.30 + 0.07. This gives aB-
band magnitude o27.1 + 0.1, /-band magnitude 024.7 + 0.1 and (B — I) colour
of 2.4 +£ 0.1. We can see from Darnley (2005) that a nova at the appareittqoos
of M31N 2010-09b would be subject t6-band extinction of4,, = 0.63 if it were
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Figure 3.17: As Figure 3.4. Top: ACS/WFC F435W image, M31N 2010-0bggmitor po-
sition determined from L1B-band data. Bottom: ACS/WFC F475W image, M31N 2010-09b
progenitor position determined from LB-band data(©AAS. Reproduced with permission.



3.4. Progenitor Systems 100

at the far side of the galaxy. ThereforeBaband magnitude 026.6 + 0.5, I-band
magnitude o24.5 + 0.2 and (B — I) colour of2.2 + 0.3 were calculated. The other
source is 2.264 ACS/WFC pixels 8r050 away from the defined position. The local
population density suggests there &a8% chance of a resolvable source being within
this distance of a random point in the image. If the closestais the nova, it had
already returned to quiescence by 2011 August 3, w8 data showed it to have
an F814W magnitude df5.05 4+ 0.06. The location of M31N 2010-09b is shown in
Figure 3.17.

3.4.27 MS3IN 2010-10a

Nova M31N 2010-10a was discovered on 2010 October 5 by Nash@yet al. (2010b).
Spectra taken by Shafter et al. (2010e) showed it to be antifpe nova.V-band LT
data taken on 2010 October 10.1 was used to calculate thioposf the nova to be
0842m45582 4= 0503, +41°24'22"0 4 0”1. HSTobserved this location with ACS/WFC
using F475W and F814W filters on 2012 December 15. AlthoughitBT data were
taken after the outburst (over two years), the nova has amariB-bandt, of 16 +

2 days (see Section 4.3.11), so would have faded back to quesdy the time the
HST data were taken. There is a resolvable source just outsid#f fhe calculated
position and no other resolvable source within 3The source is 1.181 ACS/WFC
pixels,0.059” or 1.20> away from the defined position. The local population density
suggests there isi.2% chance of coincidence at such a separation. The location of

this quiescent system is shown in Figure 3.18.

3.4.28 M31N 2010-10b

Nova M31N 2010-10b was a member of the IFspectroscopic class (Shafter et al.,
2010f) and was discovered on 2010 October 6.932 by Hornoah €010a). The LT
images used to locate the position of the nova in the arch#limages were taken

using aV-band filter on 2010 October 11.1, from which the positionh& hova was
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Figure 3.18: As Figure 3.4. Top: ACS/WFC F475W image, M31N 2010-16ggmitor po-
sition determined from LTB-band data. Bottom: ACS/WFC F555W image, M31N 2010-10b
progenitor position determined from Ur-band data(©AAS. Reproduced with permission.
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calculated to b&"42m41555 4 0502, +41°03'27"7 4+ 0”1. TheHSTdata were taken
with ACS/WFC using F555W and F814W filters on 2004 August 14. r&lae no
resolvable sources withino3of the calculated position, the closest resolvable source
being 1.968 ACS/WFC pixel$).099” or 3.6 away from the defined position. The
local population density suggests there is a 33.4% prababil such an alignment
occurring by chance, with the data being resolved down twb4W8 = 26.1. The
location of M31N 2010-10b is shown in Figure 3.18.

3.4.29 MS3I1IN 2010-10c

Nova M31N 2010-10c was discovered by J. Ruan and X. Gao on fraaken around
2010 October 13.5566 UT (Ruan et al., 2010), with a spectrisenta few days later
confirming it as an F& nova (Shafter et al., 2010d). The nova was calculated to be at
0844™26°575 £ 05008, +41°3113"6 £ 0”1 from B-band LT data taken on 2010 Octo-
ber 22.1 UT. The location of M31N 2010-10c was observedHSy with ACS/WFC
using F606W and F435W filters on 2005 July 22. There are tlesa\rable sources
within 20 of the calculated position and another resolvable sourteiwso. The
closest resolvable source is 1.083 ACS/WFC pixelg55” or 1.050 away from the
defined position. The local population density, which iotegble down to an F606W
magnitude of 27.1, suggests there i$2a4% probability of such an alignment oc-
curring by chance. The second closest resolvable sourc®88 ACS/WFC pixels,
0.100” or 1.900 away from the defined position. The local population dersitygests
there is a38.5% probability of chance alignment and the third closest seis@.084
ACS/WFC pixels0.105” or 2.00c0 away from the defined position, withia.6% prob-
ability of chance alignment. The fourth closest resolvaaarce is 3.405 ACS/WFC
pixels, 0.171” or 3.00c away from the defined position, with@.6% probability of
chance alignment. The location of M31N 2010-10c, with ther fdosest progenitor

candidates, is shown in Figure 3.19.
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Figure 3.19: As Figure 3.4. Top: ACS/WFC F606W image, M31N 2010-16ggnitor po-
sition determined from LT/ -band data. Bottom: ACS/WFC F435W image, M31N 2010-10d
progenitor position determined from LB-band data(©AAS. Reproduced with permission.
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3.4.30 M31N 2010-10d

Nova M31N 2010-10d was first observed to be in outburst on @sdgken on 2010
October 28 (Hornoch et al., 2010b) and was confirmed as ant{fge nova by Shafter
et al. (2010b). The position of the nova, as calculated fB3band LT data taken on
2010 October 30.0 UT, wa®'42™365914 4 05008, +41°19'28"9 + 0”1. TheHSTim-
ages used to locate M31N 2010-10d in quiescence were takbrA®IS/WFC using
an F435W filter on 2004 June 14. There are no resolvable sowitkin 30 of the
calculated position, with the closest resolvable soureego2.992 ACS/WFC pixels,
0.151” or 4.250 away from the defined position. The local population densityich

is resolved down to an F435W magnitude of 26.3, suggestshbatoincidence prob-
ability at this separation i65.6%. The location of this system is shown in Figure 3.19.
It can clearly be seen from th¢STdata taken during outburst (see Section 4.3.12) that

this source is not the progenitor of M31N 2010-10d.

3.4.31 MS31N 2010-10e

Nova M31N 2010-10e was discovered on 2010 October 31.727. byoknoch and P.
Hornochova and has been suggested as another outburst ®BNtlcandidate M31N
1963-09c (which also had coincident outbursts in 1968 afid 2Rietsch et al., 2010a;
Shafter et al., 2010a; Shafter et al., in preparation). A $B&e was detected 15
days post-outburst (Pietsch et al., 2010b), with the X-pcta being consistent with
a high-mass WD (Henze et al., 2014bYy-band observations of this 2010 outburst
taken on 2010 November 7.0, gave the position of the systedtdag 5775 + 0501,
+41°08'12"3 + 0”1. The HSTimages used to search for the quiescent system were
taken with ACS/WFC using F814W and F555W filters on 2004 AugustThere is

a resolvable source withiho of the calculated position, one withizy and another
within 3. The closest resolvable source is 1.216 ACS/WFC pixel%1” or 0.80c
away from the defined position. The local population dersitygests there isi&.6%
probability of such an alignment occurring by chance. The nsest source is 1.859
ACS/WFC pixels.094” or 1.450 away from the defined position, with3d.4% prob-
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ability of chance alignment. The third closest source i4@ BCS/WFC pixels(.217"
or2.750 away from the defined position, withoa.3% probability of chance alignment.
The HSTdata are resolvable down to an F814W magnitude of 25.9. Thiiqo of
M31N 2010-10e is shown in Figure 3.20. The relatively largers on the position of
the quiescent nova are caused by the nova being very faiheibT images. This is
simply because M31N 2010-10e was a fast novae and the firshhAfes were taken

several days after discovery.

3.4.32 MS3IN 2011-10a

Nova M31N 2011-10a was an Fenova (Cao et al., 2011; Cao, 2011) discovered on
2011 October 2. The LT data used to search for the progenitor system in tteva
HST data were taken using B-band filter on 2011 October 26.1, from which the
position of the nova was calculated to®@e2™57513 4+ 0%01, +41°17'1079 £ 0”1. The
HSTimages themselves were taken with ACS/WFC using F814W andW4ilters

on 2010 December 14. There are no resolvable sources withof $he calculated
position and the closest resolvable source in the F475W ena@.540 ACS/WFC
pixels,0.128” or 4.80c away from the defined position. The source was not detected
in the F814W filter due to problems with the photometry, legdb a magnitude limit

of 22.6, whereas the F475W magnitude limit was 26.1. Thel jogpulation density
suggests that the coincidence probability at this semaragi46.8%. The location of

this quiescent system is shown in Figure 3.20.

3.4.33 M31N 2011-10d

Nova M31N 2011-10d was discovered on 2011 October 20 (Owehetral., 2011),
with spectra confirming it as a likely member of the IFgpectroscopic class (Shafter
etal., 2011c,d). Using-band LT data taken on 2011 October 26.1, the position of the
nova was calculated to W842™55574 + 0501, +41°17'52"3 £ 0”1. This location was

Bhttp://lwww.cbat.eps.harvard.edu/unconf/followups/JO 0425701+
4117095.html
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Figure 3.20: As Figure 3.4. Top: ACS/WFC F555W image, M31N 2010-16ggmitor po-
sition determined from LTV -band data. Bottom: ACS/WFC F475W image, M31N 2011-10a
progenitor position determined from LB-band data(©AAS. Reproduced with permission.
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observed byHSTwith ACS/WFC using F814W and F475W filters on 2010 Decem-
ber 14. There are no resolvable sources withirof the calculated position, with the
closest resolvable source being 1.400 ACS/WFC pixel&,0” or 3.250 away from
the defined position. The local population density, whick &l F435W limiting mag-
nitude of 26.1, suggests there id@4% probability of such an alignment occurring
by chance. The images have an F475W limiting magnitude df, 28though as with
M31N 2011-10a, the F814W limiting magnitude is only 22.6.eThcation of the

quiescent system is shown in Figure 3.21.

3.4.34 MS3IN 2011-12a

Nova M31N 2011-12a was discovered on an image taken on 20¢éneer 7.08 UT
by Cao & Kasliwal (2011). It was classified as an IFsystem, although unusually,
it did show strong Ha emission (Shafter et al., 2011a)/-band LT images taken
on 2011 December 26.8 UT gave the position of the nove!42™06°277 + 03009,
+41°01'28"7+0"1. M31N 2011-12a was searched for in quiescence usiBigimages
taken with WFPC2 using F814W and F555W filters on 2004 AugustThkre is a
resolvable source withiRo of the calculated position and no other resolvable source
within 30. The source is 1.129 WFPC2 pixels] 13" or 1.15¢0 away from the defined
position. The local population density, which is resolvesvd to an F814W magni-
tude of 24.2, suggests there i8.8% probability of such an alignment occurring by
chance. The source had an F814W magnituddf7 + 0.07 and an F555W magni-
tude of21.58 £+ 0.03. This gives a/-band magnitude d3.67 + 0.07 and an/-band
magnitude of21.44 £ 0.04, with (V' — I) colour 2.16 &+ 0.08. However, from the
overall distribution of stars in the M31 field in ACS/WFC, a saiveould be expected
to be at least as close 84113 in a typical ACS/WFC image about 35% of the time.
Therefore such a detection in ACS/WFC would be relativelygngicant. For this
reason M31N 2011-12ais not included in the list of systentk wihigh likelihood of

a recovered progenitor. The location of M31N 2011-12a isvshion Figure 3.21.
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Figure 3.21: As Figure 3.4. Top: ACS/WFC F475W image, M31N 2011-¥0dgnitor po-
sition determined from LTB-band data. Bottom: WFPC2 F555W image, M31N 2011-12a
progenitor position determined from Ur-band data(©AAS. Reproduced with permission.
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3.4.35 MS3IN 2012-01a

Nova M31N 2012-0l1a was discovered on 2012 January 6 by Cao &W&h$2012)
and belonged to the Fe spectroscopic class (Shafter et al., 2012b). The position o
the nova was calculated to 0841™41501 + 0501, +41°19'44”3 + 0”1 from V-band

LT data taken on 2012 January 10.8 UT. TH®Timages used to locate M31N 2012-
Ola in quiescence were taken with ACS/WFC using F814W and F5&8i%#k& on
2011 February 16 and there is one resolvable source withiof the calculatedHST
position. The source is 1.712 ACS/WFC pix€l$)86” or 2.50c away from the defined
position. The local population density suggests thereiz@% probability of such an
alignment occurring by chance. Figure 3.2 shows the novadrcombined LT image
taken during outburst and how the coincidet®T field overlaps its position. The

location of the quiescent system is shown in Figure 3.22.

3.4.36 MS3I1IN 2012-09a

Nova M31N 2012-09a was discovered on 2012 September 8.77®yJUMornoch
& Vrastil (2012), with a spectrum confirming it as an Hé nova (Shafter et al.,
2012d). This system is a recurrent candidate, with the fisseoved outburst being
M31N 1984-07a (Pietsch et al., 2007b; Shafter et al., 2012Zdhe LT images used
to locate the nova in archivddSTimages were taken using aftband filter on 2012
September 10.0 UT, which gave its position0d$2™47516 + 0501, +41°16'19"63 +
0"07. The HSTimages were taken with ACS/WFC using an F814W filter on 2010
December 20 and 24. There are no resolvable sources wittohtBe calculated posi-
tion, with the closest resolvable source being 2.152 ACS/Wik€&$ 0.108” or 3.650
away from the defined position. The local population dersitygests the coincidence
probability at this separation &.8%. The F475W limiting magnitude of this data is
25.8, with that of F814W being 22.2. The location of this geent system is shown
in Figure 3.22.
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Figure 3.22: As Figure 3.4. Top: ACS/WFC F555W image, M31N 2012-0tggmnitor po-
sition determined from LTV -band data. Bottom: ACS/WFC F814W image, M31N 2012-09a
progenitor position determined from LiT-band data(©AAS. Reproduced with permission.
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3.4.37 M31N 2012-09b

Hornoch (2012) discovered M31N 2012-09b on 2012 SeptemBeat81 UT, with
Shafter et al. (2012f) classifying it as an Fé type nova. LT images taken using
an r’-band filter on 2012 September 18.2 UT were used to calculgtesdion of
0842m50598 4 0502, +41°14'09"7 & 0”2 for the nova. The position of this quiescent
nova was located usingSTimages taken with ACS/WFC using an F814W filter on
2010 December 20. There are no resolvable sources withof 8he calculated posi-
tion. The closest resolvable source is 3.659 ACS/WFC pixels4” or 10.550 away
from the defined position. The local population density, chhis resolvable down to
an F814W magnitude of 24.6, suggests there8.4% probability of such an align-
ment occurring by chance. The F814W limiting magnitude was$ 2although that of
F475W was 26.0 and there were no sources closer to the positithhe nova in this

filter. The position of this quiescent system is shown in Feggi23.

3.4.38 MS31N 2012-12a

Nova M31N 2012-12a was an Fenova (Shafter et al., 2012e) first visible on images
taken 2012 December 10.030 UT (Hornoch & Galad, 2012). Tlséipao of the nova
was calculated to b@'42m49°%13+£0%02, +41°17'02"5+0"1 from+/-band LT data taken
on 2012 December 20.9 UT. ThSTimages used to find the position of M31N 2012-
12ain quiescence were taken with ACS/WFC using F814W and F4iltav¢ on 2010
December 14. There is a resolvable source at®Bditthe calculated position. The
source is 1.532 ACS/WFC pixels 6r077” away from the defined position, with the
local population density suggesting that the coincidenmobatility at this separation
i 19.9%. The F475W limiting magnitude is 25.6 and the F814W limitmggnitude

is 22.3. The location of M31N 2012-12a is shown in Figure 3.23
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Figure 3.23: As Figure 3.4. Top: ACS/WFC F814W image, M31N 2012-G8iggnitor po-
sition determined from LT’-band data. Bottom: ACS/WFC F814W image, M31N 2012-12a
progenitor position determined from Li7-band data(©AAS. Reproduced with permission.
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3.5 Discussion

Eleven nova system24% of the original catalogue of 38 novae) have a resolvable
source close enough for the probability of them being chafigaments to be< 5%

in each case, and are therefore likely to be the progenigiesys. These novae with
candidate progenitor systems are M31N 2007-02b, 2007-20@7-11b, 2007-11d,
2007-11e, 2007-12a, 2007-12b, 2009-08a, -11d, 2010-042@10-09b (the progen-
itor system of M31N 2007-12b had already been identified byeBetcal., 2009). The
photometry of these eleven candidate progenitor systeswgmsnarised in Tables 3.4
and 3.5.

Broadband Photometry
Nova

FA35W F475W F555W F606W F625W F814W
2007-02b - - - 25.95+£0.05 - 24.82 £0.03
2007-10a - - 22.397 £ 0.008
2007-11b - - 22.6=£0.1 - 20.44 + 0.06
2007-11d - 24.46 £0.04 - - - 21.387 £ 0.005
2007-11e - 25.5£0.1 - - - 24.19 £ 0.03
2007-12a - 2598 £0.08 - - - 25.3+0.1
2007-12b - 25.36 £0.04 - - - 23.79 £ 0.04
2009-08a 25.50 £ 0.05 - - - -
2009-11d - 25.67+0.04 - - - 25.1+£0.2
2010-01la 24.79 £0.04 - - - -
2010-09b - 26.30 £0.07 - - - 24.7+0.1

Table 3.4: Raw photometry in native ACS/WFC or WFPC2 system of progecatodidates
that have a less than 5% probability of occurring by chance.

The Galactic RNe RS Oph (Anupama & Mikotajewska, 1999), T CrBnjn &
Fernandez-Castro, 1987), V3890 Sgr and V745 Sco (Harrisah,e1993) all have
confirmed red giant secondaries, with V2487 Oph (Darnley.e2@12), also thought
to be a RG-novae. Recently, the CNe V794 Oph, EU Sct and V3964aSgraiso been
spectroscopically confirmed as RG-novae (Surina, 2014 believed both KT Eri
(Jurdanaéepi: et al., 2012) and V2487 Oph (Darnley et al., 2012) also harbed
giant companions. Therefore these RG-novae or suspectedoRd&-make up only
~ 2.5% of the approximately 400 Galactic novae discovered (Dareteal., 2012),
however in many cases the systems have simply not been ebserquiescence and
this suggests the RG-nova rate in the Galaxy is probably shiaeligher, with no
study systematic enough to produce a reliable populatiimate having yet been

conducted.
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Nova Broadband Photometry Colour

B Vv R [ (B-I) (V-
M31N 2007-02b - 26.0 0.4 - 24.6 £0.2 = 1.4+0.2
M31N 2007-10a - - ~ 22.0 - - -
M31N 2007-11b - 22.3+0.3 - 20.1 £0.2 - 2.1+0.2
M31N 2007-11d 25.0+£0.5 - - 21.3£0.2 38%+0.3 -
M31N 2007-11e 26.0 £ 0.3 - - 241+£0.1 19+0.2
M31N 2007-12a 25.7+0.5 - - 25.1+0.2 0.6+0.3
M31N 2007-12b 25.7+ 0.5 - - 23.6+0.2 21+0.3
M31N 2009-08a  ~ 25.5 - - - -
M31N 2009-11d 25.4+ 0.4 - - 24.9+03 05+0.3
M31N 2010-0la  ~ 24.5 - - - -
M31N 2010-09b 26.6 £ 0.5 - - 24.5+0.2 22403

Table 3.5: Progenitor photometry as in Table 3.4 convertedBYRI system, where avail-
able. The magnitudes were transformed using conversions from Sigaahi(2005). These
magnitude also include the extinction internal to M31.

Along with the RG-novae that have typical nova light curvisyé are very slow sym-
biotic novae such as PU Vul and RT Ser that can take decadeslt@eA sub-class of
these very slow novae are D type symbiotic novae that coMam variables. RR Tel
and RX Pup are such systems, although V407 Cyg is also thouglointain a Mira
and its light curve evolution was more typical of CNe and RNe (denari et al., 2011

for a discussion on its 2010 nova outburst).

Eight of the eleven candidate progenitor systems identifiethis survey have quies-
cent photometry in two bands. As such, the positions of tisgseems are plotted in
the colour—magnitude diagrams shown in Figure 3.24. Irtgpeof this figure shows
that the majority of progenitor candidates (six of eigh®) ¢in or near the red-giant
branch. Of course, it should be noted that if we had simplyseh@a random sample of
resolved stars iRlSTdata of M31 a high proportion of them would still be expecied t
be on the red-giant branch. The other two candidate pramesystems (M31N 2007-
12a and 2010-09b) both hay®& — ) < 1. The colour-magnitude diagram position
of these two quiescent systems is consistent with high rass)ous main-sequence
stars. However, as is also indicated in Figure 3.24, thistipasis similar to a pair
of Galactic RG-novae. These Galactic novae are KT Eri, andRiNev2487 Oph.
The particularly blue colour of KT Eri and V2487 Oph is likedpe to a bright ac-
cretion disk inclined towards the observer. This pair of MBdescent systems is also
coincident with the colour—-magnitude position of a numke8G-novae or suspected

SG-novae. So if we are indeed observing M31N 2007-12a an@-206@ in quiescence
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they may be RG-novae with colours affected by a strong acerelisk or they may be

luminous quiescent SG-novae similar to the recurrent S@kbSco.

In Figure 3.25, we show the spatial distribution of the nowaeur survey as in Fig-

ure 3.1, but also indicate the eleven systems with candlaigenitor systems. This
shows that a much higher proportion of novae in the disk apjeehave a recovered
progenitor when compared to the systems in the central butdghough increased
crowding near the centre of M31 (rendering any detectios $ggnificant) may have
some influence on this, it does not seem to be the main faactdeeld, the relation-
ship between the distance of the nearest source from theama/ghe probability of a
chance alignment is largely uniform for the regions of M3id#td in this work. This

indicates that there may be a higher proportion of RG-novgeumger stellar popula-
tions. Although of course the background light is brighteanthe centre of M31 and
this may obscure some faint sources that would have bedievisi the outer regions

of the galaxy.

As is noted in Section 3.4, there are problems with using thé@Fdata. For ex-
ample, as can be seen in Section 3.4.34, M31N 2011-12a hazjarptor candidate
detected that only had 3.6% probability of such an alignneaaurring by chance
in a WFPC2 image. However, due to the relatively bright lingtmagnitude of the
WFPC2 data, the same detection in a typical ACS/WFC image wouldlagvely in-
significant. It could also be the case that, for a system wheandidate was detected
in WFPC2, if the same region was imaged with ACS/WFC, it may revealrcident

source.

The most direct method to identify RNe is to find coincidentousts. However, due
to the large population of M31 nova candidates (over 900 haen discovered over
the last 100 yeat8) many coincident sources will simply be chance alignmeses (
Shafter et al., 2013). Therefore the positions published heay help eliminate some

of the recurrent candidates that are different systemsedidpy chance.

There are three RN candidates in our catalogue: M31N 2009M3bN 2010-10e and

165ee Pietsch (2010) and
http://www.mpe.mpg.de/ ~m31novae/opt/m31/index.php
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Figure 3.24: Colourmagnitude diagrams showing téipparcosdata (Perryman & ESA,
1997) shifted to the distance of M31, assuming-(M), = 24.43 (Freedman & Madore, 1990)
and extinction ofE'z_ = 0.1 mag towards M31 (Stark et al., 1992). Possible extinction inter-
nal to M31 is calculated for each nova separately and is discussed in th&hexblue points
show the M31 progenitor candidates found in this work. The red pointesept Galactic
RG-nova and the green points represent Galactic SG-novae (sexf&¢cBa10, Darnley et al.,
2012 and references therein). Top pldB € I) colour against-band magnitude. Bottom plot:
(V' — I) colour against-band magnitude©AAS. Reproduced with permission.
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Figure 3.25: The spatial distribution and spectral class of the novae isatalogue as in
Figure 3.1, but novae that have a high likelihood of a recovered pitogeme further circled.
(©AAS. Reproduced with permission.
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M31N 2012-09a (see also Section 3.4). It might be expectattitiese novae would
have a higher chance of harbouring red giant secondari@s cas Galaxy half of the
ten RNe are RG-novae (see e.g. Darnley et al., 2012). It careoeis&igure 3.7 that
there is no resolvable source withia 8f the position of M31N 2009-11b, although
the limiting magnitude of the data is 23.8, meaning that we eeclude a luminous
red giant system (such as one similar to RS Oph) as the progeitt it is possible
that the system may contain a fainter red giant. Although M2010-10e does not
have a progenitor we can locate with a high confidence, it easelen from Figure 3.9
that a red giant companion is not ruled out for this systendeéa there is a faint
candidate within & and a relatively bright source just outside. IM31N 2012-09a
does not have any sources within 8f the calculated position, although the limiting
magnitudes indicate a lower-luminosity red giant compamiay not be resolvable in

the data.

We can however all but rule out M31N 2006-11a, 2008-10b, 2089, 2009-11a,
2009-11c, 2009-11e and 2010-10b as RG-novae. This was dofestgnsuring all
of the red-giant branch would have been resolvable irHE&image of the quiescent
nova. Then by either the nearest source lying out8idef the calculated position
of the system or by using post-outburst images to compaiteetoeispective quiescent

images.

3.6 Conclusions

We have recovered the likely quiescent progenitor syst@msléven of the original

38 novae. For each of these systems the probability of thgemitor candidate being a
chance alignment is. 5%. These systems are M31N 2007-02b, 2007-10a, 2007-11b,
2007-11d, 2007-11e, 2007-12a, 2007-12b, 2009-08a, 20692010-01a and 2010-
09b. Photometry of each of these progenitors is consisté&ht quiescent Galactic
RG-novae. The archival data also allow us to all but rule oditgiant secondaries for
seven novae, M31N 2006-11a, 2008-10b, 2009-08b, 200920G8-11c, 2009-11e
and 2010-10b.
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This chapter has presented the search for M31 nova progemt31 up to February
2013 and found the likely progenitors for several novae eGisuch a high proportion
of these M31 novae appear to be RG-novae, compared to whatbasobserved so
far in our Galaxy, further investigation is warranted. Tdfere a statistically based
analysis was conducted on the results of the survey and sempied in Chapter 5.
However, the thesis first presents light curves of a numb&43if novae in outburst,

further utilising archivaHSTdata.



Chapter 4

M31 Nova Light Curves

Some of the work described in this chapter has been acceaptpdlflication in Williams,
S. C., Darnley, M. J., Bode, M. F., Keen, A. and Shafter, A. W1#MRApJS, accepted,
arXiv:1405.4874)

4.1 Introduction

The light curves of M31 novae presented here are mainly frdnddta. The general
properties of nova light curves are discussed in Section haaddition to LT data,
when archivaHSTdata were searched for in the work described in Chapter 3radeve
novae in the survey were found to have #slTdata taken while they were in outburst.
This allowed light curves to be extended deeper than is lyspassible for extragalac-
tic systems. Several of the novae had light curves alreabiligmed by Shafter et al.

(2011f) and here these are simply extended with the additld8 T points.

4.2 LT Data Photometry

The LT data were reduced using a combination of IRAF and &tadbftware and

calibrated using (typically six or seven) secondary stesh@tars from Magnier et al.

120
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(1992), Haiman et al. (1994) and Massey et al. (2006). The {imdays) it takes a
nova to fade by two magnitudes  was calculated using different methods, depending
on the data available. Typically, for well populated lightees, this involved a simple
linear extrapolation of the data around maximum and arounmggnitudes below the
peak. Where different approaches were employed, this igidedcfor the respective
novae in Section 4.3. Several of the earlier novae with lght/es presented below
havet, values published by Shafter et al. (2011f), which are presem Table 3.1.
Crowded field photometry was carried out on th8Timages, which is described in

Section 3.3.4.

4.3 Individual Light Curves

4.3.1 M31N 2007-02b

Nova M31N 2007-02b hatHSTWFPC2 F555W data taken on 2007 September 13
(2454356 HJD). The nova had an F555W magnitud@3t7 + 0.08 at that time.
This was added to the light curve published by Shafter efall1f) and is shown in
Figure 4.1.

4.3.2 M31N 2008-10b

Nova M31N 2008-10b had ACS/WFC F435W data taken on 2010 Ja@agRA55217
HJD), when the nova had a magnitudeaef364+-0.02. The system also had ACS/WFC
data taken on 2010 July 23 (2455400 HJD) and 24 with F475W 8tdW filters. On
2010 July 23, the nova had an F475W magnitude3og5 + 0.02 and on July 24, it
had an F475W magnitude 24.05 + 0.03. The nova was not resolvable in the F814W
images, but for reference an upper limit for the magnituds added, derived simply
by measuring the magnitude of a relatively faint nearby, stearly much brighter
than the nova. This produced an F814W upper limi24afi1 + 0.07 on July 24. The
points were added to the light curve published by Shaftel. ¢2@11f) and are shown
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Figure 4.1: Light curve of M31N 2007-02b published by Shafter et2fl1(f), with an addi-
tional HSTdata point. Ground-based data filters éBeroyal blue;V, green;R, dark grey;”’,

red; I, yellow andi’, black. The top figure is a reproduction of the light curve published by
Shafter et al. (2011f), who used ground-based data. The bottore orvs the same ground-
based data, with an additiondSTdata point. TheHSTdata were taken in F450W (purple),
F475W (light blue), F555W (magenta) and F814W (orange) filters, emtligthur highlighted

by filled circular points. If the error bars on tiSTdata are not visible, they are smaller than
the points.©AAS. Reproduced with permission.
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in Figure 4.2. The post-outburbtSTdata also helped constrain the progenitor of the

system, as is discussed in Section 3.4.12.

4.3.3 M31N 2009-08a

Nova M31N 2009-08a had ACS/WFC F475W and F814W data taken o Ad§ 21
(2455398 HJD) and December 14 (2455544 HJD). On 2010 Julge2dyistem had an
F475W magnitude a22.509 £+ 0.008 and on December 14 it had an F474W magnitude
of 23.00 £+ 0.01. The nova was not resolvable in the F814W images on eithdreskt
dates; in the first dataset an upper limit2df6 + 0.1 was derived, with an upper limit

of 22.1+ 0.2 in the later set of images. These data points were added ligkiteurve
published by Shafter et al. (2011f) and the extended lightecis shown in Figure 4.3.
These post-outbur$iST data were also used to help locate the progenitor candidate

(see Section 3.4.14).

4.3.4 M31N 2009-10b

Nova M31N 2009-10b had ACS/WFC F475W and F814W data taken obR8tem-
ber 26 (2455556 HJD). At this time the nova had an F475W madaibf22.378 +
0.007 and F814W magnitude &f3.41 4+ 0.07. These points were added to the light
curve published by Shafter et al. (2011f) and are shown inreig¢.4. These data were

also used to rule out some nearby sources as progenitodzdesli(see Section 3.4.17).

4.3.5 MS31N 2009-10c

Nova M31N 2009-10c had one set of ACS/WFC F475W and F814W dkéan tan
2010 December 22 (2455552 HJD) and another between 2010rbece24.9 and
25.1. In the latter set of images the system had an F475W toagnof22.4 4+ 0.2. In
the images taken on 2010 December 22 the nova had an F475Wtaakgof21.40 +
0.01. There is a source in the F814W image that has a magnitudé. ot 0.2, but
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Figure 4.2: Light curve of M31N 2008-10b published by Shafter e&l1{f), with additional
HSTdata points. The top figure is a reproduction of the light curve publisheghlajter et al.
(2011f, ©AAS. Reproduced with permission). The bottom figure shows the samedrou
based data, but only those taken in the filters closest tbi8iedata, with the additionddST
data points. The different colour points are as in Figure 4.1.
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as it is not certain (although very likely) that this is thevaatself, it is considered as
an upper limit. The points were added to the light curve @mhigd by Shafter et al.
(2011f) and are shown in Figure 4.5. Note that of the two F4fB®ésurements, only
the one taken on December 22 is shown. This is due to the ctogapty in the time

of the two measurements and the much lower error on the kligatlier measurement.
These data were also used to rule out a nearby source as tienfico candidate for

this nova (see Section 3.4.18).

4.3.6 M31N 2009-11c

Nova M31N 2009-11c had ACS/WFC F475W and F814W images takel®dd 2uly

23, 24 and 25. On 2010 July 23 (2455400 HJD) the nova had anviF4iiagnitude of
24.40+0.02. It had an F475W magnitude 84.45 + 0.02 on July 24 an®4.53 + 0.02

on July 25. There is a nearby candidate with an F814W magnfi2l3.83 + 0.03 on
July 23, but as it is not certain that this is the nova, it isstdered as an upper limit.
These points were added to the light curve published by &heftal. (2011f) and are
shown in Figure 4.6. TheddSTdata taken during outburst were also used to rule out

a nearby source as progenitor candidate (see Section B.4.21

4.3.7 M31N 2009-11e

Nova M31N 2009-11e had ACS/WFC F475W and F814W data taken bat2@10
December 25.9 and 26.1 (2455556 HJD). At this time the nodadmaF475W mag-
nitude of22.93 + 0.01, but was not visible in the F814W image. For reference we
have added the magnitude of a nearby faint (but clearly teighan the nova) star as
an upper limit. The points were added to the light curve mhigd by Shafter et al.
(2011f) and shown in Figure 4.7. These data were also usedktout a nearby source

as progenitor candidate (see Section 3.4.23).
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Figure 4.5: Light curve of M31N 2009-10c published by Shafter e&l1(f), with additional
HSTdata points. The top figure is a reproduction of the light curve publisheghlajter et al.
(2011f, ©AAS. Reproduced with permission). The bottom figure shows the samedrou
based data, but only those taken in the filters closest tbi8iedata, with the additionddST
data points. The different colour points are as in Figure 4.1.
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4.3.8 M31N 2010-01a

Nova M31N 2010-01a was observed by the LT on 2010 Januar(24565210.36
HJD) and 15.89 UT wittB andV filters. The observations taken on January 13.86
appear to be close to the optical maximum. The object inerkiisR-band brightness
between January 12.092 (2455208.59 HJD) and 13.094 UT (Buetial., 2010a)
and the LT observations show that the nova had started tobiadanuary 15.89. In
addition to the LT photometry the system was observed with/MFSC on 2010 July

21 (2455398 HJD) and December 14 (2455544 HJD) with F475\WF834 W filters.

On 2010 July 21 the nova had an F475W magnitud&adf5 + 0.02 and F814W upper
limit of 21.5 4+ 0.1. On December 14 it had an F475W magnitudé4fi1 + 0.03 and

an F814W upper limit o21.6 4+ 0.1. The upper limits listed above are likely to be the
nova itself, however as no quiescent F814W data are avajldlidannot be certain it

is the outburst, so they are listed as upper limits. The laginve showing the LT and
HSTdata points is shown in Figure 4.8. From the above it is cleairthe nova likely
reached maximum between January 12.09 and 13.86. Thetefoaéculate the lower

to limits we linearly extrapolate the measurements taken noaly 12.092 and 13.094
and find the the magnitude this extrapolation gives at JgnL@B6. We then linearly
extrapolate between the two LT measurements. This givésadV lower ¢, limit

of 7 and 5 days respectively. To calculate the upper limit xteapolate between the
second LT points and the firBtSTpoint and take the first LT point as the maximum.
This gives & andV-bandt, upper limits of 49 and 40 days. TigeandV ¢, values are
therefore28+21 and23+ 18 days respectively. The large errors are unsurprising given
the lack of data. ThélSTdata taken during outburst were also used to help locate the

progenitor candidate (see Section 3.4.24).

4.3.9 MS31N 2010-05a

Nova M31N 2010-05a was observed by the LTBrandV filters multiple times be-
tween 2010 June 13.15 (2455360.65 HJID) and July 4.12 (245638 In these data,
the nova was at its brightest in bdghandV-band on June 13.15, when it had a mag-
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nitude of17.9 £ 0.1 in V-band andi7.53 + 0.07 in B-band. The nova brightened in
R-band between May 28 and June 4 (Nishiyama & Kabashima, 28i@)hen ap-
peared to remain near the maximum for several days (see Elortoal., 2010c,g).
The LT observations appear have started just as the nova bedade. The system
was also observed BySTwith ACS/WFC in F475W and F814W filters between 2010
December 24.88 (2455555.38 HJD) and 25.61. At this time tvahad an F475W
magnitude o£2.42+0.01. Although the nova was not resolvable in the F814W image,
we have added an upper limit 82.1 £ 0.2 for reference. This was calculated from a
nearby faint star that was clearly brighter than the novaighticurve of the LT and
HST points is shown in Figure 4.9. As the nova appears to staymeamum for a
few days, it is not easy to calculate directly and there is a significant gap between
the end of the LT observations and the time of H®T observations. To calculate
the lowert, limit, it is assumed that the first LT observations were at imaxn and
then linearly extrapolate the LT points (excluding the fix80 measurements) until
to is reached. This gives B andV lower limit of 22 and 23 days respectively. For
the upper limit, it is assumed that the nova was at peak (am@& saagnitude as the
first LT measurements) when it first appeared to plateau oa duhen extrapolation
between the final LT point and the F475M5T point was used to derive the. This
gives aB andV upper limit of 56 and 50 days respectively. Therefore prouy@
B-bandt, estimate oB9 + 17 days and & -band estimate df7 + 14 days.

4.3.10 M31N 2010-09b

Nova M31N 2010-09b was observed by the LTBrandV filters between 2010 Oc-
tober 1.13 (2455470.63 HJD) and 18.14 UT (2455487.64 HJD}hése data, the
nova was at its brightest in botB and V filters in the images taken on October
1.13, when it had a/-band magnitude ot6.72 4+ 0.04 and B-band magnitude of
17.00 + 0.08. The nova brightened significantly in thieband between 2010 Septem-
ber 30.41 (2455469.91 HJID) and October 1.18 (Pietsch e2@l.0Qc). The LT ob-
servations also constrain that the nova must have fadedisanly by October 2.10
(2455471.60). Therefore it appears that the LT startedrelmggthe nova when it was
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at, or very close to, maximum brightness. A light curve of thepoints is shown in
Figure 4.8. Assuming the first set of observations were iddaken at maximum, a

V-bandt, of 3.8 4+ 0.2 days and &-bandt, of 4.3 + 0.6 days was derived.

4.3.11 M31N 2010-10a

Nova M31N 2010-10a was observed by the LT between 2010 Oc®ob2 (2455478.72
HJD) and November 7.01 UT (2455507.51 HJD) wighand V filters. The light
curve for this nova is shown in Figure 4.10. The nova brigbateim R-band between
2010 October 5.55 (2455475.05 HID) and 6.54 UT (Nishiyamal.e2010b). The
LT images show that the nova fades in b&hand V-band between October 9.22
(2455478.72 HJID) and 10.06. Therefore it is likely that tlowanreached peak be-
tween October 6.54 and 9.22. As the peak may have been migsett possible to
calculate an accuratg. However by calculating how long it takes the nova to fade by
two magnitudes from the first LT observation, it is possiblealculate an upper limit
on t,, which for B-band is16 + 2 days and for’-band a maximum of1 + 5 days.

FromR-band observations Cao et al. (2012) constrained-the > 9 days.

4.3.12 M31N 2010-10d

Nova M31N 2010-10d was observed by the LTBrand YV filters regularly between
2010 October 29.97 (2455499.47 HID) and November 22.95 U35223.45 HJD).
Itis unclear from the LT data when maximum was reachdgtband and there appears
to be two clear peaks iN-band. Similarly, it is also unclear from the light curve in
Cao et al. (2012) when maximum was reached. The nova was @olser\475W
and F814W filters on 2010 December 16 (2455546 HJD) and 18. éxember 16
the nova had an F475W magnitude20£906 + 0.005 and an F814W magnitude of
20.128 4+ 0.003. On December 18 it had an F475W magnitudeo859 + 0.003.

A light curve of the LT andHST points is shown in Figure 4.10. From theband
maximum (i.e. the first peak) @ of 22.8 4+ 0.9 days was calculated. As tliband
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LT data does not cover the nova fading by two magnitudes, &amXation to the
first F475W data point is needed. If tlBeband point that corresponds to thieband
maximum is taken, &, of 25 + 5 days is calculated. If the point of the highdst
band flux is taken as the maximum we calculate af 21 + 5 days. These are the
upper and lower limits respectively, which givegzabandt, of 23 + 7 days. This is
consistent with thd-bandt, estimate of 20 days by Cao et al. (2012). As noted in
Section 3.4.30, thelSTdata taken during outburst were also used to rule out a nearby

source as a progenitor candidate.

4.3.13 M31N 2013-08a

Nova M31N 2013-08a was first discovered in ultraviolet olsagons by Sturm et al.
(2013c) on 2013 August 6.61 UT (2456511.11 HJD). A spectraken a few days
later confirmed it as a nova in M31 (Cao et al., 2013). In respaoghe ultraviolet
discovery, an initial set of’-band observations were taken on 2013 August 8.09 UT
(2456512 HJD), when the nova wasrat= 17.375 + 0.006. By the time the second
set of observations were taken August 10.14, M31N 2013-pBaared to have faded
significantly and was aB = 19.12 + 0.02 andV = 19.00 + 0.03. Only one further
epoch (on August 15.06; 2456519.56 HID) of data was takemdtfe nova had faded
beyond detection. The light curve of M31N 2013-08a is shawhigure 4.11. As the
nova appears to have faded significantly before the BHrahd V-band observations
were taken, it is difficult to derive an accurdte Although it can be seen it is a very
fast nova and, is probably< 7 days. This is also supported by the nova being at
R =16.8 on August 6.79 UT (Cao et al., 2013).

4.3.14 M31N 2013-08e

Nova M31N 2013-08e was discovered on 2013 August 28 (2456882 Tang et al.,
2013b) and a spectrum taken by Tang et al. (2013c) confirmedréimsient to be a

nova in M31. The nova was followed B andV-bands with the LT, with a total of 17
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colour points are as in Figure 4.1.
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epochs in both filters, starting on 2013 August 30.09 UT (583659 HJD). The first
set of data appear to have been taken prior to the peak. Imdd¢eel\V-band, the nova
increases in brightness between August 30.10 (24565341680 &hd September 1.16
(2456536.66 HJID). The sharp decline after September 1 ajgmsts the peak having
been reached between the first two data points. The LT ligtvecof M31N 2013-08e
is shown in Figure 4.11. If it is assumed that maximum washeddetween the first
two data points in both thB andV data, the light curve shows the nova ha-band
to of 11.4 + 0.2 days and; of 22.9 + 0.6 days, with av-bandt, days 0f9.4 4+ 0.2 and
t3 of 17 + 2 days.

4.3.15 M31N 2013-09a

Nova candidate M31N 2013-09a was discovered on 2013 Septeh{B456544 HJID)
and first reported as TCP J00431492+41191Z8e transient was also detected in the
ultraviolet by Sturm et al. (2013b). M31N 2013-09a was fotal inB andV-bands by
the LT. As it was in an 10:0 field that was already being obseyrydotometric data
were obtained showing the transient on the rise, prior taltbeovery announcement.
Additionally, B andV upper limits were calculated for two days prior to discovdilye
light curve of M31N 2013-09a is shown in Figure 4.12. Thihtigurve, accompanied
by the detection of significantddemission (Hornoch et al., 2013) strongly supports
M31N 2013-09a being classified as a nova in M31. The maximughtiress of the
nova probably occurred between 2456544.48 and 2456546188(the first two LT
detections), as novae usually fade slower than they brigfiking this into account,
the B-bandt, was calculated to b&9 + 0.3 days, with a; of 18 + 2 days. The nova
had aV-bandt, of 7.6 + 0.7 andt; of 16 + 3 days.

Ihttp://www.cbat.eps.harvard.edu/unconf/followups/JO 0431492+
4119128.html
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4.3.16 M31N 2013-09d

Nova M31N 2013-09d was an He nova (Valeev et al., 2013) discovered on 2013
September 24(2456559 HJD). On September 25.95 UT (2456561.45 HJD) tkia no
had anR-band magnitude ot7.55 + 0.09 (Hornoch & Kucakova, 2013b) and had
brightened takR = 17.06 + 0.07 by September 26.76, but faded backite= 17.95 +
0.09 by September 27.74. Therefore it is likely the nova peakeadden September
25.95 and September 26.76. The first two epochs of LT datatakesm on September
26.18 (2456561.68 HID) and September 28.00 UT. The ligivecnirthis nova, which
can be seen in Figure 4.12, does not appear typical. Itligif@des very quickly by
1.63 + 0.03 and1.45 + 0.02 magnitudes inB andV respectively over just 1.82 days,
then a few days later it begins to rise again, reaching ab8unh@gnitudes brighter in
B and 0.6 brighter in/ than the minimum. After this rise the nova appears to stay
at roughly constant brightness for several weeks, althabhgte does appear to be a

significant fluctuation approximately 45 days after outburs

4.3.17 M31N 2013-10h

On 2013 October 29.78 UT (2456595.28 HJD), an ultraviodigrent was detected by
Sturm et al. (2013a). Spectra taken between 2013 Novembeén2456598.17 HID)
and November 2.66 UT confirmed the transient as am Reva in M31 (Fabrika et al.,
2013). Thefirst set of LT observations, taken on Novembelr WD (2456601.41 HID),
showed the nova to be very luminous, with= 15.716 + 0.007 andV = 15.306 +
0.005. The full LT light curve of M31N 2013-10h is shown in Figurel@. On Novem-
ber 2.66 UT (2456599.16 HJD), the nova wadat= 16.08 andV = 15.81 (Fabrika
et al., 2013), therefore the maximum must have occurreddetiovember 2.66 and
November 6.85 (2456603.35 HJID). It was therefore calcdldtat the nova had B-
bandt, of 6 + 2 days, witht; = 9+ 2 days and, = 15 + 3 days, av-bandt, of 5 + 2,

t3 = 8 + 2 andty, = 13 + 3 days.

2http://www.cbat.eps.harvard.edu/unconf/followups/JO 0415307+
4109540.html
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4.3.18 MS31N 2013-12b

Nova M31N 2013-12b was discovered on 2013 December 17.6856244.20 HID)
by Hornoch & Kucakova (2013a), who observed it when it wdbriing to maximum,
and found it to be af? = 17.6 £+ 0.1 on 2013 December 17.696 ahtl= 17.3 £+ 0.1

on December 17.747. The LT observations taken just over apdader showed the
nova to have brightened significantly, with = 16.497 + 0.004 on December 18.96
(2456645.46 HJID) andt’ = 15.916 + 0.003 on December 18.97. By 2014 January
12.93 (2456670.43 HJID) the nova had faded further, with uppets of V' > 20.1
andB > 20.4. The light curve created from LT and Lijiang Observatorye(below)

data is shown in Figure 4.14.

A spectrum of the candidate, which is shown in Figure 4.14s wlatained (by J. J.
Zhang) using YFOSC on the 2.4-m telescope of Lijiang ObgeryaYunnan Obser-
vatories on 2013 December 21.567 (2456648.07 HJD). Therspeshowed Fel
emission lines, typical of novae belonging to the IFspectroscopic class, but also
displayed relatively broad emission features and wasi@legss an Felb type nova.
This classification was supported by a later spectrum taketiays after the discov-
ery, which classified the outburst as a He/N nova (Fabrik& €2@14). Such spectral

evolution is often seen in these hybrid objects (Willian92).

4.4 Summary

Here the light curves of eighteen M31 novae are presentddight curves are either
previously unpublished or have added additional pointsutdiphed light curves. Sev-
eral of the light curves haydSTdata, allowing them to be extended much deeper than
is usually possible for extragalactic systems. Alsaalues of several of the novae are
calculated, with some of the novae having no other publishedlue. In addition, a
spectrum of M31N 2013-12b is shown, which classified theailge an Felb nova.

Having studied M31 novae in both quiescence and outbusesthigsis now presents a
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Figure 4.14: A spectrum of M31N 2013-12b, taken using YFOSC on then2dlescope of
Lijiang Observatory. It shows broad Balmer, iF@and Mg! emission features.

statistical study of the results and possible biases of tB& pogenitor survey, leading

to an estimate on the proportion of novae likely to be assediwith a source in the

HSTdata.



Chapter 5

Analysis of the M31 Nova Progenitor

Catalogue

The majority of the work described in this chapter is to beorggd by Williams, S. C.,
Darnley, M. J., Bode, M. F. and Shafter, A. W. (ApJ, in preparagt

5.1 Introduction

The M31 nova progenitor catalogue presented in Chapter 3ifelaven of the 38 sys-
tems to be coincident with a resolvable source inH&T data, and thus likely to be
RG-novae. However, in order to better understand the nafuteauiescent popula-
tion, a statistical analysis of the survey was conductedspresented in this chapter.
In this analysis, a model was produced of the outburst papulaallowing the effects
of several biases to be accounted for. This model first censithe spatial distribution
of both the disk and bulge M31 novae, then explores otheufeatof the popula-
tion, including speed class,] distribution and its relationship to maximum brightness
(MMRD). The model is then used to explore biases in LT obse@mwmat spectroscopic
observations and thdSTcoverage of the M31 field. The resulting final model allows
the proportion of M31 novae associated with a resolvablespgnt source in théST

data to be estimated. The group of novae associated wittobveelssource would be
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expected to be dominated by RG-novae (see discussion in Cl&pte

In order to be included in the M31 progenitor survey, a novbanst had to:

Occur between August 2006 and February 2013.

Be discovered.

Be spectroscopically confirmed.

Have LT data taken while still in outburst.

Have coincidenHSTdata taken when in quiescence.

Therefore the analysis of the catalogue must replicateaihisthe biases associated
with each step, but first a model of the M31 nova populaticgifitsiust be produced,

which is described below.

5.2 Simulating M31 Novae

This statistical analysis aims to consider what the redattshe particular novae in
our catalogue tell us about the overall M31 nova populatidimerefore novae are
simulated that have a spacial distribution similar to thfahe M31 nova population.
Additionally each nova is assignedaand a peak magnitude, which are derived from
the observational data of M31 novae. These considerationslescribed in detail

below.

5.2.1 Spatial Distribution

To avoid biases in the number of simulated novae that wowe h&en included in
our survey if they were real outbursts, we must generateenawih a realistic spatial
distribution. For example, many more novae occur in theraéregions of M31 than

in the outer disk. Figure 1.7 shows the distribution of al@oandidates discovered in
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M31, but this is not a realistic map of the actual probabity given region producing
an outburst, as the number densities are far too low for thjeribyaof the field to be
statistically significant, plus it does not take into acdopossible selection effects,
mainly those concerned with detection. Therefore, the Clgteam probability model

from Darnley et al. (2006) is used to seed the simulated novae

This model is described in detail in Darnley (2005) and Deymt al. (2006), but is also
outlined here. It first assumes that there are two fundarheata populations. One
that follows the disk light and one that follows the bulgéhligsee e.g. Ciardullo et al.,
1987). The disk component is modelled as a thin disk incleigd° (de Vaucouleurs,
1958), with a smooth flux distribution across the disk. Thigbuwas modelled by
subtracting the disk model from the galactic light (thussieg the bulge) and using

elliptical isophotes with a minor/major axis ratio of 0.6 &&iullo et al., 1987).

In the model of Darnley et al. (2006), the bulge and disk papoihs have a different
eruption rate per unit’ flux, with  being the ratio between the two rates, and it is
assumed that the nova eruption probability in the disk orbillge is proportional to

the disk or bulge luminosity respectively so that

pi < oaff + onf!

wherep; is the probability of eruptionf? and f" are the disk and bulge flux respec-
tively, andoy andoy, are the number of nova eruptions per unit time per uhftux
for the disk and bulge populations respectively. The fagduralue ofd = 0.18 was
calculated by comparing the disk and bulge flux to the novaectkd in the POINT-
AGAPE survey of M31 (Darnley et al., 2006).

The model calculates the probability of a nova eruption avarglocation,V;, from

6 fl.d + fib

= : : (5.1)

i

In this equation, the numerator is concerned with the pritibaln bin i, whereas
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the denominator acts to normalize the probabilities ovdriak. The resulting model
seeded- 60% of novae as being associated with the bulge and the digtribaf bulge

and disk novae produced by the model is shown in Figure 5.1.

5.2.2 Speed Class Distribution

One prospective bias is the spatial distribution of noveedpelasses within M31.
Shatfter et al. (2011f) found some evidence that faster ntafe to be more evenly
distributed throughout the galaxy (i.e. probably more esged with the disk), with
slower novae being more associated with the central regi@nshe bulge). Figure 5.2
uses data from Shafter et al. (2011b,f), Cao et al. (2012) aiichivs et al. (2014)
to show how novae of different speed classes are distribuitun the galaxy. The
number density of novae with well definegvalues are too low to give an accurate
distribution of¢, against distance from the centre of M31. Therefore a sirsjteple

t, distribution model was created for all the simulated noeael, was derived from the
t, values of M31 novae from Shafter et al. (2011b,f), Cao et &123 and Williams

et al. (2014), with separate linear relationships for#hdistribution in thet; ranges

of 0.5 — 35 days,35 — 60 days and0 — 200 days. These relationships are shown with
the observational data in Figure 5.3. From the observdtaeta shown in the figure,
there appears to be a pronounced break in the distributeamdt, = 60 days. It may
be more difficult to obtairt, values for some of the slower novae occurring near the
seasonal gap of M31, but this would not be expected to prosucie a sudden break,

so the reason for this is not clear.

5.2.3 Peak Magnitude Distribution

The peak magnitude of a nova is linked to its speed classghrthe MMRD relation-
ship. Shafter et al. (2011f) found tfeband MMRD in M31 to be

Mp = —10.89 £ 0.12 + (2.08 = 0.077)logts.
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Figure 5.1: The spatial distribution of bulge (green ‘+’) and disk (whité) ‘novae in M31
produced by the model from Darnley et al. (2006), with 1000 novadezkeThe background
colours represent the nova rate of a given pixel (1 arcminufearcminute) indicated by the
key at the bottom of the figure.
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Figure 5.3: The cumulative, distribution of novae in M31. The black squares represent
values from Shafter et al. (2011b,f), Cao et al. (2012) and Williams é2@1.4). The red line
represents the model used in this work.
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The R-band MMRD is used, simply because that is the band with the daia. Al-
though most of the observations used in the survey wer4baind, theB andV-band
MMRDs found by the authors were not significantly differenives this and the large
scatter in the relationship, tiRband MMRD is assumed for all of the seeded novae
in this model. To simulate the scatter in the relationshippanal distribution with

o = 0.70 magnitudes was assumed. There may be two factors contgptdithe
observed scatter in the relationship; one, the fact thatdhelation may not be intrin-
sically tight; and two, the novae will suffer from varyinggtees of extinction internal

to M31. The MMRD distribution that this produces is shown 602 seeded novae,
plotted with the observational data from Shafter et al. (Zpih Figure 5.4.

Having simulated a nova population, the potential biasethéncatalogue are now

discussed and considered below.

5.3 The Chance of Novae Being Discovered

As not every nova outburst in M31 is discovered, we needekpioee any biases
in the probability of a given nova being discovered. The nmaioblem that hinders
the discovery of M31 novae is that it is difficult to observe $everal months of the
year. Other possible biases are faint novae being hardestézidand fast novae may
possibly be missed altogether. On top of these, the availatiderving effort, be that
dedicated surveys or the amateur community, plays a majoirptne discovery effi-
ciency. Table 5.1 shows the number of nova candidates dised\each calendar year
between 2006 and 2012, with Table 5.2 showing the total nuwf®ovae discovered

each calendar month between the start of 2006 and end ot.2012

It can be seen from Table 5.2 that only two novae have beedised in April be-
tween 2006 and 2012. However, temporal biases in the deteate accounted for in

Sections 5.4 and 5.5, so we do not need to consider them here.

The optimal months for observing M31 tend to be October andeNder, due to the

1Compiled fromhttp://www.mpe.mpg.de/ ~m31novae/opt/m31/index.php
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Figure 5.4: Th&k-band MMRD relationship used in the model. The black data-points refresen
observational data from Shafter et al. (2011f), with the grey point&isigo2500 seeded novae
from the model discussed in the text.
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Year Number of novae discovered

2006 19
2007 32
2008 31
2009 22
2010 28
2011 31
2012 28

Table 5.1: The number of M31 nova candidates discovered each calgatebetween 2006
and 2012.

galaxy’s position in the sky and the hours of darkness pértnigthe northern hemi-
sphere. The year 2006 has a low discovery rate as does #regatt of 2012, probably
due to lack of surveys (e.g. more novae were discovered ia 40h2 than were from
August to December 2012 combined). Therefore if only thearadiscovered in the
months of October and November from 2007 to 2011 are coresigarprojected nova
rate of 48 per year is derived. This also factors in that soamaliclates may not be

novae (typically~5% of nova candidates are later found not to be n§vae

Some novae may not be discovered as they do not exceed tleeimightness of
M31 for a given survey, others may be too far away from thereetat be covered
by regular observations. The fastest novae will also bellksly to be discovered
irrespective of their location, although they do tend to loghier. Of course, the
fact that fast novae may be missed makes it difficult to esgrhaw many actually
occur. However, the effects of spatial position on the pbdkg of discovery can be
estimated by comparing the actual novae that occurredglthiantime of the survey to

those predicted by the model described in Section 5.2.1.

During the time of the survey there were 184 nova candidasenwdered (excluding
transients that were subsequently found not to be névag)is is a relatively small
number to explore the discovery probability as a functiomaafius, so only a very
simple estimation can be derived. The probability of diseg\as a function of distance

from the centre of M31 is shown in Table 5.3.

2Estimated fromhttp://www.mpe.mpg.de/ ~m31lnovae/opt/m31/index.php
Shttp://www.mpe.mpg.de/ ~m31novae/opt/m31/index.php
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Month Number of novae discovered Average RA of M31 from Sun
January 15 5h
February 17 3h
March 9 1h
April 2 1h
May 14 3h
June 26 5h
July 15 7h
August 20 oh
September 14 11h
October 22 11t
November 24 9gh
December 18 7h

Table 5.2: The number of M31 nova candidates discovered in each aalevmhth from the
start of 2006 to the end of 2012 and the average difference in RA betW8& and the Sun in
each month.

The probabilities of discovery listed in Table 5.3 wereially calculated with smaller
bins, but the relative probability of discovery was relatywuniform out to 15 arcmin
after the first 1 arcmin. The same applied for novae occurundper than 15 arcmin

from the centre.

5.4 Probability of Being Observed with the LT

Table 5.2 shows that novae are rarely discovered in the nafrtpril, however, as
professional telescopes tend to be unable to observe astoltse horizon as amateur
telescopes, this makes following candidates in the mongas April very difficult.
The LT, for example, can only observe down to an altitude 6f Zhis does introduce
a slight bias towards slower novae, as they can produce @isbwhen M31 in not
observable, yet still be detectable when M31 is visible mg@ihereas the time frame
where this is possible for faster novae is shorter. We caityesscount for this bias
in the model. As each seeded nova is assigned we can determine for any nova
occurring when M31 is unobservable, if the nova will still beght enough to be

detected when the galaxy first becomes observable again.
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Distance from  Proportion of actual Proportion of model Reéaprobability

centre (arcmin) novae in range novae in range of discovery
based on spatial bias

0—1 0.04 0.11 0.27

1-15 0.64 0.49 1.00

15— 70 0.31 0.38 0.67

70+ 0.01 0.02 0.40

Table 5.3: The probability of a nova being discovered as a function of itardis from the
centre of M31. The probability of discovery only considers discoveagds related to the
apparent distance of novae from the centre of M31, thus is effectiiyalised to 1.00. So
novae occurring betweeh— 15 arcmin from the centre are the most likely to be discovered,
although obviously they will not actually have a 100% chance of discovery

Some novae occurring in regions of the galaxy with high sigrfarightness (e.g. the
centre or behind M32) may never be detectable with the LT. dapant for this, a
surface brightness model of M31 was created from the sugfaotometry of Kent
(1987), assuming a seeing 0f8” (the median of the LT). This surface brightness

model is shown in Figure 5.5.

Additionally it is possible that very fast novae could be saig due to telescope down-
time or weather. The longest period of time that the LT wasbienéo observe (due
to either technical downtime or weather) during the epocbusfsurvey was 17 con-
secutive nights, with 10 periods lasting longer than 10 daysg that time. While it
is unlikely that a very fast nova would occur just as the LT hddng non-observing
period, U Sco faded by around 5 or 6 magnitudes within 10 dalisis would make it
hard to observe if such an outburst coincided with one ofdipesiods. This was also
accounted for in the model by using the observation logs®1i#? during the period
of the survey. Any periods where no LT time was available teepie any novae were
also accounted for. Also novae that produced an outburstgitine seasonal gap of
M31 would not have been followed by the LT, unless they weesoeably close to
the time when M31 became observable again. For example mowarch and April

would have effectively never been observed.

4Estimated fromhttp://www.aavso.org
SObtained fromhttp://telescope.livim.ac.uk
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Figure 5.5: A surface-brightness map of the M31 field, also showing N\t8&¢ satellite) and
NGC 205 (upper satellite). The scale is in magnitudes and the map was cregigdurface
photometry from Kent (1987).
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5.5 Probability of Spectroscopic Confirmation

The likelihood of a given nova being spectroscopically coméd also needs to be
considered. As with photometric data, the main factor imftireg the ability to obtain
spectra is the time of year an outburst occurs. As novae weteded in the survey
if they had any spectroscopic confirmation (i.e. using afgst®mpe), a direct analysis
could not be performed as was possible for the photomette ideSection 5.4. The
best method is therefore to consider the chance of speopmsconfirmation based
on the time of year the outburst occurred. This not only antotor the position of
M31 in the sky, but also any other biases, for example, theseaated with telescope
semesters beginning or ending. Table®%Hows the proportion of novae in a given

calendar month that were spectroscopically confirmed.

Month Proportion of novae spectroscopically confirmed
January 0.44
February 0.29
March 0.00
April 0.00
May 0.23
June 0.63
July 0.80
August 0.70
September 0.79
October 0.86
November 0.79
December 0.78

Table 5.4: The proportion of nova candidates from August 2006 tougepr2013 that had
spectra taken in each calendar month.

Of course the proportions listed in Table 5.4 will not be tbial probabilities of spec-
troscopic confirmation, but they are the most reliable wagdafing this into the model.
In addition, the probability of spectroscopic confirmatimay depend on the speed
class and position of the nova. For example, it can be difftoubbtain spectra near
the centre of M31 due to the lack of other stars in the fielduféd.6 shows all nova

candidates discovered during the time of the survey (Aug066 — February 2013).

6Compiled fromhttp://www.mpe.mpg.de/ ~m31novae/opt/m31/index.php
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However, as can be seen in Table 5.4, novae occurring dueirtgic times of the year
are unlikely to be spectroscopically confirmed no matterrelie the galaxy they lie.
Therefore, when considering the bias in relation to spataition, it is more helpful
to consider novae that produced outbursts when M31 was aftoarfzble observing
position. Figure 5.7 shows novae occurring between JulyZeckmber (inclusive)

during the time of the survey.

If the data are binned as a function of distance from the eaitM31, it can be seenin
Table 5.5 that novae occurring near the galactic centreeasdikely to be spectroscop-
ically confirmed. Given the relatively small numbers, thamte of a spectrum being
taken appears largely uniform at distances from the ceffitkdé3d greater than 5 ar-
cminutes. Some of the candidates further out may not haveectra taken for other
reasons. For example tB8’ — 50’ bin includes two non-spectroscopically-confirmed
outbursts of the RN M31N 2008-12a, which fades very fast (sesgpteh 6.2) and a
spectrum may not have been taken in time. If it is assumee ikaro spectroscopic-
confirmation bias beyond’, it is estimated the probability (with respect to spatial
position) of a spectrum being taken of a nova less tiidnom the centre of M31 is
67%, with a nova betwee®l and5’ from the centre having an 85% chance of spec-
troscopic confirmation. Note that these probabilities adgsider the effect of spatial
position and not parameters such as speed class and timarpfwech are discussed

above.

Distance from centre Proportion of candidates that
of M31 (arcmin) were spectroscopically confirmed

<2 0.5970 15
2-5 0.7419 9%
5—10 0'92%2%

20 — 50 0.800:%%

50+ 1.00759

Table 5.5: The proportion of nova candidates that were spectrostiggioafirmed between
the months of July and December from 2006 to 2012 (see text for explajasa function of
distance from the centre of M31. The errors quoted are simply the statisniartainties due
to the relatively small number of novae in each bin.
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Figure 5.6: The spatial distribution of spectroscopically and non-spttpically-confirmed
novae in M31. Spectroscopically-confirmed novae are indicated by a‘blugnd non-
spectroscopically-confirmed nova candidates are shown as a btaclA'red ‘+’ indicates
a nova candidate that had a spectrum taken, but was found not to ba,avi@reas a grey”
indicates a nova candidate that did not have a spectrum taken, butuvesriot to be a nova
through another method.
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Figure 5.7: The spatial distribution of spectroscopically and non-spgadpically-confirmed
novae in M31 that occurred between the months of July and Decembers{irglduring the
time of the survey. Points as in Figure 5.6.
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As noted above, the chance of spectroscopic confirmatidkely lto depend on speed
class. A nova with &, of just a few days, for example, could easily fade before a
spectrum is taken. However this cannot be easily accounied&cause the sample
of ¢, values is biased towards spectroscopic confirmation, ay wfdhem were from
the spectroscopic and photometric survey of M31 novae glubdl by Shafter et al.
(2011f).

5.6 Archival HSTCoverage

It was determined if each seeded nova would have suitabl@vatdHST data by
downloading the header information for WFC3/UVIS, ACS and WFP& daken

of the M31 field. The headers were searched for and acquined tise Starview
prograni hosted by the Space Telescope Science Institute. We coedidata taken
using F435W, F439W, F475W, F555W, F606W, F625W, F675W, MI,G2775W and
F814W filters for the survey. The headers gave informatiowbether each point
(0.1 x 0.1 arcmir?) in M31 hadHSTcoverage and in what filters. However, as some
of theHSTdata were taken during the time-frame of this survey, the daeéachHST
images was also recorded. This allows the model to correettylle seeded outbursts

occurring within existingdSTdata.

It can be difficult to determine exactly when a nova reachéssgence, as even while
in their quiescent state, novae can show variations in treghtness. If post-outburst
data were used for the progenitor search of a given nova irMiBe catalogue, it
was ensured that the nova was likely to be at quiescencer eitfirey multipleHST
observation epochs (where available), or alternativelydgfdata were taken a long time
after a nova had produced its outburst, as described ind®de®18.2. However, for this
statistical analysis, a general rule had to be produced;iwivas that all novae were
considered to be at quiescence two years after their owtbQbsarly this is far from
the true picture and it would be expected that novae that loawer ¢, values may tend

to reach quiescence sooner, however it is uncertain howttigghrelationship is. For

"http://starview.stsci.edu
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example RS Oph hadta of 7 days and took 93 days to reach quiescence, V574 Puppis
had at, of 12 days and took 840 days to reach quiescence, yet IM Nqrwideat,
of 50 days, only took 761 days to reach quiescence (Strode 2040).

Figure 5.8 shows thBISTACS coverage of the M31 field, with 0.1 arcmin resolution.
The M31 coverage in the various filters of ACS, WFPC2 and WFC3/U¥Ehown in
Appendix A. For this work only ACS data are considered, asdbigers 33 out of the
38 novae in the catalogue and the red-giant branch is génesablvable in the data,

whereas some of the WFPC2 data have a relatively bright lignmiagnitude.

5.7 Simulating the Closest Source to a Seeded Nova

How the resolved stellar population density varies as atfon®f distance from the
centre of M31 was found by examining the photometry of poourses in F814W
and F475W ACS/WFEISTimages in eleven fields along the semi-major axis of M31
(moving north-east from the centre). The data for theseeeldields are shown in
Table 5.6. Linear extrapolation between the fields gavedbkelved stellar density as
a function of distance along the semi-major axis from thdreeof the galaxy, which

is shown in Figure 5.9.

A circular flat disk is assumed where the stellar density ifoum at any point in the
disk at a given radius. The disk is assumed to be inclined awttinor/major axis ratio
of 0.31, allowing the apparent population density to bewdated for any point in the
disk.

The closest source to a given nova was calculated by randsedgling points at a

given density around the nova, then simply measuring whihweas the closest.
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Figure 5.8: The AC3HST coverage of M31. Covered regions appear in black, with regions
with no coverage appearing white. The red points indicate the 38 novadliecatalogue and
the grey ellipses represent isophotes from the surface photometrynb{Xa87).
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Figure 5.9: The resolved stellar population density of the M31 field as difumef distance
along the major axis from the centre of the galaxy. The density was calctitatedinear ex-
trapolation of the eleven fields 6fSTdata along the (north-eastern) semi-major axis presented
in Table 5.6.
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Distance from centre Resolved stellar population

of M31 (degrees) density (sources/aré3ec
1.33 6.85
1.19 7.41
1.09 8.10
0.95 9.08
0.82 9.76
0.70 10.04
0.51 10.53
0.41 11.24
0.25 11.85
0.10 10.68
0.03 9.69

Table 5.6: The resolved population density in ACS/WHET data as a function of distance
along the semi-major axis from the centre of M31.

5.8 Probability of Chance Alignment

After the closest source to the position of each seeded nasdéen simulated, the
significance of each detection must be calculated. For trey8@ms in the catalogue,
this was done using a Monte Carlo technique, but here a ganathkmatical solution

is derived.

ConsideringN sources in an area éfgiving a density oh, the probability of a source
being between a radiusandr + dr is 2mndr and the probability of a source being

outside the circle of radiusis given by

L
A

Therefore the probability of a source being between a radasdr» + dr, with that

source being the closest is given by

2\ M
Py (r)dr = 2mrndr <1 - 7) :

Substituting
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a= (i>2 (5.2
™m

gives

whenz — oo. Therefore

So the probability of the closest source being within a radirom a given point is

given by

/ P(r)dr =1—ea.
0

Substituting fora from Equation (5.2) leaves

/ P(rydr=1-— e,
0

If the probability of chance alignment of 5% is used as the criterion for likely pro-
genitor recovery, as was done for the catalogue, then themax separation between

a source and the nova is given by

/ P(r)dr = 0.05.
0
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Hence the maximum distance between a source and the paditioa nova so that the

probability of chance alignment is 5% is given by

™

. <_ln0.95)2‘ (5.3)

Equation (5.3) was then used to check if the closest sousegleulated using the
method described in Section 5.7) to a given nova would berafgignt detection (i.e.

< 5% probability of being a chance alignment).

This method was tested using the nova code described ino8ee.1 and the M31
source density model presented in Section 5.7. If no nowasaumed to be associated
with a source, 5% of novae have a coincident source classiadgignificant detection

(< 5% probability of being a chance alignment), as would be exqabct

The final parameter that had to be considered was the acoofreytransformation of
the position in the LT data to the archivdBTdata. This is because if a nova is seeded
to be associated with a source in tH8Tdata, after transformation it would not nec-
essarily be found to be coincident with that source toth&% accuracy required. For
this the median accuracy of the 33 LT to ACS/WFC transformatiarthe catalogue

(0.0385 arcsec) was used.

5.9 Summary of the Model

All the stages described above were added into a model, vilgimmarised below.
Monte Carlo techniques were then used to explore the propodi novae in M31
likely to be associated with a source in tH&ST data, a group expected to be domi-
nated by RG-novae. As 33 systems had AQ@ST data, the seeded novae were split
into groups of this size. The likelihood of 8 out of the 33 neleeing coincident with
a source in thédSTdata was then tested (this is an adaptation of the nova r&ge de
mination used by Shafter & Irby, 2001). The figure of 8 out ofi88sed (rather than
11/38) because 8 out of the 33 LT to ACS/WFC transformatioes (he data being
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modelled here) found a likely progenitor candidate. The eh@dhs run from no novae
being seeded as associated with a source (i.e. no novaeR&irgvae), to all novae

seeded as being associated with a source ik@iedata. In the model:

e Novae are seeded by the model from Darnley et al. (2006) asigireesit, values
based on the overall distribution of novae in M31. Thesg values are then

used to assign peak magnitudes through the MMRD relationship

e The discovery biases related to the spatial position of tvamare then applied,
with nova outbursts less likely to be discovered if they @dowcertain regions

of the galaxy.

e The probability of the novae being observed with the LT isitbensidered, with
M31 being unobservable for several months of the year. Aatditly novae may
not be observable due to down time of the telescope. The pildapaf a given
nova being observed with the LT may be affected bydfsas the fastest novae
may not be observable if their outbursts occur during telpesaowntime and

they have already faded by the time the telescope startsvahgeagain.

e The probability of the novae being spectroscopically coméid is also consid-
ered. Spectra are less likely to be taken during some patharyear, and they

are also more difficult to acquire for novae occurring neardéntre of M31.

e The biases associated with th&ST coverage of M31 are then accounted for,
as a given nova would have to have coincidd®&T data taken whilst it was in

guiescence, to be included in the survey.

e The model then simulates a certain proportion of novae agjlsgsociated with
a source in thédlSTdata. The accuracy of the LT to ACS/WFC positional trans-
formation of the survey was used to determine how well a n@edsd with
a resolved progenitor would actually be aligned with thatgenitor after the

transformation.

e The background resolved stellar density as a function afisad then simulated,
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producing fake stellar sources around a given seeded rayva stmulating the

possibility of chance alignments.

e The significance of each detection was then determined,h&hédtwas a nova

seeded with a resolvable progenitor or simply a chance ralegt.

e A Monte Carlo model was run on random groups of 33 seeded novastthow
many groups would have 8 likely progenitors recovered. Was run from no

novae, up to 100% of novae, being seeded with a resolvabigepitor.

Therefore if a nova is seeded with a resolved progenitorugtrmake it through each

of the bias filters. It must:

e Have been discovered.

Be spectroscopically confirmed.

Be visible when M31 was observable with the LT.

Have coincidenHSTdata taken when it would have been in quiescence.

Have a simulated offset of the positional transformatiog. (LT outburst image

to HSTimage) small enough so the probability of chance alignmeat$%.

5.10 Results

The model was initially run using the nova generator coderigsd in Section 5.2.1
(4.88 x 10® novae seeded), plus only the closest source and chancenaligrconsid-
erations described in Sections 5.7 and 5.8 and not the \®mb@ses discussed above
(i.e. assuming the catalogue sample was representativie d81 nova population).
The code was run from no novae seeded with a resolved progémiall novae being
seeded with a resolved progenitor (in fractional steps @1)).The resulting distribu-
tion is shown in Figure 5.10 and shows that given the restiliseosurvey, 0.37 is the

most likely proportion of novae that are actually assodatéh a source in th&iST
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data. As stated previously, the group of novae associatédsources in thélSTdata
would be expected to be dominated by novae with red giantskees. The distribu-
tion gives the 68% confidence range(e®4 — 0.51 and the 95% confidence range as
0.15 — 0.66.

Given that of the 33 quiescent systems that were searchegifay LT and ACS/WFC
data, eight had likely progenitor candidates, the proligmf no novae being actually
associated with (rather than just coincident with) a soim¢be HSTdata is2 x 107°.
The probability that no more than 3% of novae (i.e. greatan thhe Galactic RG-nova
rate observed so far) are associated with a source in8iedata is3 x 10~%. This
model also tells us that the proportion of novae associaiddavsource in thedST

data is greater than 0.11 to the 99% confidence level.

The model was then run again with the effects of all the biasediscussed above
added in. When considering the proportion of sources thadeagded as being associ-
ated with a source in theSTdata, this version of the code was run in steps of 0.02,
as due to the filter effect of accounting for each bias, mualefef the seeded novae
get through to the final stages of the model where the novagpéitéento groups of 33.
This model gives the proportion of sources associated wgbuace in theHST data

as betweer.26 — 0.54 to the 68% confidence level and between6 — 0.70 at the
95% confidence level, with the most likely proportion bein88 Note that all these
figures are to the nearest 0.02 for the reasons described.ablog results of this more
detailed model are compared to the initial model in Figui®5The results of the two

models are also summarised in Table 5.7

Proportion of novae associated with
a source irHSTdata
The initial model The detailed model

Confidence level

Most likely 0.37 0.38

68% 0.24 — 0.51 0.26 — 0.54
95% 0.14 — 0.66 0.16 — 0.70
99% > 0.11 > (.10

Table 5.7: The proportion of M31 novae likely to be associated with a sonrtte HSTdata
as defined by the statistical models of the M31 progenitor survey.
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Figure 5.10: A distribution showing the proportion of novae expected tosbecéated with
sources in thélSTdata by the model that incorporates possible biases of the survey, aswell
the distribution of the novae and the accuracy of the transformation betivead andHST
data. The black line shows the results of the initial model, which did not canisidebiases,
and the red line shows the results of the more detailed model that also adoouhéspossible
biases in the survey.
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5.11 Discussion and Conclusions

The initial results of the statistical analysis suggest tha proportion of M31 novae
associated with a source in thiSTdata, a class of objects expected to be dominated
by RG-novae, i9).387015, where the errors represent the 68% confidence level. The
model also indicated to a high level of confidence (99.95%)tte proportion of novae
associated with a resolved quiescent source i8.04 (i.e. greater than the Galactic
RG-nova rate that had been observed so far; the 0.04 cutatifferr than 0.03 used
for the initial model, is used because the more detailedaeisf the model was run

in steps of 0.02 for the reasons described above). This important result for the
study of nova populations, as it shows that a significant gntogm of all nova systems
are likely to contain an evolved companion star. As alreadgussed, for many of
the Galactic systems, the nature of the secondary has notdetermined, so it is
uncertain if there is a real difference in the proportion o¥asystems associated with

red giant secondaries, between M31 and the Galaxy.

Recent work by Pagnotta & Schaefer (2014) attempted to igeRiN candidates
among the CN population. They used several parameters tadridantify these sys-
tems, including ejection velocity, evolutionary state lvé secondary and white-dwarf
mass. Using data for 237 CNe, they used three different metioagkt the RN fraction
amongst the know CNe &4% + 4%, 12% + 3% and35% + 3%. Notably, they sug-
gested 16 of the 74 novae CNe where the likely nature of thenskiecp was able to be
determined, probably contain red giant secondaires. dfifwdded to the 5 RG-novae
among the RN population, we get a figure of 21 out of 84 (25%)s Phoportion is
much closer to the proportion we have found in M31, partidylevhen considering
that, although likely dominated my RG-nova, our rate may a@lsa@ontaminated by

some SG-novae.

The results of this work are perhaps even more important webasidering its impli-
cations on RG-novae as viable SN la progenitors. The highgotiop of novae we
find likely to be associated with red giant secondaries in M8lich the results of

Pagnotta & Schaefer (2014) for our Galaxy now back up, mdaisRG-novae could
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be a much larger contributor towards the SN la progenitoufadn than previously

believed.

The spatial positions of the eleven novae with recovereslylibrogenitors are com-
pared to what would be expected by the model if the progesystems were as-
sociated with the bulge, the disk or the entire populatiog. @niformly distributed

throughout the bulge and disk) in Figure 5.11, with the a@hHST coverage bias

discussed in Section 5.6 and the discovery bias as desdnl&etction 5.3 taken into
account. The figure appears to show that the novae with restpeogenitors are more
likely to be associated with the M31 disk, rather than thegeuNote that if the cata-
logue of likely progenitors includes chance alignments, gpatial distribution of the
progenitor candidates shown in Figure 5.11 would be expectde shifted towards
the overall nova population model (red line; i.e. furtheagrom the disk model). A

KS-test of the results reveals there that if the novae wiklyi progenitor candidates
were associated solely with the disk population, the distron of the novae would
be expected to vary at least as much as it does 72.92% of tee iivinereas if they

were uniform throughout M31 or only associated with the butbere is only a 0.34%
and 0.01% probability, respectively, of such a variatiohefefore these initial results

suggest the RG-novae are mainly or entirely associated hativi31 disk population.

If we assume that all the novae associated with a quiescanteson theHSTdata are
associated with the disk and also assume 40% of nova erg@i@yproduced by disk
novae, as predicted by the model of Darnley et al. (2006i the results of the survey
imply 0.9515-% of disk novae should be associated with a quiescent soutbe HST
data, thus likely to be RG-novae. This is an important ressilt andicates that there
are two distinct nova populations, one associated with isleahd one associated with
the bulge, as has been suggested in some earlier works (eegbézk, 1990; della
Valle et al., 1992). If this result is applied to galaxies dioated by younger stellar
populations, such as M33, we may expect the majority of navaseich galaxies to

have evolved secondaries.

This result is also important when considering RG-novae asaSNogenitor candi-

dates, as it indicates that any SNe la that do come from RG-systams would not
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be expected to be associated with the oldest stellar popodat It is, for example,

unlikely that such a SN la would be found in an early-type gala

Having conducted a statistical analysis of the survey fodNBogenitors, the thesis

now presents the progenitor search of three additionahgatactic variable sources.
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Figure 5.11: The spatial positions of the eleven progenitor candidatesacedio what would

be expected if such systems were associated with the bulge, the disk, atiteesellar pop-
ulation of M31. The black (stepped) line shows the eleven progenitolidaied recovered in
the survey. The green (middle) line represents the distribution expectedtire model for
M31 novae, with the blue (lower) line representing the distribution expectia ifecovered
progenitors are only associated with the disk, and the red (upper) linesexging that ex-
pected if the progenitors were only associated with the bulge. The thred distitbutions
also consider thelSTcoverage bias and the possible discovery biases discussed in the text.



Chapter 6

The Progenitors of Three Additional

Extragalactic Variables

6.1 Introduction

The method for searching for nova progenitors describe@ati& 3 can also be used
for other extragalactic transients that are reasonablynoos in quiescence. This
chapter first looks at the extreme RN M31N 2008-12a, which afgo® have an inter-
outburst period of about one year, in both outburst and gaiese. In addition, the
progenitor location method was used to derive upper limitgsh@ luminosity of the
progenitor of SN 2014J, a SN la in M82. It was also used to erglee nature of M31
optical transient TCP J00403295+40343877.

6.2 Observations of M31N 2008-12a a Recurrent Nova

with a Very Short Inter-outburst Period

The survey for the progenitors of M31 novae described in Ghiéénded in February
2013. However, RN M31N 2008-12a, produced an outburst inNmeember 2013,

with coincident outbursts also having been recorded in 2@081 and 2012. This

177
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inter-outburst period is the shortest known, much less th&co, which at- 10 years,
has the shortest recurrence time Galactically. The progreai this interesting object
was searched for in archivaélST data, but it was not included in the original cata-
logue presented in Chapter 3 or the statistical analysiepted in Chapter 5 because
the outburst occurred after the end of the survey (no LT date \&vailable for previ-
ous outbursts) and as the object was specifically targdtetay bias the statistics if

included.

6.2.1 The 1992, 1993 and 2001 X-ray Outbursts

An X-ray transient, named RX J0045.4+4154, was observed itodagtburst in Febru-

ary 1992 and again in January 1993 by White et al. (1995), wiggessted it was an
accreting WD, with a mass of abou8 — 1.4 M. A further X-ray outburst, detected
in September 2001, was reported by Williams et al. (2004)nésptical counterpart
had been found for this system prior to 2008, it was not reisaghas a nova. The
transient was only linked to the RN outbursts after the 201®tevn (Henze et al.,

2014a; Darnley et al., 2014; Tang et al., 2014).

6.2.2 The 2008 Outburst

K. Nishiyama and F. Kabashima discovered an M31 nova catejid@med M31N
2008-12a, ab"45m28%80, +41°5410”1 on images taken on 2008 December 26.48
UT. At this point it was at an unfiltered magnitude of 18.7. yhéso reported the nova
to have an unfiltered magnitude of 19.9 on December 27-498fortunately, this is
the only photometry available for this outburst. The firstddta were taken on 2009
January 10.85 UT, when the nova was not visible downBeband limiting magnitude

of 19.9. The nova was not visible on frames taken around Jaritea93, which had a
B-band limiting magnitude of 21.1. The nova was not visiblamy other wavebands

down to the following limiting magnitudes: 20.1 on Janua®dy8b and 21.2 on January

1seehttp://www.cbat.eps.harvard.edu/CBAT _M31.html#2008- 12a
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13.93 inV-band, 20.8 on January 10.84 and 21.0 on January 13:8zbiand, 19.8 on
January 10.84 and 20.9 on January 13.92-mand. It therefore seems probable that
ty < 20 days.

6.2.3 The 2009 Outburst

A outburst coincident with M31N 2008-12a occurred in Decen2009, but was not
reported until after the 2013 outburst (Tang et al., 2014er€ is little data available
for this outburst, but the limited photometric data are dipaconsistent with later
outbursts, with the nova having faded by over two magnitudd&band by the time

observations were taken 7 days after the nova was first detected (Tang et al., 2014).

6.2.4 The 2011 Outburst

Another coincident outburst was discovered by S. Korotkigl B. Elenin on unfiltered
images taken on 2011 October 22.46 UT, when it was at a magnatil 8.6 + 0.3.
They measured the position to be45m28385, +41°54'09”4 to an accuracy of 0”3
The same authors also reported that no object was visiblectob@r 21.35 down to
limiting magnitude ofk = 20.0. Further observations reported the transient to have
an unfiltered magnitude of 18.4 on October 22.99, 19.1 onl2ctd3.43, and was not
detected down to limiting magnitude of 19.7 on October 24Ki™Hornoch measured
the object have aR-band magnitude of8.18 4 0.08 on October 23.12.0n October
26.97, the nova candidate was measured to haBédand magnitude 020.9 + 0.2
andV-band magnitude o?1.1 + 0.2 (Barsukova et al., 2011). This outburst had an
estimated;’-bandt, of 2 days (Tang et al., 2014).

’see http://www.cbat.eps.harvard.edu/unconf/followups/JO 0452885+
4154094.html
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6.2.5 The 2012 QOutburst

Almost exactly one year after the 2011 outburst, anothdowat was discovered at
084528584, +41°54'09"5 by K. Nishiyama and F. Kabashima. They measured it to
be at an unfiltered magnitude of 18.9 on 2012 October 18.68TH&.object, which
was not visible down to a limiting magnitude of 19.8 on Octob®.52, appeared to
brighten to 18.6 by October 19.51The nova candidate had &band magnitude of
18.45+0.04 on October 19.72 and-band magnitude off8.42+0.06 on October 19.73
(Shafter et al., 2012c). A spectrum of the transient wastékeShafter et al. (2012c)
on October 20.34, which was consistent with that of a novhéenM31 galaxy. The
same authors classified it as a He/N type nova. After the osithvas reported, the
nova was scheduled to be observed by the LT, however due tin@resnd scheduling
constraints it was not observed until November 22.93 UT,iwhe/as not detected in
r’-band images (limiting magnitude 20.9). Thereforetthef this outburst can only be
constrained to< 35 days from the LT data. In four epochs between 19 and 110 days

post-outburst, Swift XRT could detect no X-ray emissioniige et al., 2013).

6.2.6 The 2013 Outburst

Another outburst of the system, which was later named M31MN32D1f, was dis-
covered by IPTF in 2013, when it was observedRdiand magnitude 18.9 on 2013
November 27.1 UT. They also reported that by November 2&adt further bright-
ened to 18.3. On theR-band images taken on November 26, the nova was not visible
(typical limiting magnitudeR ~ 21; Tang et al., 2013a). Tang et al. (2014) estimated
the R-bandt, to be 2.1 days. This outburst had three spectra taken, aB23nd

4.1 days after the observed peak, which confirmed the systdya & member of the
He/N spectroscopic class (Tang et al., 2014).

Observations taken by the LT showed the nova to i¢ at 19.514+0.01 on November
28.86 UT, andB = 19.614+0.01, V' = 19.65+0.02 and:’ = 19.29+0.02 on Nov 28.93.

3see http://www.cbat.eps.harvard.edu/unconf/followups/JO 0452884+
4154095.html
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Unfortunately the outburst coincided with several daysadmpwveather at the LT. The
next set of observations showed the nova haviBgoand magnitude df2.2 + 0.3 on
December 4.89 and\aband upper limit of 21.4 on December 4.90. Using photometry
from various outbursts, Darnley et al. (2014) estimatedstrstem to have ¥-bandt,

of ~ 4 days. The extremely short recurrence time of this RN sugdbkatst likely

has a high-mass WD and a high accretion rate. A light curve dethfrom all the

available optical data of this outburst is shown in Figutke 6.

Swift XRT and UVOT observations were taken starting 2013ddeloer 3.03, six days
after the first optical detection, when the nova already sttbavX-ray SSS, the shortest
SSS turn-on time of any nova observed to that date (Henze @0413). The SSS was
detected after an even shorter period of time, turning cer aft- 4 days, during the
2014 outburst of V745 Sco (Page et al., 2014), although r@efor M31N 2008-
12a, the SSS had already turned on by the time of the first wdutsem after its 2013
outburst. The source remained visible in the X-rays for &absa weeks and the X-ray
data suggest the temperature of the SSS to be higher tharebasibtected for any
other M31 nova (Henze et al., 2014a). Higher SSS temperarepredicted to be
consistent with higher-mass WDs (Sala & Hernanz, 2005), abesady indicated for

this system with its very short inter-outburst period.

6.2.7 The Quiescent System

As this system, with its extreme recurrence time, is sucmtaresting object, the pro-
genitor system was searched for using the method descnib€thapter 3. For this
system the outburst images were taken using the 10:0 CCD camnéi®e LT — the
successor to RATCam, which has a wider field of view than theegaristrument.
There is no archivaHSTdata of the region prior to the 2008 outburst, but there were
F475W and F814W ACS/WFC data taken on 2010 August 7. This is®weonths
after the 2009 outburst, so given the system is so fastgadishould be at quiescence
by this point. The region of the LT images covered by the alepach ofHSTdata is

shown in Figure 6.2. There is a progenitor candidate at @@n the calculated posi-
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Figure 6.1: Optical light curve of M31N 2013-11f compiled using data fréamg et al.
(2013a), Darnley et al. (2014), Tang et al. (2014) and those piedén the text. The stars
represent data from Tang et al. (2013a), which have no publishedessociated with them.
Ground-based data filters am, royal blue;V, green;¢’, cyan;R, dark grey;”’ , red;l, yellow
andi’, black, as in Figure 4.1.
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tion of the quiescent nova system. The candidate is 0.557 WES/pixels or0.028"
away from the defined position. The local population densitigich is resolvable
down to an F814W magnitude of 26.1, suggests ther@i§% chance of coincidence
at such a separation. This source had an F814W magnitub0ot-0.02 and F475W
magnitude o24.07 4+ 0.02. This gives aB-band magnitude of4.12 + 0.02, /-band
magnitude 0f23.90 £+ 0.03 and (B — I) colour of0.22 + 0.03. The location of the

progenitor candidate in théSTimage is shown in Figure 6.3.

Along with theHSTdata used to search for the progenitor, there is an addispueh
of F475W and F814W data, taken less than three months a&@0thl outburst. There
are also two epochs of WFC3/UVIS F275W and F336W data. Photgretthe
WFC/UVIS data is performed in much the same way as for the ACS/\\HE&, dsing
DOLPHQOT. Table 6.1 summarises all of thi$STphotometry of the system.

Date Filter Magnitude Proposal ID
2008-12-26 Outburst Discovered
2009-12-02 Outburst Discovered

2010-08-07 F475W 24.07 £0.02 12056
. F814W 23.90 £0.02 12056
2011-01-25 F275W 23.14+0.06 12056
e F336W 23.10 +£0.03 12056
2011-08-31 F275W 22.9+0.1 12106
. F336W 22.81 £0.03 12106
2011-10-22 Outburst Discovered
2012-01-10 F475W 24.49+0.02 12106
e F814W 24.05+0.02 12106
2012-10-18 Outburst Discovered
2013-11-28 Outburst Discovered

Table 6.1: Summary of the brightness of M31N 2008-12&8il data compared to its out-
bursts.

The consistency of the magnitudes in Table 6.1 further atéi that the nova would
have been at quiescence when HfeT data used to locate the progenitor were taken.
Using these data, plus some near-infrared upper limitsplBgeet al. (2014) created a
spectral energy distribution for the system and comparealat selection of Galactic

RNe. This figure is reproduced here in Figure 6.4. It can be &eem this figure
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0:45:30.0

Figure 6.2: M31N 2013-11f during outburst inaband LT image taken on 2013 November
28.93, with the dimensions of the coincident ACS/WFC F8148Timage overlaid as white
boxes. M31N 2013-11f is shown with the white circle (the nova being thelgisitiurce at the

centre of the circle).
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Figure 6.3: F814W ACS/WFEISTimage of thev 2.2"” x 1.8” region surrounding the location

of M31N 2013-11f. The inner green ellipse indicates theradius uncertainty of the outburst
position and the outer ellipse ti3e region. The redx indicates the position of the candidate
progenitor system.
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that, in the optical, the quiescent M31N 2008-12a appearsistent with the Galactic
RG-nova RS Oph. However, as the near-infrared points are @ugrdimits, a less-

evolved secondary can not be ruled out.

6.2.8 Discussion and Conclusions

M31N 2008-12a, as the RN with the shortest inter-outbursbgeis a very important
system. Galactically, the RN with the shortest recurremoe is U Sco, at- 10 years,
although in M31, there are a few RN candidates that may proouiteirsts more often
than every 10 years (see e.g. Henze et al., 2009; Shafter 204Pd; Shafter et al. in
preparation). The work described above indicates M31N 20%8has a high accretion
rate and a high-mass WD, as would be expected for a system ugthasshort inter-
outburst period. If the accretion rate is higher, it is thiouthe overall mass of the
WD is more likely to increase with each nova outburst (Prlalfi Kovetz, 1995).
Therefore if the system already contains a high-mass WD (aiscai CO WD), it is

likely to produce a SN la in the future.

The nova-outburst models produced by Yaron et al. (2005Jigr¢hat a nova with
a recurrence time o& 1 year would be possible in a system with a 1.25 M/D,
however this would require an extremely high accretion odterder 10~ Myr—1,
which they predict leads to an outburst amplitude of only 4raad a slowly evolv-
ing outburst. If we look at the outburst amlitude ¢ mag) and recurrence time of
M31N 2008-12a, the best fitting of the Yaron et al. (2005) n®dea system with a
1.4 M, WD with an accretion rate of ordeéf)~” M,yr—!, which predicts a recurrence
time of 0.8 years. This model also predict$;aof order 10 days, which is broadly
consistent with M31N 2008-12a, and ejection velocity ofesrti000 kms!, which is
somewhat slower than this system (Shafter et al., 2012@.r&tent theoretical work
by Kato et al. (2014), which aimed to address this systemifspedty, reaches similar
conclusions, predicting in order for a nova to have a 1 yeaurrence time, the mass

of the WD must be> 1.3 M, and the accretion rate must be of ordér” M, yr—!.

Considering the likely high-mass WD and high accretion rateemiooking at known
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Figure 6.4: A reproduction of the spectral energy distribution of M3188202a, and compar-
ison to the Galactic RNe RS Oph, T CrB and U Sco produced by Darnley @0dl4). The
errors on the Galactic nova points are dominated by uncertainties in the distad@xtinc-
tion, however, the shapes of the spectral energy distributions shounkldrdéargely unaltered.
The solid and dotted black lines represent the estimated minimum and maximum emtinctio
respectively(©ESO. Reproduced with permission.
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systems that are likely to produce a SN lain a relativelygbenod of time, M31N 2008-

12ais probably one of the best candidates.

6.3 Upper Limits on the Magnitude of the Progenitor
of SN 2014J

A SN candidate in the nearby starburst galaxy M82 was digeoven 2014 January
21.805 UT (Fossey et al., 2014), although several pre-desgamages were taken
and first-light is estimated to have occurred on 2014 JaniérfZheng et al., 2014).
A spectrum taken a few hours after discovery confirmed it ta I8N la (Cao et al.,
2014). The SN was named SN 2014J and it was the closest SN teedades. It is
possible to resolve part of the red-giant branch at the ntistaof M82, therefore an
attempt was made to use archival data to search for and aonste progenitor of SN

2014J.

6.3.1 Method

The method used to find the location of the progenitor systeting archivaHSTdata

is the same as that described in Chapter 3. H6&data used in the search were taken
using ACS/WFC on 2006 March 27 with F814W, F555W and F435W §ijtas part
of proposal 10776. LT data were taken on 2014 January 26.91&idg thei’-band
filter. Due to the brightness of the SN, very short exposunesi had to be used for the
LT observations, meaning relatively few stars in H®Tfield were also visible in the
LT data. Whilst this increases the errors on the positionutaled for the SN in the
archivalHSTdata, there were relatively few sources resolvable anysathe derived

upper limits would remain unaltered even with a more aceupasition.
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6.3.2 Results

There is no resolvable source in tHST data within3o of the calculated position,
as can be seen from Figure 6.5. From nearby sources, linmtiagnitudes of 24.5,
23.4 and 23.3 were derived for F814W, F555W and F435W filespectively. These
upper limits are relatively high when compared to some ofithging magnitudes of
the M31 data due to a number of reasons. Firstly, the expdsues are relatively
short for suchHST observations, only 175s in F814W. Secondly, as M82 is much
more distant than M31, it is more difficult to spatially resolsources with the same
pixel size. Thirdly, whilst the inclination of M31 is far fro ideal, it is still more
favourably aligned than M82. Fourthly, M82 suffers from Migpternal extinction,
which is particularly noticeable in the F555W and F435W rfdfevhich had very few

resolvable non-extended sources.

6.3.3 Discussion and Conclusions

An F814W upper limit of 24.5 has been put on the apparent niadmiof the progeni-

tor on SN 2014J. Assuming a distance to M82 of 3.5 kpc (Kanatses & Kashibadze,
2006), this gives an absolute magnituderéfl41/ = —3.2. However, it appears that
the supernova may suffer from significant extinction&]f;_yy = 1.2 is assumed (e.g.
INAF-Astronomical Observatory of Bologna, 2014), the limit the absolute magni-
tude is approximately-5.4. As can be seen from Figure 6.6, this does not exclude
known Galactic nova systems with evolved companions. Asiglgf near-infrared
WFC3 data by Elias-Rosa et al. (2014), could also not rule out axB\@&-progenitor

system.

Gerke et al. (2014) looked at 21 epochs between 2008 and 2@il#and no variable
source coincident with the SN. Henze & Meusinger (2014) cotetl a similar analy-
sis with data going back to 1961, but they could not find anunstieither. However,
the nova with the shortest recurrent time, M31N 2008-12a (Heapter 6.2), fades so

quickly that these data far from rule out a nova-type outburshis period. A more
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Figure 6.5: The location of SN 2014J in (negative) archival F814W /MFC HSTimage.
The green ellipses represent the and 30 errors on the position as calculated from the LT
images.
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in-depth study of the archival data was conducted by Kellgle{2014), who used
the flux at the position of SN 2014J to constrain the progeritdher. However, the
analysis could only rule out RG-novae with the most luminagsgiant secondaries,

similar systems to RS Oph.

6.4 A Search for the M31 Optical Transient
TCP J00403295+40343877

On 2011 November 14.5, K. Nishiyama and F. Kabashima disedvan M31 nova
candidate, TCP J00403295+403438, at around magnitude 18uhfdtered CCD
frames using a Meade 200R 0.40-m /9.8 reflector. They foumdaurce down to a
limiting magnitude of 20 on 2011 November 7.5 he spectrum of the source showed

it was not a nova, so archivelSTimages were used to help classify the object.

6.4.1 The Spectrum of TCP J00403295+40343877

A spectrum of the nova candidate TCP J00403295+4034387ignd¢sd M31N 2011-

11d, was obtained by Shafter et al. (2011e) using the Holid®riz Telescope on 2011
November 30.23, which revealed an unusual energy disimibbutt had a red compo-
nent which dominated at longer wavelengths, accompaniea lilye continuum that
rose short-ward of 570 nm. Additionally the source had vaBalmer and Hel 468.6

nm line, as well as 615.0, 705.4, and 766.6 nm TiO bands (&heifal., 2011e).

6.4.2 HSTData for the Transient in Quiescence

These spectral features indicated that the transient malena single object, but a
composite of two or more objects. Therefore archHi®&T data were used to try and

find any quiescent sources. There had been data taken ofdioa ey WFPC2 on

“http://www.cbat.eps.harvard.edu/unconf/followups/JO 0403295+
4034387.html
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Figure 6.6: Colour-magnitude diagram showing the upper limits of the F8144tithess of
the progenitor of SN 2014J. The bottom blue line assumgs 1) = 0.0, with the top blue line
assumingt g_y) = 1.2. Note that although these lines are plotted dnva (V' — I)) colour-

magnitude diagram, they represent F814W limits. The black dots repreggrdarebs stars,
the red points represent Galactic RG-novae and the green pointsaeneippBedactic SG-novae.
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2007 June 30 with F450W and F814W filters (proposal ID 108TBgre does indeed
appear to be two sources separated)i9§ coincident with the position of transient
TCP J00403295+4034387. The variable is shown in outburst image taken on the
0.65-m telescope at Ondrejov (see Shafter et al., 2011ahapdescence in the above
mentioned F814WASTimage in Figure 6.7

Photometry was performed on the two sources using HSTphbe slightly more
southerly source (see Figure 6.7) has an F450W magnitud8.tf + 0.06 and an
F814W magnitude of8.857 + 0.007. The other source has an F450W magnitude of
20.53 £ 0.01, with an F814W magnitude @0.29 4+ 0.03. The bluer source appears to
be LGGS J004032.97+403439.0 in the catalogue published dss&¥ et al. (2006),
who report it to have &-band magnitude of 20.498 with &(— V') colour of —0.11

and a B — I) colour of 0.081. As suggested in Shafter et al. (2011e)re¢bdesource
may be a Mira whose variation has caused the increase intbheigh Shafter et al.
(2011e) also publishel®-band magnitudes for the system, with it being at magnitude
18.2 £ 0.1 on November 14.819.0 £ 0.2 on November 28.719.7 & 0.2 on December
1.7,18.9 4+ 0.3 on December 8.7 ant9.1 + 0.2 on December 10.7. A light curve

created from this outburst photometry is shown in Figure 6.8

Having looked at the progenitors of these three additiobgais, this chapter con-
cludes the research presented in this thesis. The followiragpter summarises the

work presented and discusses possible future work.
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Figure 6.7: Top: TCP J00403295+4034387 (green circle) seen in@tiibn image taken by
0.65-m telescope at Ondrejov, with the white box indicating the approximaignregcom-
passed by thelSTimage below. Bottom: The location of the quiescent sources (green ellipse)
in F814WHSTimage taken on 30 June 2007.
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Figure 6.8:R-band light curve of TCP J00403295+40343877 created using phttofmam
Shafter et al. (2011e).



Chapter 7

Summary and Future Work

7.1 Summary

7.1.1 The Relationship Between Dust Formation and, in Novae

A simple theoretical analysis was conducted to help undedsthe observed relation-
ship between the onset of dust formation and the time it takesva to fade by two
magnitudes following an outburst,. The analysis assumed all the emission produced
by the nova short-ward of the Lyman limit is absorbed by reutydrogen before it
can reach the potential dust-formation sites. As the eWfe¢emperature of the cen-
tral source increases with time, a lower proportion of thettewh radiation reaches
these sites, allowing potential nucleation centres tolréae condensation tempera-
ture quicker. As faster novae evolve more rapidly, thisvedl@ust to form sooner in
such systems. The quantitative analysis described inhiesg offers an explanation
for the observed, — t..,q correlation, with the theoretical results appearing toanat

the observational data well.

196
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7.1.2 The Search for the Progenitors of M31 Novae

Following the method first outlined by Bode et al. (2009), oush images taken using
the LT were used to search for the progenitors of 38 speapisally-confirmed M31
novae in archivaHSTdata. The survey found eleven of these 38 systems (M31N 2007-
02b, 2007-10a, 2007-11b, 2007-11d, 2007-11e, 2007-124-20b, 2009-08a, 2009-
11d, 2010-01a and 2010-09b) had a coincident source in tiéval data, where the
probability of such an alignment occurring by chance wa$% in each case. The
group of recovered nova progenitors would be expected toberchted by RG-novae,

as at the distance of M31, the red-giant branch is resolvéideever, only the bright-
est SG-novae would be expected to be observable in quiescdinerefore this po-
tential RG-nova rate appears much higher than has been ebdsss\far Galactically,
where only2 — 3% of the ~ 400 novae are thought to be associated with a red giant

secondary, although many of the Galactic systems have wingplbeen classified.

7.1.3 Light Curves of M31 Novae

During the survey for M31 nova progenitors, several of theagowere found to have
coincidentHSTdata that had been taken whilst they were still in outburkis @llowed
several pre-2010 light curves published by Shafter et &1119 to be extended to
fainter magnitudes than is normally possible for extragfadasystems. In addition, a
number of light curves were published for novae that produegbursts between 2010
and 2013, as well as a spectrum taken of M31N 2013-12b.

7.1.4 Statistical Analysis of the M31 Nova Progenitor Catalogue

A Monte Carlo model was used to analyse the statistics an@édiaisthe M31 nova
progenitor catalogue. Biases associated with chance af\sy, spectroscopic con-
firmation, obtaining outburst images and the nova havingadéent archivaHSTdata
were all considered. The initial results of this analysiggast.381)15 of M31 novae

are associated with a resolvable source in the archi@&ldata, a group expected to
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be dominated by RG-novae. The model also indicates with a degjnee of confi-
dence that the proportion of novae associated with a quiesceirce is greater than
the RG-nova rate that had been observed so far in our Galaxyevés, the recent
work by Pagnotta & Schaefer (2014) now supports a relatiiedih RG-nova rate in
our Galaxy too. As well as being important for the study ofapepulations, the re-
sults could have implications regarding the progenitorSigé la. If a high proportion
of novae are RG-novae, such systems may make a larger caiatnilia the SN la

progenitor population that previously thought.

The results of the survey show that RG-novae are more likelyetassociated with
the disk of M31, rather than the bulge, and indeed are camigtith RG-novae being
entirely with the M31 disk. This could also be important wieremsidering RG-novae
as SN la progenitor candidates, as it predicts that SNe tanating from RG-nova
systems would be much less likely to occur in older stellgyydations, for example

early-type galaxies.

7.1.5 The Progenitors of Three Additional Extragalactic Variables

The method used to search for the progenitors of the 38 M3heavas used to
explore the nature of three additional systems, the RN M310B2[2a, the SN la
SN 2014J, and the optical transient TCP J00403295+4034383TN 2008-12a has
an extremely short inter-outburst period of approximatete year. Its 2013 outburst
was studied here and a likely progenitor was recovered imaicHSTdata. The pro-
genitor candidate system implies a high accretion rate agntlalso appears to have a
high-mass WD, it is a possible SN la progenitor. Archid8Tdata were also used to
search for the progenitor of the nearby SN la SN 2014J. Nocatent candidate was
found down to a limiting magnitude of F814W = 24.5, which i$ deep enough to rule
out the RG-nova progenitor channel. The optical transient JA03295+40343877
produced an outburst in 2011 and showed an unusual spectrsearch for the pro-
genitor in archivaHST data, when compared to the spectrum, revealed the transient

may have been a blend of two objects, with the increase irhtiréggs caused by a
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long-period Mira.

7.2 Future Work

7.2.1 The Relationship Between Dust Formation and, in Novae

The model described in Chapter 2 is more advanced than the theeiry and ap-
pears to agree well with the observational data. Howeverjrthdel is still relatively
simplistic and further refinements could include more st@lispectral energy distri-
butions for the emission seen by the grains and considerftbetse of non-spherical
geometry (e.g. Chesneau et al., 2012). An advanced modeldsalso consider the

possible effects of re-emission of photons within the clamp

Many novae have been observed to form both carbon-rich aygkoxrich dust (Evans
& Rawlings, 2008), although only one dust forming nova hasmeserved to produce
only silicates— QU Vul. It would be feasible to conduct a similar analysis hatt
described in Chapter 2 for silicates, although these forer litan carbon-rich dust
where both types are formed in the same nova (Gehrz, 200@efdre, Sinceé ,.q
measures the onset of dust formation, a silicate analysysnoibe important for the
majority of novae. Future infrared observations of nova@ 81, which need 8m-class

telescopes such as Gemini, could help refinethet.,.q relationship further.

7.2.2 The Search for the Progenitors of Local Group Novae

The search for M31 nova progenitors described in Chapter 3dvés provided very

interesting results. This catalogue can be expanded signify from the 38 systems
currently included. Through continued LT follow-up of M3avae since the end of the
catalogue (early 2013) and into the future, the catalognebeaexpanded to include
the most recent novae and by exploring the use of alternatitteurst images, it may

also be possible to add further pre-2013 novae to the catalobhe expansion of the
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catalogue will in turn help further constrain the RG-nova raft M31.

M31 is the best galaxy for such a survey, as it is close enoagiedolve many of
the evolved companion stars and has a high nova rate accadganrelatively good
HSTcoverage. However, the project can be extended to M33 aneélMag: Clouds.

In the Magellanic Clouds some of the MS-novae will be resdvahlthough due to
the large apparent siz&{ST coverage of the LMC and SMC is not anywhere near
complete. However, due to their proximity to the Milky Wayognd-based images
can be readily used to search for novae with evolved companias was done by
Bode et al. (in preparation). While the entire red-giant braeaot resolvable in more
distant galaxies, novae with more luminous red giant congpen(like RS Oph for
example) will be detectable. This certainly applies to galalike M81 and M83 and

possibly even as far out as M101 for the most luminous systems

The model to analyse the statistics and biases of the M31 pr@genitor survey de-
scribed in Chapter 5 could also be improved in future. In casdas from Figure 5.2
that slower novae tend to be more associated with the caegains of M31, as has
been suggested by previous authors. However, the modeiesshere uses a general
t, distribution, rather than one dependent on spatial psitia future, it would be
possible to produce a basic model that reflects this, alipwhe associated biases to

be accounted for in the statistical analysis.

Ideally, a simple model of the LT scheduler should be creafexdfaster fading novae
are more likely to be missed through scheduling constrairtis will also be affected
by the priority a given telescope proposal had. The LT prafsoare ranked A, B or C,
with A being the highest priority and C being the lowest. Taek of the proposal is
particularly significant early in the year, when M31 is onlyservable for a few hours

early in the night.

A further study also needs to be conducted on the relatiprisdtiveert, and the time
it takes a nova to reach quiescence. For some M31 novae, ith\wepossible foHST
data to have been taken before they had returned to quiesgariao source be visible

in the data as it had faded beyond the limiting magnitude s Tould be considered
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in future refinements of the statistical model. The sengitnf the model to assumed
parameters, such as the proportion of novae associatedheittlisk, should also be

tested.
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7.3 Final Summary

This thesis has offered a simple theoretical explanatioriife observed correlation
betweent, and the time it takes dust to form in novag,,q. In a survey of 38 M31
novae, this work has recovered the likely progenitors foisydtems. The resulting
statistical analysis finds that a relatively high proport{0.38*)15) of M31 novae ap-
pear to be associated with a resolved quiescent source HSfelata. As this group
of systems would be expected to be dominated by RG-novaegesidt is important
when considering such systems as SN la progenitors. Thift gas somewhat sur-
prising given that only a few percent of Galactic novae haghideund to be associated
with red giant companions, implying RG-novae may contributee significantly to

the SN la progenitor population than previously thought.



Appendix A

Archival HSTCoverage of M31

This appendix shows the archivdETcoverage of M31 for each broad-band filter from
F435W to F814W in each of the three wide-field cameras; ACS, WRRTQ2VFC3.
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Figure A.1: The AC3HSTcoverage of M31 in F435W filter. The black regions have coverage,
whereas the white regions do not. The red points represent the 38 fnorathe progenitor
survey catalogue presented in Chapter 3, with the grey ellipses showptgpiss from Kent
(1987).
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Figure A.2: The AC3HSTcoverage of M31 in F475W filter. Key as in Figure A.1.
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Figure A.3: The AC3HSTcoverage of M31 in F555W filter. Key as in Figure A.1.
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Figure A.4: The AC3HSTcoverage of M31 in F606W filter. Key as in Figure A.1.
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Figure A.5: The AC3HSTcoverage of M31 in F625W filter. Key as in Figure A.1.
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Figure A.6: The AC3HSTcoverage of M31 in F775W filter. Key as in Figure A.1.
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Figure A.7: The AC3HSTcoverage of M31 in F814W filter. Key as in Figure A.1.
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Figure A.8: The WFPCBSTcoverage of M31 in F439W filter. Key as in Figure A.1.
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Figure A.9: The WFPCBSTcoverage of M31 in F450W filter. Key as in Figure A.1.
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Figure A.10: The WFPCRISTcoverage of M31 in F555W filter. Key as in Figure A.1.
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Figure A.11: The WFPCRISTcoverage of M31 in F606W filter. Key as in Figure A.1.



215

1 degree
a
o
&
0. & d
o
o]
o] a
2 o
o*l
R
a
¢
N
E

Figure A.12: The WFPCRISTcoverage of M31 in F675W filter. Key as in Figure A.1.



216

F
1 degree
& o
r
¥
‘e

Figure A.13: The WFPCRISTcoverage of M31 in F814W filter. Key as in Figure A.1.
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Figure A.14: The WFCHSTcoverage of M31 in F475X filter. Key as in Figure A.1.
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Figure A.15: The WFCHSTcoverage of M31 in F555W filter. Key as in Figure A.1.
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Figure A.16: The WFCHSTcoverage of M31 in F814W filter. Key as in Figure A.1.
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