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ABSTRACT

The Andromeda Galaxy recurrent nova M31N 2008-12a had been observed in eruption ten times, in-
cluding yearly eruptions from 2008-2014. With a measured recurrence period of P, = 351 &+ 13 days
(we believe the true value to be half of this) and a white dwarf very close to the Chandrasekhar
limit, M31N 2008-12a has become the leading pre-explosion supernova type la progenitor candidate.
Following multi-wavelength follow-up observations of the 2013 and 2014 eruptions, we initiated a cam-
paign to ensure early detection of the predicted 2015 eruption, which triggered ambitious ground and
space-based follow-up programs. In this paper we present the 2015 detection; visible to near-infrared
photometry and visible spectroscopy; and ultraviolet and X-ray observations from the Swift obser-
vatory. The LCOGT 2m (Hawaii) discovered the 2015 eruption, estimated to have commenced at
Aug. 28.28 +0.12 UT. The 2013-2015 eruptions are remarkably similar at all wavelengths. New early
spectroscopic observations reveal short-lived emission from material with velocities ~ 13000 kms™!,
possibly collimated outflows. Photometric and spectroscopic observations of the eruption provide
strong evidence supporting a red giant donor. An apparently stochastic variability during the early
super-soft X-ray phase was comparable in amplitude and duration to past eruptions, but the 2013 and
2015 eruptions show evidence of a brief flux dip during this phase. The multi-eruption Swift/XRT
spectra show tentative evidence of high-ionization emission lines above a high-temperature contin-
uum. Following Henze et al. (2015a), the updated recurrence period based on all known eruptions is
Pec =174+10d, and we expect the next eruption of M31N 2008-12a to occur around mid-Sep. 2016.
Keywords: Galaxies: individual: M31 — novae, cataclysmic variables — stars: individual: M31N 2008-
12a — ultraviolet: stars — X-rays: binaries

1. INTRODUCTION

Novae are the powerful eruptions resulting from a brief
thermonuclear runaway (TNR) occurring at the base
of the surface layer of an accreting white dwarf (WD;
see Schatzman 1949, 1951; Cameron 1959; Gurevitch
& Lebedinsky 1957; Starrfield et al. 1972, and Star-
rfield et al. 2008, 2016; José & Shore 2008; José 2016,
for recent reviews). Belonging to the group of cata-
clysmic variables (Sanford 1949; Joy 1954; Kraft 1964),
the companion star in these interacting close-binary sys-
tems transfers hydrogen-rich material to the WD usu-
ally via an accretion disk around the WD. The TNR,
powers an explosive ejection of the accreted material,
with a rapidly expanding pseudo-photosphere initially
increasing the visible luminosity of the system by up
to eight orders of magnitude (see Bode & Evans 2008;
Bode 2010; Woudt & Ribeiro 2014, for recent reviews).
Following the TNR the nuclear fusion enters a period
of short-lived, approximately steady-state, burning until
the accreted fuel is exhausted, partly because it has been
ejected and partly as that remaining has been burned
to helium (Prialnik et al. 1978). As the optical depth
of the expanding ejecta becomes progressively smaller,
the pseudo-photosphere begins to recede back toward
the WD surface, subsequently shifting the peak of the

M.J.Darnley@Ijmu.ac.uk
henzeQice.cat

emission back to higher energies until ultimately a super-
soft X-ray source (SSS) may emerge (see, for example,
Hachisu & Kato 2006; Krautter 2008; Osborne 2015).
The ‘turn-off’ of the SSS indicates the end of the nu-
clear burning, after which the system eventually returns
to its quiescent state.

All nova eruptions are inherently recurrent, with the
WD and companion surviving each eruption, and accre-
tion reestablishing or continuing shortly afterwards. By
definition, the Classical Novae (CNe) have had a sin-
gle observed eruption, whereas Recurrent Novae (RNe)
have been detected in eruption at least twice. Observed
intervals between eruptions range from ~ 1yr (Darnley
et al. 2014a, for M31N 2008-12a) up to 98 yrs (Schacfer
2010, for V2487 Ophiuchi), with the shortest predicted
recurrence period — albeit derived from incomplete ob-
servational data — being just six months (Henze et al.
2015a). The theoretical limits on the recurrence period
of all novae may be as short as 50 days (Hillman et al.
2015) or even 25days (Hachisu et al. 2016)", and as
high as mega-years (see, for example, Starrfield et al.
1985; Kovetz & Prialnik 1994; Yaron et al. 2005). The
shorter recurrence periods are driven by a combination
of a high mass WD and a high mass accretion rate. Such

1 In both the Hillman et al. (2015) and Hachisu et al. (2016)
studies, accretion is assumed to completely stop during the erup-
tion period.
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high accretion rates are typically driven by an evolved
companion star, such as a Roche lobe overflowing sub-
giant star (SG-novae; also the U Scorpii type of RNe),
or the stellar wind from a red giant companion (RG-
novae; symbiotic novae; or the RS Ophiuchi type RNe;
see Darnley et al. 2012, 2014c, for recent reviews).

With the most luminous novae reaching peak visible
magnitudes My < —10 (Shafter et al. 2009; Williams
et al. 2016b), novae are readily observable out to the
distance of the Virgo Cluster and beyond (see, for ex-
ample, Curtin et al. 2015; Shara et al. 2016). But it
is the nearby Andromeda Galaxy (M 31), with an an-
nual nova rate of 65718 yr=! (Darnley et al. 2006), that
provides the leading laboratory for the study of galaxy-
wide nova populations (see, for example, Ciardullo et al.
1987, 1990a; Shafter & Irby 2001; Darnley et al. 2004,
2006; Henze et al. 2008, 2010, 2011, 2014b; Shafter et al.
2011a,b, 2015b; Williams et al. 2014, 2016a). Since the
discovery of the first M 31 nova by Ritchey (1917, also
spectroscopically confirmed) and the pioneering work of
Hubble (1929) more than 1000 nova candidates have
been discovered (see Pietsch et al. 2007; Pietsch 2010,
and their on-line database’) with over 100 now spec-
troscopically confirmed (see, for example, Shafter et al.
2011b).

Recently, pioneering X-ray surveys with XMM-
Newton and Chandra have revealed that novae are the
major class of SSSs in M 31 (Pietsch et al. 2005, 2007).
A dedicated multi-year follow-up program with the
same telescopes studied the multi-wavelength popula-
tion properties of M 31 novae in detail (Henze et al. 2010,
2011, 2014b). A major result of this work was the dis-
covery of strong correlations between various observable
parameters: indicating that novae with a faster visible
decline tend to show a shorter SSS phase with a higher
temperature (Henze et al. 2014b). This is consistent
with the trends seen in Galactic novae (see Schwarz et al.
2011). Theoretical models indicate that a shorter SSS
phase corresponds to a higher mass WD (e.g. Hachisu &
Kato 2006, 2010; Wolf et al. 2013). Thus, the M 31 nova
population provides a unique framework within which to
understand the properties of individual novae and their
ultimate fate.

Supernovae Type Ia (SNela) are the outcome of a
thermonuclear explosion of a carbon-oxygen (CO) WD
as it reaches and surpasses the Chandrasekhar (1931)
mass limit (see, for example, Whelan & Iben 1973;
Hachisu et al. 1999a,b; Hillebrandt & Niemeyer 2000).
An accreting oxygen—neon (ONe) WD however, is pre-
dicted to undergo electron capture and subsequent neu-
tron star formation (see, for example, Gutierrez et al.
1996). Tt seems increasingly likely that there is not a
single progenitor pathway producing all observed SNe Ia;
but a combination of different double-degenerate (WD—
WD) and single-degenerate (SD; WD-donor) binary sys-

2 http://www.mpe.mpg.de/~m31novae/opt/m31/index . php

tems, with the metallicity and age of the parent stellar
population possibly determining the weighting of those
pathways (see, for example, Maoz et al. 2014). Novae, in
particular the RNe with their already high mass WDs,
are potentially a leading SD pathway. Recent studies
have indicated that the mass of the WD can indeed grow
over time in RN systems (see, for example, Hernanz &
José 2008; Starrfield et al. 2012; Hillman et al. 2016). A
number of questions remain over the size of their con-
tribution to the SNIa rate; including the composition
of the WD in the RN systems, the feasibility of grow-
ing a CO WD from their formation mass to the Chan-
drasekhar limit, and the size of the population of high
mass WD novae. Of course, the lack of observational
signatures of hydrogen following most SN Ia explosions
still provides a significant hurdle for the SD scenario
(see, for example, Wang & Han 2012; Maoz et al. 2014).
But the unmistakable presence of hydrogen in PTF 11kx
(Dilday et al. 2012) and the possible presence of hydro-
gen in SN 2013ct (Maguire et al. 2016) supports the view
that at least some SN Ia arise in SD systems.

At the time of writing, there have been around 450
detected eruptions of nova candidates in the Milky Way
(Darnley et al. 2014c¢) from which just ten confirmed RN
systems are known (Schaefer 2010) accounting for ~ 3%
of known Galactic nova systems or ~ 9% of detected
Galactic eruptions. A number of recent detailed stud-
ies of archival observations have uncovered new results
relating to the RN populations of both the Milky Way
and M 31, these are summarized below:

Pagnotta & Schaefer (2014) used a combination of
three different methods to estimate that the RN nova
population (essentially 10 < P < 100yrs; A. Pag-
notta, priv. comm.) of the Milky Way is 25 + 10% of
the Galactic nova population. However, the range of
methodologies employed predicted a wide range of con-
tributions, from 9 — 38%, with the authors themselves
indicating that the statistical errors were “likely being
much too small” (Pagnotta & Schaefer 2014).

Shafter et al. (2015b) uncovered multiple eruptions of
16 RN systems in M 31, the subsequent analysis pre-
dicted an historic M 31 RN discovery efficiency of just
10% and that as many as 33% of M 31 nova eruptions
may arise from RN systems (Prec < 100 yts).

Williams et al. (2014, 2016a) employed a different
approach, by recovering the progenitor systems of 11
M 31 RG-novae, they determined that 307153% of all
M 31 nova eruptions occur in RG-nova systems, a sub-
population that also appears strongly associated with
the M 31 disk.

Additionally, other recent results for the Milky Way
(Shafter 2016), Magellanic Clouds (Mrdz et al. 2016),
M 31 (Chen et al. 2016; Soraisam et al. 2016), and M 87
(Shara et al. 2016) all indicate that the luminosity spe-
cific nova rate (see, for example, Ciardullo et al. 1990b)
may be much higher than previously thought. Together,
all these results boost the size of the available ‘pool” of
novae that may contribute to the SN Ia population by a
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factor of > 5.

2. A REMARKABLE RECURRENT NOVA

M31N 2008-12a was originally discovered far out in
the disk of M 31 in visible observations while under-
going an eruption in 2008 (Nishiyama & Kabashima
2008). Subsequent eruptions were discovered in each of
the next six years; 2009 (Tang et al. 2014, first reported
in 2013), 2010 (Henze et al. 2015a, only recovered in
2015), 2011 (Korotkiy & Elenin 2011), 2012 (Nishiyama
& Kabashima 2012), 2013 (Tang et al. 2013), and 2014
(Darnley et al. 2014b), see Table 1 for a summary
of all detected eruptions. Henze et al. (2015a, here-
after HDK15) calculated that the mean recurrence pe-
riod, based only on these seven consecutive eruptions, is
Prec = 351 £+ 13 days.

Henze et al. (2014a, hereafter HND14) and Tang et al.
(2014, hereafter TBW14) independently uncovered ear-
lier eruptions from 1992, 1993, and 2001. These were
based on archival X-ray data from ROSAT and Chandra
first reported by White et al. (1995) and Williams et al.
(2004), respectively. Using these additional eruptions,
HDKI15 predicted that the actual mean recurrence pe-
riod of M31N 2008-12a is only P,ec = 175+ 11days, and
subsequently predicted that the next observable eruption
would occur between early September and mid October
2015.

The shortest observed inter-eruption period seen in
the Galactic nova population is eight years between
the 1979 and 1987 eruptions of U Scorpii (Bateson &
Hull 1979; Overbeck et al. 1987, respectively). The
Large Magellanic Cloud recurrent nova LMCN 1968-12a
(Shore et al. 1991) may have an eruption-cycle of only six
years (Darnley et al. 2016a). Furthermore, a five-year
cycle has been observed for the M 31 nova M31N 1963-
09¢ (Shafter et al. 2015b; Williams et al. 2015), and a
four-year cycle for M31N 1997-11k (Shafter et al. 2015b).
Nevertheless, the discovery of a nova with a recurrence
period as short as one year, or even six months, presents
an unprecedented and significant advance over any of
these objects. The implications of such a short recur-
rence period suggest the presence of a WD with a mass
very close to the Chandrasekhar mass (see, for example,
Prialnik & Kovetz 1995; Yaron et al. 2005; Wolf et al.
2013; Kato et al. 2014). Based on population synthe-
sis models, Chen et al. (2016) predicted that the nova
rate for systems with P < 1yr in ‘M 31-like’ galaxies
should be ~ 4yr~!, of which M31N 2008-12a could ac-
count for 2yr~! in M 31. But the question of the true
population size of such ultra-short cycle RNe remains
an open one.

The 2012 eruption of M31N 2008-12a was chronolog-
ically the third to be discovered but the first to be
spectroscopically confirmed (Shafter et al. 2012); and
provided the first hint of the true nature and short re-
currence period of this system. Subsequently, the 2013
eruption was expected and results of visible, UV, and
X-ray observations were published by Darnley et al.

(2014a, hereafter DWB14), HND14, and independently
by TBW14. By employing the technique developed by
Bode et al. (2009), Williams et al. (2013) recovered the
progenitor system from archival Hubble Space Telescope
(HST) data. These HST visible and near-UV (NUV)
photometric data indicated the presence of a bright ac-
cretion disk, similar in luminosity to that seen around
RS Oph (DWBI14, TBW14; also see Evans et al. 2008,
for detailed reviews of the RS Oph system). Swift X-
ray observations began six days after the 2013 discovery
and immediately revealed the presence of SSS emission
(HND14). Black body fits to the X-ray spectra indi-
cated a particularly hot source (~ 100eV) compared
to the M 31 nova population (see Henze et al. 2014b).
The SSS-phase lasted for only twelve days; at the time
M31N 2008-12a had the fastest SSS turn-on and turn-
off ever observed (these were both surpassed by the
2014 eruption of the Galactic RN V745 Scorpii, a RG-
nova, see Page et al. 2015, and Section 7.6). The X-ray
properties pointed to a combination of a high mass WD
and low ejected mass, with the HST data indicating a
high mass accretion rate. Modeling of the system re-
ported by TBW14 pointed toward Mwp > 1.3 My and
M >1.7x10"7 My yr—L.

A successful campaign to discover the predicted 2014
eruption was reported by Darnley et al. (2015¢, here-
after DIHS15). The discovery triggered a swathe of
pre-planned high-cadence visible, UV, and X-ray ob-
servations, led by the fully-robotic 2m Liverpool Tele-
scope (LT; Steele et al. 2004) from the ground, and
Swift from low-Earth orbit. DHS15 reported a visible
light curve that evolved faster than all known Galactic
RNe (t3 (V) = 3.84 + 0.24 days; also see Section 5.2),
before entering a short-lived ‘plateau’ phase; as seen
in other RNe (see, for example, Pagnotta & Schaefer
2014). The plateau coincided approximately with the
start of the SSS phase (see HND15). A series of visi-
ble spectra were collected, the first just 1.27 days after
the eruption, these showed modest expansion velocities
(Uej = 2600100 kms™1) for such a fast nova, which sig-
nificantly decreased over the course of just a few days.
Such an inferred deceleration is reminiscent of the inter-
action of the ejecta with pre-existing circumbinary ma-
terial (such as the red giant wind in the case of RS Oph;
Bode & Kahn 1985; Bode et al. 2006).

Independently of any eruptions from the system,
DHS15 also reported that deep Ha imaging of
M31N 2008-12a at quiescence uncovered a vastly ex-
tended elliptical shell centered on the system; the struc-
ture is larger than most Galactic supernova remnants.
Serendipitous spectra of the shell obtained during the
2014 eruption revealed strong He, [N11] (6584 A), and
[Su] (6716/6731 A) emission (DIS15). The measured
[S11]/Ha ratio, and the lack of any [O111] emission sug-
gest a non-SN origin, and hence a possible association
with M31N 2008-12a.

Henze et al. (2015b, hereafter HND15) reported the
fruits of an intensive X-ray follow-up campaign of the
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Table 1. List of all observed eruptions of M31N 2008-12a.

Eruption date® SSS-on dateP Days since Detection wavelength References
(UT) (UT) last eruption® (observatory)

(1992 Jan. 28) 1992 Feb. 03 X-ray (ROSAT) 1,2

(1993 Jan. 03) 1993 Jan. 09 341 X-ray (ROSAT) 1,2

(2001 Aug. 27) 2001 Sep. 02 X-ray (Chandra) 2,3

2008 Dec. 25 Visible (Miyaki-Argenteus) 4

2009 Dec. 02 e 342 Visible (PTF) 5

2010 Nov. 19 e 352 Visible (Miyaki-Argenteus) 2

2011 Oct. 22.5 337.5 Visible (ISON-NM) 5, 6-8
2012 Oct. 18.7 < 2012 Nov. 06.45 362.2 Visible (Miyaki-Argenteus) 8-11

2013 Nov. 26.95+0.25 < 2013 Dec. 03.03 403.5 Visible (iPTF); UV /X-ray (Swift) 5, 8, 11-14
2014 Oct. 02.69 £0.21 2014 Oct. 08.6 0.5 309.8 £ 0.7 Visible (LT); UV /X-ray (Swift) 8, 15

2015 Aug. 28.28 £0.12 2015 Sep. 02.9£0.7 329.6 +0.3 Visible (LCOGT); UV /X-ray (Swift) 14, 16-18

%Estimated times of the visible eruption, those in parentheses have been extrapolated from the X-ray data (see Tenze et al.
2015a). The rapid evolution of the eruption (see Figure 1) limits any associated uncertainties to just a few days.

bTurn—on time of the SSS emission. The ROSAT detections from 1992 and 1993 permit accurate estimates of SSS-on. There
was only a single Chandra data point obtained on 2001 Sep. 08, sometime during the 12d SSS phase (cf. Figure 4), as such we
take Sep. 08 as the mid point of the SSS phase (with an uncertainty of £6d) to extrapolate the eruption date and SSS-on.

¢Time since last eruption only quoted when consecutive detections occurred in consecutive years, under the assumption of
Prec >~ 1year. Time is taken as the period between estimated eruption dates.

NoTE—Modified and updated version of Table 1 from Tang et al. (20

14), Darnley et al. (2015¢), and Henze et al. (2015a).

References—(1) White et al. (1995), (2) Henze et al. (2015a), (3) Williams et al. (2004), (4) Nishiyama & Kabashima (2008),
(5) Tang et al. (2014), (6) Korotkiy & Elenin (2011), (7) Barsukova et al. (2011), (8) Darnley et al. (2015e), (9) Nishiyama &
Kabashima (2012), (10) Shafter et al. (2012), (11) Henze et al. (2014a), (12) Tang et al. (2()'1 3), (13) Darnley et al. (2()11 1),

(14) this paper, (15) Henze et al. (2015b), (16) Darnley et al. (201

2014 eruption using Swift. Their main results in-
cluded a precise measurement of the SSS turn-on time
(5.9+0.5 d), a fast effective temperature evolution dur-
ing the SSS phase, and a strong aperiodic X-ray vari-
ability that decreased significantly around day 14 after
eruption. HND15 found the 2014 SSS properties to be
remarkably similar to those of the 2013 eruption.

Theoretical studies of hypothetical systems similar
to M31N 2008-12a (before such a short recurrence pe-
riod system was discovered) consistently show that a
combination of a high mass WD and high mass accre-
tion rate are required to achieve a short recurrence pe-
riod and drive the rapid turn-on of a short-lived SSS
phase (see, for example Yaron et al. 2005). Based on
a recurrence period of 1year, Kato et al. (2015) de-
termined that the M31N 2008-12a eruptions are consis-
tent with a WD mass of 1.38 Mg, an accretion rate
M = 1.6 x 100" Mg yr~', and an ejected mass of
~ 0.6 x 107" My, leading to a mass accumulation effi-
ciency of the WD of n ~ 0.63 — i.e. the WD retains 63%
of the accreted material and therefore is expected to be
increasing in mass.

Overall, the striking similarities between the past
eruptions facilitated the development of a detailed ob-
serving strategy for the detection and follow-up of the
expected 2015 eruption.

5b), (17) Darnley et al. (2015d), (18) Henze et al. (2015d).

3. QUIESCENT MONITORING AND DETECTION
OF THE 2015 ERUPTION

Following the 2014 eruption of M31N 2008-12a, a ded-
icated quiescent monitoring campaign was again put
in place to detect the next eruption, as had been em-
ployed to discover the 2014 eruption (DISI15). For
the 2015 eruption detection campaign a large array of
telescopes were employed. These included the Kiso
Schmidt Telescope, the Okayama Telescope, the Miyaki-
Argenteus Observatory, all in Japan; the Xingming
Observatory, China; the Ondiejov Observatory, Czech
Republic; Montsec Observatory, Spain; and the Kitt
Peak Observatory, USA. The majority of the quiescent
monitoring was performed by three facilities, the sis-
ter telescopes the LT and Las Cumbres Observatory
Global Telescope Network (LCOGT) 2-meter telescope
on Haleakala, Hawaii (formally the Faulkes Telescope
North), and the Swift observatory.

The LT began monitoring the system immediately af-
ter the cessation of the 2014 eruption, although these
observations were tempered by the diminishing visibil-
ity of M31. From 2015 May 27 onward, the LT ob-
tained nightly (weather permitting) observations at the
position of M31N 2008-12a using the 10:0 visible CCD



6 DARNLEY & HENZE ET AL. 2016

camera’ (a 4096 x 4112 pixel e2v detector which pro-
vided a 10’ x 10’ field of view). From 2015 Jun. 10 on-
ward, the LT data were supplemented by observations
from LCOGT (2m, Hawaii; Brown et al. 2013), which
employed the Spectral visible CCD camera’ (a 4k x 4k
pixel detector providing a 10’5 x 10%.5 field of view).

Each LT and LCOGT observation consisted of a sin-
gle 60s exposure taken through a Sloan-like r’-band fil-
ter, with a target cadence of 24 hours; although this was
decreased to 2hours within the ~ 1o eruption predic-
tion window (from the night beginning 2015 Jul. 30 on-
ward; HDK15). The LT and LCOGT data were au-
tomatically pre-processed by a pipeline running at the
LT and LCOGT, respectively, and were automatically
retrieved, typically within minutes of the observation.
An automatic data analysis pipeline (based on a real-
time M 31 difference image analysis pipeline, see Darn-
ley et al. 2007; Kerins et al. 2010) then further processed
the data and searched for transient objects in real-time.
Any object detected with significance > 50 above the
local background, within one seeing-disk of the position
of M31N 2008-12a, would generate an automatic alert.

An ambitious Swift program to monitor the quiescent
system with the aim of detecting the predicted initial
X-ray flash of the eruption (Kato et al. 2015) was also
active. Full details of this campaign are to be reported in
a companion paper (Kato et al. 2016). While focusing on
X-ray emission, the Swift UV /optical telescope (UVOT;
Roming et al. 2005) was also employed to monitor the
system. To complement the UVOT observations the L'T
monitoring program included additional Sloan u'-band
observations from 2015 August 16.121 UT onward.

A transient was detected with high significance in
LCOGT 7r/-band data taken on 2015 August 28.425 +
0.001 UT by the automated pipeline at a position of
a = 0P45m28382, § = 41°54’1070 (J2000), with sepa-
rations of 0709 + 0707 and 0716 + 0707 from the posi-
tion of the 2013 (DWB14) and 2014 (DHS15) eruptions,
respectively. Preliminary photometry at the time (see
Section A.1 for detailed photometric analysis) indicated
that this object had a magnitude of ' = 19.09 £ 0.04,
around one magnitude below the peak brightness of
previous eruptions of M31N 2008-12a (DWB14, DHS15,
TBW14). Our pre-planned follow-up observations were
immediately triggered, and a request for further obser-
vations was released (Darnley et al. 2015b).

A transient was also detected in the Swift UVOT
uvwl data with my; = 17.7 & 0.1 at the position
of M31N 2008-12a taken on 2015 August 28.41 UT —
marginally before the LCOGT detection. However, the
longer data retrieval time for Swift meant these data
were received and processed after the LCOGT data.

No object was detected at the position of M31N 2008-
12a in an LT I0:O observation 0.265 + 0.001 days ear-

3 http://telescope.livjm.ac.uk/TelInst/Inst/I00

4 http://lcogt.net/observatory/instruments/spectral

lier down to a 3¢ limiting magnitude of »/ > 21.8.
Additional LT I0:O observations 0.353 £+ 0.001 and
0.444 + 0.001 days before detection also detected no
sources down to r’ > 21.8. LT Sloan w’-band observa-
tions taken 0.452+0.001, 0.44240.001, and 0.26440.001
days before the LCOGT detection found no source at the
position of M31N 2008-12a down to limits of ' > 19.8,
> 21.6, and > 21.5, respectively. Similarly, no object
was detected in the Swift UVOT uvwl data on 2015
August 28.01 down to a 3o limit of my; > 20.3.

A full analysis of all the inter-eruption — quiescent —
data will be published in a later paper.

4. OBSERVATIONS OF THE 2015 ERUPTION

In this section we will describe the strategy and var-
ious data analysis techniques employed for the near in-
frared (NIR), visible, UV, and X-ray follow-up observa-
tions of the 2015 eruption of M31N 2008-12a.

4.1. Visible and Near Infrared Photometry

The 2015 eruption of M31N 2008-12a was followed
photometrically by a large number of ground-based visi-
ble/NIR facilities. These include the aforementioned LT
and LCOGT, the Mount Laguna Observatory (MLO)
1.0m, the Ondiejov Observatory 0.65m, the Bolshoi
Teleskop Alt-azimutalnyi (BTA) 6.0m, the Corona Bo-
realis Observatory (CBO) 0.3m, the Nayoro Observa-
tory of Hokkaido University 1.6 m Pirka telescope, the
Okayama Astrophysical Observatory (OAQO) 0.5 m MIT-
SuME telescope, and the iTelescope.net T24. The data
acquisition and analysis for each of these facilities is de-
scribed in detail in Appendix A. The resulting photo-
metric data are presented in Table D2, and the subse-
quent light curves are shown in Figure 1. Where near-
simultaneous multi-color observations are available from
the same facility, the color data are presented in Ta-
ble D3, and the color evolution plots are shown in Fig-
ure 2.

4.2. Visible Spectroscopy

The primary aim of spectroscopy of the 2015 eruption
was to obtain the earliest spectra post-eruption and to
confirm the nature of the apparent ejecta deceleration
reported by DHS15. Spectroscopy was obtained by the
LT, LCOGT, and Kitt Peak National Observatory 4 m
telescope. The text in Appendix B describes the result-
ing data acquisition and processing, a log of the spec-
troscopic observations is provided in Table 2.

4.3. Swift X-ray and UV observations

The high-cadence Swift observations employed for the
initial X-ray flash monitoring of M31N 2008-12a (see
Kato et al. 2016) were continued for a further 20 days
following the eruption to study the UV and X-ray light
curves of the eruption. The observations are summa-
rized in Table D4.

The decline of the UV light curve and the early SSS
phase received a high-cadence coverage with on aver-
age a single 1ks pointing obtained every six hours (see


http://telescope.livjm.ac.uk/TelInst/Inst/IOO
http://lcogt.net/observatory/instruments/spectral

M31N 2008-12A:

THE 2015 ERUPTION

R M e — ————— ,
o | 1Ty A1 ©
- I i

I Ili I[ j 1 Iﬁ&
b ¢ |

Ea— . IR T 51 8

5t S A I U O T I B '

[\ 1 [aV]

N a

— 2013 1
<« — 2014 <
m_uu | |2|O]|.5||||||I|| | ||_T|||||||I||||||| | | N
T e e B o e T I o B o S !
2k N\ + :
L wfh 1 *"x‘
o * i 1 o
.o L §§ 1 [aV]
2 - IE“‘ T N II I
Q| ¢ * 2 iR It 1! I] o
A oz 'y ¢I a
L 1l 1

<+ L I | <

m||||||||||||||| | | IO T SO T N 0 S S S N N T S | | «
—+——+—+——+—+—+—+—+——+— —— =+ |

o | 4 ©
L “1‘ . i E

SF n | + 5

;m I LIE&‘: T I zI
tIIIILf

o L B, % 1 2V}
a 7=« a

L Iy F 1

I
<+ L Lol | <
m||||||||||||||| | | IO T SO T N 0 S S S N N T S | | e
———————+—+—+——+— —— =+ |

o | 4 ©
~ i

| *‘E 1 o“'i

8 '&,‘ | T i ®

> L X 1S I 1
i}‘g"ﬂﬂx IqLII
o | I 1‘11 1 N
[aV] 1 1 i a
- J Ll T
<+ L 4 <
N||||||||||||||| | | U I T S N A SR S R S | | «
—————— ——t = ————+———+—+————+—+—+—+ |
@ | -+ It v g
e, I
SEEIAN 1 £

o | tq» A4 o
L I " 3 Q@
&~ L %*I[ 1

I
S T el o 3
L Ly 4
<+ | i <
N..I....I:...I.. | T | I NI [N TN TR N TR [ N T SO T N S S | | N
0 5 10 15 20 0 5 10 15 20
At (days) At (days)

Figure 1. Near-ultraviolet through near-infrared photometry of the 2013-2015 the eruptions of M31N 2008-12a. Black points
indicate the 2015 eruption, all data taken from Tables D4 and D2, red points indicate data from the 2014 eruption (DHS15;
HND15), and blue points the 2013 eruption (DWB14; TBW14). The vertical gray lines indicate the turn-on and turn-off times
of the SSS from the 2015 eruption (the shaded areas their associated uncertainties). The gray lines show a linear fit (exponential
decay in luminosity) to each light curve between 1 < At < 4days (see Table 4 for the decline times and other characteristics).
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Table 2. Log of spectroscopic observations of the 2015 erup-
tion of M31N 2008-12a.

Date Atf Telescope Exp. time
(2015 UT) (days) (s)
Aug.28.95 0.67+0.02 LT 3 x 900
Aug.29.24 0.96+0.02 LT 3 % 900

Aug.29.38 1.104+0.01 KPNO 4m 1200
Aug.29.42 1.1440.02 LCOGT 2m 3600
Aug.30.07 1.79+£0.11 LT 6 x 900
Aug.30.41 2.034+0.02 LCOGT 2m 3600

Aug.31.12 284+0.11 LT 6 x 900
Sep.01.12 3.84+0.02 LT 3 x 1,200
Sep.02.19 4.91+0.02 LT 3 x 1,200

JrThe quoted uncertainty on At relates to the total elapsed
time during each observation.

iTwo epochs of spectroscopy (both with 3 x 900s exposure

time) were collected by the LT on each of the nights of 2015
Aug 30 and 31, these were combined into single ‘nightly’
spectra to improve overall signal-to-noise ratio.

Table D4). However, the coverage of the later SSS light
curve was occasionally interrupted by higher-priority ob-
servations such as ~-ray bursts. This resulted in the
omission of certain ObsIDs in the otherwise consecutive
list in Table D4. Some other ObsIDs were not included
because they collected less than 20s of exposure. In
the text of this paper, individual Swift observations are
referred to by their segment ID (i.e. ‘ObsID 123’ is short-
hand for ObsID 00032613123).

All our Swift data analysis is based on the cleaned
level 2 files locally reprocessed at the Swift UK Data
Centre” with HEASOFT (v6.15.1). For our higher level
analysis we used the Swift software packages included
in HEASOFT (v6.16) together with XIMAGE (v4.5.1),
XSPEC (v12.8.2; Arnaud 1996), and XSELECT (v2.4c).

Before extracting light curves and spectra we carefully
inspected the level 2 event files for the Swift X-ray tele-
scope (XRT; Burrows et al. 2005) and UVOT. We found
that five observations were affected by the star trackers
not being continuously ‘locked on’ during some observa-
tions. Of those, ObsIDs 109, 122, and 178 corresponded
to non-detections and the intermittent tracking did not
affect the derived upper limits. During ObsIDs 149 and
161 the source was detected and the loss of tracking
might have resulted in somewhat larger count rate un-
certainties than those given in Table D4. Both ObsIDs
were excluded from the X-ray variability analysis in Sec-
tion 5.7. In case of the UVOT, the ObsIDs 122, 149,
and 178 showed strong indications of unstable pointing
and were excluded from the UVOT analysis and light
curve. In other UVOT images the point spread func-
tions (PSFs) were slightly elongated, but still acceptable

5 http://www.swift.ac.uk

for photometry.

Furthermore, we inspected the XRT exposure maps
for bad columns and bad pixels. As a result, we ex-
cluded a small number of ObsIDs from the X-ray vari-
ability analysis because those observations had bad de-
tector columns going through the source counts extrac-
tion region. The excluded ObsIDs were: 128, 137, 140,
151, and 160. All of the excluded observations except
151, which has the most severe bad column issue, are
included in the overall X-ray light curve described in
Section 5.

All XRT data were obtained in photon counting (PC)
mode. We applied the standard charge distribution
grade selection (0-12) for XRT/PC data. The XRT
count rates and upper limits presented here were ex-
tracted using the ximage sosta tool, which applies cor-
rections for vignetting, dead-time, and PSF losses. The
PSF model used is the same as for the 2014 observa-
tions (see HND15) and was based on all merged XRT
detections of the 2014 eruption. We visually inspected
all XRT images and confirmed that the detections were
realistic.

The X-ray spectra were extracted with the XSELECT
software (v2.4c) and fitted for energies above 0.3keV us-
ing XSPEC (v12.8.2; Arnaud 1996). Our XSPEC models
assumed the ISM abundances from Wilms et al. (2000),
the Tibingen-Boulder ISM absorption model (TBabs in
XSPEC), and the photoelectric absorption cross-sections
from Balucinska-Church & McCammon (1992). The
spectra were binned to include at least one count per
bin and fitted in XSPEC assuming Poisson statistics ac-
cording to Cash (1979). We describe the fitting of black
body models, some of which include additional emission
or absorption features, in Section 6.4.

For the UVOT data, we examined all the individual
sky images by eye. We found that ObsIDs 126 and
180 had no aspect correction and we manually adjusted
the source and background regions for consistent UVOT
photometry.

We optimized the uvotsource source and background
extraction regions, with respect to the 2013/14 analysis,
based on a stacked image of all 2015 observations. The
new source region has a 3”6, radius and uvotsource
was operated with a curve-of-growth aperture correc-
tion. The background is derived from a number of
smaller regions in the vicinity of the source that show
a similar background luminosity as the source region in
the deep image. All magnitudes assume the UVOT pho-
tometric system (Poole et al. 2008) and have not been
corrected for extinction.

The statistical analysis was performed using the R soft-
ware environment (R Development Core Team 2011).
All uncertainties correspond to lo confidence and all
upper limits to 30 confidence unless otherwise noted.

4.4. Time of eruption

For all observations of the 2015 eruption of
M31N 2008-12a we use the reference date (At = 0) de-
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Table 3. Stacked Swift UVOT images and magnitudes.

b

ObsIDs® Exp” Date® MJD¢ At Duration? uvwil

(ks) (UT) (d) d () (mag)
00032613115/121 6.3 2015 Sep. 01.76  57266.76 4.48 1.52 19.5+0.1
00032613123/127 4.4 2015 Sep. 03.56 57268.56 6.28 1.00 20.3+£0.2
00032613128/135 6.1 2015 Sep. 05.29 57270.29 8.01 1.79 19.94+0.1
00032613137/142 6.2 2015 Sep. 07.21 57272.21 9.93 1.28 21.0+0.3
00032613142/148 6.4 2015 Sep. 08.61 57273.61 11.33 1.52 20.6 £0.3
00032613151/160 4.4 2015 Sep. 11.17 57276.17 13.89 2.27 21.24+0.3
00032613162/168 5.5 2015 Sep. 13.66 57278.66 16.38 1.52 21.0+£0.3
00032613171/182 9.5 2015 Sep. 16.46 57281.46 19.18 2.73 < 21.6

%First and last observation of the stack (cf. Table D4).

bCombined exposure time.

©Midpoint of the stack with At referring to the eruption date on 2015 Aug. 28.28 UT (MJD 57262.28; see Section 4.4).

dTime between the first and last observations of the stack.

fined as 2015 Aug 28.28 UT (MJD = 57262.28) as the
epoch of the eruption. This date is defined as the mid-
point between the last non-detection by the LT visible
monitoring (2015 Aug. 28.16 UT) and the first detec-
tion of the eruption by Swift UVOT (Aug. 28.41), with
an uncertainty of 0.12d. We draw direct comparison to
data from the 2014 and 2013 eruptions by assuming ref-
erence dates of 2014 Oct 2.69 UT (MJD = 56932.69) and
2013 Nov 26.95 UT (MJD = 56622.95)", respectively.

5. PANCHROMATIC ERUPTION LIGHT CURVE
(SOFT X-RAY TO NEAR-INFRARED)

The NIR /visible light curve of the 2015 eruption, ob-
tained via an array of ground-based telescopes, matched
the high-cadence achieved in 2014. However, the 2015
data surpass those from previous eruptions by virtue
of their broader wavelength coverage (H—u'-band) and
depth — extending the light curve from ~ 9 days (2014)
to just under 20 days, and following the decline through
almost 6 magnitudes (u’-band). The 2015 light curve
data alone are the most extensive visible data com-
piled for a nova beyond the Milky Way and Magellanic
Clouds. When combined with data from past eruptions,
the light curve data are now comparable in detail to
many Galactic novae.

The multi-color, high-cadence, light curves of the
eruption of M31N 2008-12a are presented in Figure 1.
Here the black data points are the new 2015 data, red
show 2014 data, and blue 2013, all plotted relative to
their respective eruption times (see Table 1). It is clear
from inspecting these plots that the agreement between
the light curves of the last three eruptions is indeed re-
markable.

6 The epoch of the 2013 eruption has been updated from Nov
26.60 UT in HND14 by fitting of the linear early-decline (see Sec-
tion 5) of the light curve to the 2014 and 2015 data

MJD
57260 57265 57270 57275 57280
1 1 1 1
— uvm2
":a T — uvwl
; —— merged uvwl
i
[ee]
-
()
©
2
0
]
> o
T v ’L I
R 1
—_—
1 1 1 1 1
0 5 10 15 20

Time after eruption [d]

Figure 3. Unprecedentedly detailed Swift UVOT light curve
for the 2015 eruption of M31N 2008-12a, showing for the first
time the rising phase, the rapid smooth decline, and various
plateaus. Black data points are individual uvwl snapshots.
Gray points are based on stacked images (see Table 3). For
clarity, no individual uvwl upper limits after day zero are
shown (see Table D4 for those). Red data points show a
few initial uvm2 snapshots. Open triangles indicate 30 upper
limits. Uncertainties are combined lo statistical and sys-
tematic. Day zero is defined as MJD = 57262.28 £ 0.12 (see
Section 4.4).

The unprecedentedly detailed and complete UV light
curve of the 2015 eruption of M31N 2008-12a is the focus
of Figure 3 (the combined 2014/2015 UV light curve
is shown in Figure 1). The corresponding magnitudes
are given in Table D4. For the first time, we observed
the rise of the UV flux to the maximum and can put
very tight constraints on the time of the UV peak. We
followed the UV light curve for almost 20 days with a
high cadence, until the UV flux finally dropped below
our sensitivity limit. The result is by far the best UV
light curve yet recorded for M31N 2008-12a or indeed for
any M 31 nova.

Our observations used the UVOT uvw1 filter through-
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Figure 4. Swift XRT (a) count rate light curve (0.2—

10keV) and (b) effective black body temperature evolu-
tion of M31N2008-12a during the 2015 eruption (black).
In light/dark gray we show the corresponding data of the
2013/14 eruption. Time is in days after 2015 Aug. 28.28 UT
for the 2015 data. Panel a: Triangles indicate upper lim-
its. The blue points are merged detections and upper limits.
Panel b: Sets of observations with similar spectra have been

fitted simultaneously assuming a fixed Ng = 1.4 x10%* cm ™2,
The error bars in time represent either (a) the duration of
the observation or (b) the time covering the sets of observa-
tions. The three eruptions show very similar time scales and
luminosity /temperature evolution.

out, which has a central wavelength of 2600 A (FWHM
693 A) and the highest throughput of the three UV
filters (Poole et al. 2008). On the rise to maximum,
these were accompanied by occasional uvm2 filter mea-
surements. Those magnitudes, for a shorter central
wavelength of 2250 A (FWHM 657 A), appear slightly
brighter than the quasi-simultaneous uvwl values.

In Figure 4 we show the 0.2-10.0 keV X-ray light curve
of the 2015 eruption compared to the 2014/13 results.
Also shown is the evolution of the effective temperature
based on a simple black body parametrization with a
constant Ng = 1.4 x102' cm™2. A more detailed spec-
tral analysis is the subject of Section 6.4. Overall, the
count rate and temperature evolution are very similar
between the three eruptions. The X-ray count rate was
initially very variable as the effective temperature rose
to maximum. After around day 13, we observed a de-
crease in the variability amplitude (see discussion be-
low) although our observations became more sparse in
the second part of the SSS phase.

For the further X-ray variability and spectral analysis
we assume that the last three eruptions evolved suffi-
ciently similarly to warrant a combined treatment. Fig-
ure 4 indicates that this assumption is justified. The
combined data provide improved statistics and signal-
to-noise ratio to further explore the initial result pre-
sented by HND15 and investigate features such as the
‘dip’ in the X-ray light curve around day eleven.

The far blue (u'-band) to NIR light curves, and the
early UV evolution, can be separated into four distinct

phases on the basis of their rate of change of flux. The
final rise, from ¢t = 0 to t ~ 1d; the initial decline, 1 <
t < 4d; the ‘plateau’ and SSS onset, from 4 < ¢t < 8d;
and the SSS-peak and decline, 8 < ¢ < 19d (when the
SSS is still detected). Here we define and discuss each
of these four phases in turn.

5.1. The final rise (Day 0-1)

As in 2014, the 2015 eruption was discovered before
the peak in the visible light curves and, for the first time,
detailed pre-visible peak data have been compiled, par-
ticularly in the v’ and ¢’ bands. However, other than
single-filter initial detections, there are still limited data
before the final magnitude of the rise to peak — a regime
which must be a target for future eruptions. These erup-
tions appear characterized by a relatively slow rise to
maximum light, compared to CNe of similar speed class
(see Hounsell et al. 2010, 2016, and below), with the
final magnitude of the rise taking around 1 day.

Using data from the 2013-2015 eruptions, the time
of maximum in each filter (tmax) was estimated by
fitting a quadratic function to the data around peak
(0 <t < 2d), in all cases the peak data were well fit
by this simple model. The resulting t,,.x estimates are
reported in Table 4 and are shown in Figure 5, here
any systematic uncertainties arising from the estima-
tion of the eruption time for the separate years are ig-
nored. As expected, the uncertainties on the values of
tmax are dominated by the sampling around the peak
of the light curves. The time of maximum shows a
strong trend of increasing with wavelength, and is con-
sistent with increasing linearly with wavelength with
a gradient of 0.61 + 0.11 days um~! (within the range
0.25 < A < 1.6 pum; X?dof =3.4).

The UV flux rose quickly from a > 20.5 mag upper
limit (uvwl) on day —0.27 to a 17.7 + 0.1 mag detec-
tion on day 0.13 (see TableD4). The maximum of
17.13 £ 0.08 mag and 17.17 & 0.09 mag was reached on
days 0.52 and 0.73, respectively. The preceding obser-
vation on day 0.32 had shown 17.3 + 0.01 mag. In the
next observation, on day 1.12, the nova had declined to
17.3 £ 0.1 mag.

5.2. Initial decline (Day 1-4)

In all filters (uvwi—-H), the combined three-eruption
light curves between ¢y, and 4 days post-eruption are
well fit by a linear decline (exponential decline in lu-
minosity; see the diagonal gray lines in Figure 1; as
also noted by TBW14 and DHS15). We use this simple
model to determine the ts decline times for each filter
(see Table 4). The derived ty values are consistent with
those determined based on the 2014 data alone (DHS15),
but better constrained. With the light curve decaying
fastest in the B and V-bands (t5 < 2d) this method also
allowed the determination of ¢3 (in both cases t3 < 3d).
For the remaining filters, t3 was determined by linear
interpolation between the light curve points bracketing
Am = 3mags from peak, where the data were available.
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Table 4. Light curve parameters of the eruption of M31N 2008-12a, based on combined data from the 2013, 2014, and 2015

eruptions.
Filter tmax Mmax 123 t3 Decline rates (magday ')
(days) (mags) (days) (days) Early decline  ‘Plateau’ Final decline
tmax <t <4d 4<t<8d t>8d
wvwl 0.664+0.11 17.34+0.08 2.55+0.16 5.65%5352 0.78 +0.05 0.1940.05 0.084+0.03
o 0.84+0.16 18.354+0.03 2.60+0.08 5.7477% 0.77 £0.03 0.1140.08 0.16 +0.02
B 0.90 £0.04 18.67+0.02 2.02+0.07 3.03+0.10* 0.99 4 0.03 0.1440.06 0.18 & 0.02
1% 1.01 £0.02 18.554+0.01 1.65+0.04 2.47+0.06" 1.21+0.03 0.0940.03 0.1740.05
R 1.07+£0.05 18.384+0.02 2.24+0.13  --- 0.89 4 0.05
7/ 1.0040.02 18.45+0.01 2.05+0.04 4.72%72¢ 0.97 £ 0.02 0.30 £ 0.05
i’ 1.17+£0.01 18.60+0.01 2.13+£0.05 3.40705% 0.94 £ 0.02 0.1140.06
I 1.08£0.16 18.314+0.03 2.54+0.28 0.79 4 0.09
2 1.13+£0.03 18.734+0.02 2.13+0.09 0.94 4 0.04 0.06 4 0.04
H 1.46 +£0.16 17.66 4+ 0.13 3.75 4 0.45 0.53 4 0.06

T H-band to is determined by extrapolation of a linear fit to the data as less than two magnitudes of decline were recorded.

iA linear fit to the data between tmax < At < 4days includes a decline of > 3 magnitudes.

t o ex [days]

0 | ]
o
o I PR R S S S S A R S S RS |
0.5 1 1.5
Wavelength [um]
Figure 5. Evolution of the time of maximum light with

wavelength. These data are consistent with the time of max-
imum increasing linearly with wavelength with a gradient of

0.61 +0.11 days um™" (indicated by the red line).

The redder filters suffer more severely from crowding of
nearby bright sources in M 31 (typically red giants; see
DWBI14), as such it was not possible to follow the z’-
band light curve down to t3, and the H-band light curve
could only be followed for around 1 mag from peak (here
to is extrapolated, but poorly constrained, under the as-
sumption that the linear behavior seen in other bands
would be replicated).

To date, at least 14 Galactic novae (including three
confirmed and one suspected RN) have been observed
with a decline time t; < 4d (see Strope et al.

~

2010; Hounsell et al. 2010; Munari et al. 2011; Orio
et al. 2015), and these are summarized in Table 5.
M31N 2008-12a resides at the faster end of this rapidly
declining sample, exhibiting very similar decline times
to the RN U Sco (marginally slower to tq, but faster to
t3; assuming V-band luminosities), and exhibits the only
known decline with t3 < 3d. The decline time of a nova
is fundamentally linked to the WD mass and the accre-
tion rate, with the shortest decline times corresponding
to the combination of a high mass WD and a high ac-
cretion rates (see, for example Yaron et al. 2005, their
Figure 2d). From the extremely short ¢3 of M31N 2008-
12a, we can infer that the WD in this system must be
among the most massive yet observed.

5.3. The ‘plateav’ and SSS onset (Day 4-8)

Strope et al. (2010) define a nova light curve plateau
as an approximately flat interval occurring within an
otherwise smooth decline. Those authors also point out
that observed plateaus often include some scatter and
that the light curve may still decline slightly during such
times.

Following the linear decline from peak to t ~ 4 days,
the visible light curves appear to enter such a plateau
phase lasting until at least day 8. This plateau phase is
observed in the u’-band through #’-band, but the nova
was already too faint to be detected above the crowded
un-resolved stellar background of M 31 in the 2’ and
H’-band observations (see above). The plateau phase
in the combined light curves shows a small decrease in
brightness over this period. The plateau occurs around
2.5 — 3mags below peak and, in the combined light
curves, displays apparent variability with an amplitude
of up to 1 mag.

Following the 2014 eruption, DHS15 also noted the
plateau phase, but the more limited data led them to
conclude that the light curve was essentially flat during
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Table 5. Galactic novae with V-band decline times 5 < 4d.

Nova to (days) t3 (days) Prec (years)f
T CrB 4 6 80
V1500 Cyg 2 4

V2275 Cyg 3 8 e
V2491 Cygt 4 16 (> 100°)
V838 Her 1 4 .

LZ Mus 4 12

V2672 Oph® 2.3 4.3

CP Pup 4 8

V598 Pup? 4

V4160 Sgr 2 3

V4643 Sgr 3 6

V4739 Sgr 2 3 e

U Sco 1 3 10.3*
V745 Sco® 2 4 25%

NoTE—Unless otherwise indicated, all decline data are from
Strope et al. (2010).

JrA recurrence period is quoted only if the system is known,
or suspected (in parentheses), to be a RN.

¢V2491 Cygni is a suspected RN (Page et al. 2010; Darnley
et al. 2011), but only a single eruption has been observed
from this system.

References—(a) Schaefer (2010), (b) Page et al. (2010),
(¢) Munari et al. (2011), (d) Hounsell et al. (2010), (e) Orio
et al. (2015).

this stage. Hence the ‘up turn’ in brightness at the end
of the plateau noted by DHS15 is likely to be related to
the variability of this stage seen in the combined data.
The onset of the quasi-plateau occurs around 1-2 days
before the SSS is unveiled and may be related (see, for
example, Hachisu et al. 2008).

The UV light curve also shows similar behavior around
this time, albeit these data have larger associated uncer-
tainties (see Figure 1). However, an alternative inter-
pretation could include a series of two shorter-lived UV
plateaus (see, particularly the gray, combined, points
in, Figure 3): A first plateau at 19.5 & 0.1 mag, cen-
tered around day 4.5, lasting about 1.5 days. The end
of this plateau, around day 5.5, roughly coincided with
the appearance of the SSS in X-rays (cf. Figure 4). The
UV magnitude then dropped to a second plateau around
20.4 4+ 0.3 mag for about 1.5d around day 6.5, but soon
showed indications for another slight rebrightening to
19.9 + 0.1 mag. This phase lasting for another 1.3 d un-
til around day 9.0.

The X-ray and UV light curves around the time of the
SSS turn-on are shown in Figure 6. As the SSS flux grad-
ually emerged, the UV magnitude was seen to drop from
the first plateau seen in Figure 3. Based on the last deep
XRT upper limit on day 5.0 (ObsID 120) and the sec-
ond detection on day 6.2 (ObsID 124), with a count rate
significantly above this upper limit, we estimate the SSS

19.0

19.5

. |

2.0

20.0

15
d
20.5
mag uvwl [mag]

Countrate [ 10 ct/s ]

1.0

T
21.0

v

T
21.5

49 51 53 55 57 59 6.1 63 65 6.7 6.9
Days after eruption [d]

Figure 6. Swift XRT count rates (black circles) and UVOT
uvwl magnitudes (gray diamonds) used for estimating the
SSS turn-on time as day 5.6+0.7 after eruption (cf. Figures 3
and 4. XRT/UVOT upper limits are shown as open triangles
in black/gray. )

turn-on time as ton = 5.6 £ 0.7 d (cf. Table D4). This
supersedes the initial estimate by Henze et al. (2015d)
and includes the uncertainty of the eruption date.

This uncertainty range is a conservative estimate. By
day 5.8 (ObsID 123), a clear concentration of source
counts can already be seen at the nova position. Note
that ObsID 122 (day 5.5) had severe star tracking issues
that would have affected the XRT PSF (see Section 4.3).
However, the XRT event file showed no indication of
an increase in counts within a generous radius of the
source position. Therefore, it is unlikely that the SSS
was already visible before day 5.8.

We emphasize that the early SSS flux of M31N 2008-
12a is highly variable, which limits the precision of turn-
on time estimates. Nevertheless, the observed turn-on
time scale is consistent with the 2013 (6+1 d) and 2014
(5.9 4+ 0.5 d) eruptions (see [IND14, TIND15).

5.4. The ‘SSS peak and decline’ (>8d)

Once the plateau phase ended at day ~ 8 the far blue-
NIR light curve entered a second phase of apparent lin-
ear decline in magnitude (exponential decline in flux).
With the nova again fading rapidly, the system only re-
mained visible through the ¢, ' and V-band filters for
a few more days. However, this near-linear decline was
followed until day ~ 17 in the B-band and day ~ 20 in
the u'-band (just beyond SSS turn-off). The decay-rate
of this decline phase of the light curve was steeper than
that of the quasi-plateau phase, but much shallower than
the early decline. The mean decline rate in the v/, B,
and V-bands during this phase was 0.2 magday ! (five
times slower than the mean early-decline in the same
bands).

The end of the SSS phase was first announced by
Henze et al. (2015¢). Based on the overall X-ray light
curve in Figure 4 we estimated the SSS turn-off time as
tog = 18.6 £0.7 d after eruption. This is a conservative
estimate that takes into account the last X-ray detection
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on day 17.1 (ObsID 168) and the midpoint of the merged
deep upper limit on day 19.2. The uncertainty includes
the eruption date range. Within the errors, the estimate
is consistent with the 2013 (19+1) and 2014 (18.4£0.5)
eruptions as well as the 2012 X-ray non-detection on day
20 (see HND14).

However, in the UV the decline after day 9 reached
~ 21 mag where the source remained, with typical un-
certainties of 0.3 mag, until about day 17-18. All av-
erage magnitudes are based on sets of stacked UVOT
images which are summarized in Table 3 and shown in
Figure 3.

The extent of the UV light curve is consistent with the
duration of the SSS phase. After day 10, there were only
two detections in individual images: around the time of
the possible X-ray dip around day 11 and during the
SSS decline around day 16 (cf. Figure 4 and Table D4).
After the SSS turn-off the UV flux dropped sharply and
nothing was detected in 10 merged observations (9.5ks
covering 2.7 d) around day 19.2 with a 30 upper limit of
21.7mag.

We were able to follow the light curve in the w'-
band until ~ 1mag above quiescence (as determined
from HST photometry; DWB14; TBW14; Darnley et al.
2016¢). Utilizing the pre-existing HST quiescent pho-
tometry of this system (see DWB14 and TBW14), we
can estimate that — assuming a continuation of this lin-
ear decline — the time to return to quiescent luminosity
would be only 25-30d post-eruption. This, of course,
assumes that there is no dip below quiescence as seen
in, for example, RS Oph as the accretion disk in that
system reestablishes post-eruption (Worters et al. 2007;
Darnley et al. 2008).

It is worth noting that this decline phase can also be fit
with a power-law decline in flux (providing a marginally
better fit than a linear decline). The index of the best fit
power law (f o t%) to the v/-band data is o = —1.840.2.
This is inconsistent with the late-time decline predicted
by the universal nova decline law of Hachisu & Kato
(2006, 2007, o = —3.5), but is consistent with the ‘mid-
dle’ part of their decline law (o = —1.75). Based on
such a power law decline in this phase we would pre-
dict a timescale of 30-35 days to return to the quiescent
luminosity.

5.5. Light curve color evolution

In Figure 2 we present the dereddened color evolu-
tion of the 2013—2015 eruptions of M31N 2008-12a (blue,
red, and black points, respectively). With the excep-
tion of the UV data, here, color data are only provided
where there are near-simultaneous multi-color observa-
tions available from the same facility. We also note that
the (v’ — B)g and (V —r')g plots contain a mix of pho-
tometric systems (Vega and AB); no attempt was made
to correct between the photometric systems due to the
non-black body nature of the M31N 2008-12a spectra. In
order to provide better temporal matches with ground-
based 2015 data, the UV data from all eruptions are

combined here.

Ground-based u’ and z’-band data were only collected
during the 2015 eruption, as such the coverage in the
(u'—B)g and (i'—2") colors is less complete; the (i'—2")g
plot is also compounded by crowding. The color plots
all cover the final rise of the eruption (from ¢ ~ 0 un-
til ¢t ~ 1d). The (v — B)o, (B —V)o, (V —1')p, and
(r' —i")p plots all indicate that the emission from the
system is becoming redder during this phase — as might
be expected if the pseudo-photosphere was still expand-
ing at this stage (however, the SED snapshots during
the final rise do not show evidence of a change in slope,
see Section 7.2). However, as will be discussed in Sec-
tions 6 and 7.2, even at these early times line emission
in the visible spectra is already important and this may
significantly affect the color behavior.

From ¢t ~ 1 to t ~ 4d — during the linear early-
decline phase, the (B — V) and (V — r’)q plots exhibit
a linear evolution in the color; although, interestingly,
in (B — V), the emission becomes significantly bluer,
whereas the opposite is true for (V —r')g. The (V —r')g
evolution is almost certainly affected by the change in
the Ha line profile and flux, see again Section 6. The
(u'— B)g data, albeit sparser, initially become bluer, but
appears to stabilize around day 3. Whereas (7' —i')q con-
tinues to redden until day 2 and then becomes systemat-
ically bluer. In general, the very uniform pan-chromatic
linear early-decline seen from the NIR to the NUV in
this phase, is not replicated in the color data, probably
due to the additional complications of line emission.

The color behavior during the plateau phase (4 <t <
8d) is again varied. The (u' — B)g color remains ap-
proximately constant, although there is some variabil-
ity. Again (B — V) and (V —1’)( colors have opposing
behavior, the former becoming redder, the latter bluer.
This behavior may again be related to line emission, but
with no spectra beyond day 5 (see Section () we can only
speculate; the trends seen in these colors may be due to
diminishing Balmer emission with increased nebular line
emission (e.g. [0 111] 4959/5007A). If we compare to the
behaviour observed from the 2006 eruption of RS Oph,
lijima (2009) reported that between days 50 and 71
a broad component of the [O111] lines began to grow,
peaking in intensity around day 90, a similar analysis
was reported by Tarasova (2009). These time-scales are
roughly consistent with the SSS evolution as reported by
Osborne et al. (2011, also see references therein), with
the SSS being roughly constant in luminosity between
days 45 and 60. We also note that somewhat of a plateau
phase is observed between days 50-76 (in B- and V-band
data; Schacfer 2010). The effective consistency of these
three time-scales in RS Oph supports our prediction of
nebular emission driving the color evolution during the
plateau phase in M31N 2008-12a.

As the color plots enter the SSS-decline t 2 8 d, where
there are data, (uvwl —u’)g, (u' — B)g, and (B — V),
the color of the system remains approximately constant
during the later part of the SSS phase. However, the



M31N 2008-12A: THE 2015 ERUPTION 15

(uvwl — u')g and (u’ — B)g color plots show a marked
shift to the blue as the SSS begins to turn-off.

5.6. Color-magnitude evolution

Color-magnitude diagrams of RNe are useful to dis-
tinguish the evolutionary stage of the companion star.
Hachisu & Kato (2016) demonstrated a clear difference
between the color-magnitude tracks of eruptions from
systems hosting a red giant companion (RG-nova) and
those having a sub-giant or main sequence companion
(SG- or MS-nova). The color-magnitude track evolves
almost vertically along the line of (B — V)o = —0.03
(the intrinsic color of optically thick free-free emission;
as shown in Figure 7, along with (B — V), = 0.13
for optically thin free-free emission; also see the dis-
cussion in Section 7.2) for RNe harboring a red giant
companion, such as V745 Sco (2014 eruption, data from
Page et al. 2015, also see Section 7.6) and RS Oph
(1958, 1985, and 2006 eruptions, data from Connel-
ley & Sandage 1958; Sostero & Guido 2006a,b; Sostero
et al. 2006; Hachisu et al. 2008, AAVSO”, VSOLJ®, and
SMARTS; see Hachisu & Kato 2016 for full details); see
Figures 7(a) and (b), respectively. On the other hand,
the track goes blueward and then turns back redward
near the two-headed arrow, as shown in Figure 7(c), for
RNe with a sub-giant or main sequence companion, for
example, U Sco, CI Aquilae, and T Pyxidis (data from
Pagnotta et al. 2015, VSOLJ, and AAVSO/SMARTS,
respectively). The tracks of these three RNe are very
similar to each other and clearly different from those for
V745 Sco and RS Oph. Color-magnitude diagrams are
plotted for only five Galactic RNe due of the general lack
of pan-chromatic (X-ray/UV /visible) eruption data for
Galactic RNe (see discussion in Hachisu & Kato 2016).

If we adopt the newly constrained extinction of
Eg_yv = 0.10 (Darnley et al. 2016¢) and therefore
the apparent distance modulus py = 24.75 (Freedman
& Madore 1990), the track of M31N 2008-12a appears
closer to those of V745 Sco and RS Oph rather than
those of U Sco, CI Aqgl, and T Pyx, as shown in Fig-
ure 7(a~c). This is consistent with the interpretation,
drawn in this paper from the eruption spectroscopy, that
the companion in M31N 2008-12a is a red giant.

However, it should be noted that the position of the
color-magnitude track depends strongly on the assumed
extinction (and distance). If we increase the value of
the extinction, for example, Fg_y = 0.30 (as originally
proposed in DHS15; see Figure 7(d)), the track moves
closer to those of U Sco, CI Aql, and T Pyx.

The conclusion reached here differs from that reported

7 American Association of Variable Star Observers, https://
WWW.aavso.org

8 Variable Star Observers League in Japan, http://vsolj.
cetus-net.org/

9 The Stony Brook/SMARTS Spectral Atlas of Southern No-
vae, http://www.astro.sunysb.edu/fwalter/SMARTS/NovaAtlas,
see Walter et al. (2012)

in Kato et al. (2016), who favored (based, partly on the
M31N 2008-12a color-magnitude diagram published by
Hachisu & Kato 2016) that the companion is a sub-
giant. This earlier analysis used the less detailed data
available at the time, but also had no strong constraint
on the extinction. It should be noted that the color—
magnitude analysis presented in this paper therefore su-
persedes that for M31N 2008-12a presented by Hachisu
& Kato (2016).

5.7. The X-ray variability

The SSS phase variability is examined in detail in Fig-
ure 8. There, we show the 2013-2015 XRT count rates
based on the individual XRT snapshots. In the case of
the 2015 data, there is no difference between the count
rates binned by ObsID (see Figure 4) because all de-
tections during the SSS phase only consisted of single
snapshots.

The early high-amplitude variability is clearly visible
in particular in Figure 8b. During the 2015 campaign
we collected only a few observations during the late SSS
phase. However, the combined light curve of the last
three eruptions suggests a relatively sudden drop in vari-
ability after day 13.

Asin HND15, we identified snapshots with count rates
significantly above or below the (smoothed) average for
the time around the SSS maximum. Those measure-
ments are marked in Figure 8b in red (high rate) or
blue (low rate). The combined XRT spectra of these
data points for all three eruptions are shown in Fig-
ure 8c using the same color scheme. Those spectra are
discussed in the context of spectral variability in Sec-
tion 7.3 below. All three eruptions show a consistent
factor of 2.6 in difference between high- and low-count
rate snapshots.

We note that in 2015 there appears to be less vari-
ability during the first two days of the SSS phase than
in 2013 and 2014. This is reflected in a less significant
statistical difference between the X-ray count rate be-
fore and after day 13. An F-test results in a p-value of
0.03 which, while still significant at the 95% confidence
level, is considerably reduced with respect to the 2013
(2.1x107°) and 2014 (1.8x107°) results (see HND15).

In fact, the SSS variability in 2015 might be almost
entirely explained by a dip in flux on day 10-11. To
investigate this possibility we plot the three XRT snap-
shot light curves separately in Figure 9a. The smoothed
fits now exclude a 1day window centered on day 10.75,
during which the 2015 dip occurred. Interestingly, there
seems to be a similar feature in the 2013 light curve.
For both years the X-ray flux dropped by a factor of
~ 2 during this window. In 2014 there is no clear dip
during this time. However, there were only two snap-
shots within the 1d window.

The 2014 X-ray light curve might instead show a
dip between days eight and nine, during which time
there were fewer observations in 2013 and 2015 (see Fig-
ure 9a). In any case, all light curves display additional
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Figure 7. Color-magnitude diagrams of M31N 2008-12a for various extinctions and apparent distance moduli (indicated at the
top of each plot) are compared with those of Galactic RNe. Throughout, the filled black squares denote the color-magnitude
points of M31N 2008-12a from the 2013, 2014, and 2015 eruptions. In each plot the evolution of M31N 2008-12a is compared
directly to (a) V745 Sco (RG-nova), (b) RS Oph (RG-nova), (c-d) U Sco and CI Agl (SG-novae), and T Pyx (MS-nova); see
the plot keys and text for further details. The horizontal lines labeled “my max” show the maximum brightnesses of (a) V745
Sco, (b) RS Oph, and (c-d) CI Agl. The vertical red lines show intrinsic colors of optically thick ((B — V)o = —0.03) and
optically thin ((B — V)¢ = +0.13) winds (see Hachisu & Kato 2014, for further detail). In panel (a) the red arrow labeled “SSS
on” indicates the optical luminosity at the SSS turn-on of V745 Sco. In panel (b) the blue arrows labeled “variable SSS on”
and “nebular phase” indicate the onsets of the variable SSS phase and nebular phase of RS Oph. In panel (c¢) and (d) the red
arrows indicate where the nebular phase of CI Aql started. The two-headed black arrows indicate where the color-magnitude
tracks of some novae show a turning from toward blue to toward red (see Hachisu & Kato 2016, for more detail). In plot (d)
the extinction toward M31N 2008-12a was allowed to vary for illustrative purposes. Given the known extinction, the track of
M31N 2008-12a is closer to those of the RG-novae (a-b) than the other RNe (c-d), consistent with the interpretation from the
eruption spectra that the companion is a red giant.
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Figure 8. Panel a: The short-term X-ray light curve of
M31N 2008-12a based on the individual XRT snapshots.
Data points with error bars show the XRT count rates and
corresponding errors for the 2015 (black), 2014 (dark gray),
and 2013 (light gray) eruptions. Note that the count rate
axis uses a linear scale in contrast to the logarithmic scale in
Figure 4. Solid lines represent smoothed fits, based on local
regression, on the 2015 (red), 2014 (blue), and 2013 (orange)
data. The three eruptions display a very similar behavior
Panel b: The light curves from panel a have been de-trended
by subtracting the smoothed fits from the respective data.
The red data points mark the count rates that are at least 1o
above the smoothed fit for the 2015 (2014/13) data during
the temperature maximum. The blue data are at least 1o
below the average 2015 (2014/13) count rate for the same
time range. The drop in variability amplitude around day
13 is clearly visible in all three eruptions. Panel c: Binned
XRT spectra for all the high- (red colors) and low-luminosity
(blue colors) snapshots of the 2015/14/13 monitoring that
are indicated in panel b with corresponding colors. There
are indications that the spectra are different in more than
overall luminosity (see Sect 7.3 and Table D5).

variability besides the potential dip features. This can
be seen in Figure 9b where we subtracted the smoothed
fits in Figure 9a to highlight the potential dip and resid-
ual variability.

If the potential dip as the main source of variability is
removed then the light curves of the 2013 and, in par-
ticular, the 2015 SSS phase appear to show significantly
less residual variability (see Figure 9). However, the
2014 light curve does not seem to show the same be-
havior. Clearly, high-cadence coverage of several future
observations is needed for a proper statistical treatment

Countrate [ 102 ct/s ]

Count rate [ 102 ct/s ]

Count rate [ 1072 ct/s ]

Detrended count rate [ 102 ct/s ]

Days after eruption [d]

Figure 9. Same as Figure 8 for the individual XRT snap-
shot light curves (panel a) and the combined de-trended light
curves (panel b). Here, the smoothed fits (solid lines with the
same colors as in Figure 8a) were determined excluding the
data points within the time range indicated by the vertical
dashed lines. Panel b shows the 2015 data in black overlaid
on the 2013/2014 data in light/dark gray. A possible dip
on days 10—11 is clearly visible in 2013 and 2015, with 2014
having insufficient data to reject such a feature.

of this peculiar variability.

Interestingly, the ROSAT light curve of the 1993 de-
tection in White et al. (1995) might also show a tenta-
tive, one-bin dip between day 9 and 10 (days 10 and 11
in the lower panel of their Figure 2). The ROSAT data
of the preceding 1992 detection only extend to about
day 8 after eruption, but shows significant variability
over its coverage.

As in 2013 and 2014 there is no evidence for any pe-
riodicities during the SSS variability phase (Figure 8b),
according to a Lomb—Scargle test (Lomb 1976; Scargle
1982). The apparently aperiodic variability is present
on all accessible time scales (hours to several days)
and the amplitude shows no significant relation with
the frequency. We have been granted a 100 ks XMM-
Newton (RGS) ToO observation to study the (spectral)
variability of M31N 2008-12a with higher time resolution
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in a future eruption. However, because of the stringent
(anti-)sun constraints of the XMM-Newton observatory
there are only two possible observing windows in Jan.
- mid Feb. and Jul. - mid Aug., respectively. Given
the remaining uncertainty in predicting future eruption
dates (see Section 7.5) a successful XMM-Newton trigger
might take several years time.

Due to the very short duration of the SSS plateau
phase and the XRT count rate of the source our analy-
sis was only sensitive to periods of a few hours to a few
days (and sensitive to amplitudes larger than 1.5x1072
ct s7! on the 99% confidence level; following Scargle
1982). This time range includes typical orbital periods
of Roche lobe-overflow RNe, e.g. U Sco with ~ 1.2d
(Ness et al. 2012) or Nova LMC 2009a also with ~ 1.2d
(Bode et al. 2016). Spin periods of high-mass WDs in
CVs without strong magnetic fields (i.e. not polars) are
typically shorter (several 100-1000s see, for example,
Norton et al. 2004). For instance, a period of ~ 1110s
was reported for the suspected intermediate polar (and
suggested RN; see Bode et al. 2009) M31N 2007-12b
(Pietsch et al. 2011). Polars, like the old nova V1500
Cyg (see, for example, Litvinchova et al. 2011) have gen-
erally longer spin cycles of several hours due to a mag-
netic synchronization of the orbital and spin periods that
slow down the WD rotation (see, for example, Norton
et al. 2004). Even shorter transient periods < 100s have
been found in the RNe RS Oph (35s) and LMC 2009a
(33s), as well as in a few other CNe and the canonical
SSS Cal 83 by Ness et al. (2015), who discuss pulsation
mechanisms as the possible origin.

6. PANCHROMATIC ERUPTION SPECTROSCOPY

The earliest spectroscopic observations of M31N 2008-
12a prior to the 2015 eruption were obtained by the
William Herschel Telescope (WHT) 1.27 days after the
2014 eruption (DHS15). Following the 2015 eruption,
the first three visible spectra were obtained at 0.67 days,
0.96 days, and 1.10 days post-eruption. For a nova with
a V-band decline time as fast as to = 1.65days (see Ta-
ble 4), the early 2015 spectra capture significantly earlier
portions of the eruption than had been seen previously.
Additionally, with the peak V-band luminosity occur-
ring 1.01 days after eruption (see Table 4), the first two
2015 spectra were taken while the nova light curve was
still rising in the visible — but notably 0.01d and 0.3d
after the UV light curve peak. The final 2015 spectrum
captures the eruption 0.3 days later than any previous
spectra. All of the flux-calibrated spectra of the 2015
eruption are shown in the top portion of Figure 10.

An initial summary following the first spectrum of the
2015 eruption of M31N 2008-12a was reported in Darn-
ley et al. (2015d). As in 2012 (Shafter et al. 2012),
2013 (TBW14), and 2014 (DHS15), the individual 2015
spectra are dominated by hydrogen Balmer series emis-
sion lines (Ha through Hé). Emission lines from Her
(4471, 5015, 5876, 6678, and 7065A), Hetr (4686 A),
N1 (5679 A), and N1t (4640 A) are also clearly visi-

ble, but appear to fade significantly in the later spectra.
There is a clear detection of continuum emission in each
of the spectra. Despite collecting spectra from much
earlier in the eruption process, no clear absorption com-
ponents (i.e. P Cygni profiles) are seen in any of the
spectra, which points to a low mass ejecta. No Fell or
O lines, characteristic of ‘Fell novae’, or any Ne lines,
are detected in the individual spectra. As in previous
eruptions, the observed spectral lines and velocities (see
Sections 6.2 and 6.3) are consistent with the eruption of
a nova belonging to the He/N taxonomic class (Williams
1992, 2012; Williams et al. 1994).

6.1. Multi-eruption combined visible spectrum

In the bottom plot of Figure 10 we present a com-
bined spectrum using data from the 2012 (HET), 2014
(LT and WHT), and 2015 (LT, LCOGT, and KPNO)
eruptions. Here we have re-sampled all spectra to the
wavelength scale of the LT SPRAT data (linear 6.4 A
per pixel), re-scaled, and median combined the data.
We have excluded the final epoch data from 2014 and
2015 as the signal-to-noise of these spectra were partic-
ularly low. As such, this combined spectrum covers the
period from 0.67 to 3.84 days post-eruption. When ac-
counting for the relevant exposure time and telescope
collecting area, this combined spectrum would be the
equivalent of a single 48ks spectrum as taken by the
LT with SPRAT — by far the deepest spectrum of an
M 31 nova yet obtained. The combined spectrum is, as
expected, very similar to the individual spectra, but a
number of fainter features increase in significance. For
example, we note that the He1 (5015 A) line identified in
the individual spectra is likely a blend of the He1 5015
and 5048 A lines. In the combined spectrum, there is
still no convincing evidence for the presence of Fe11, Ot,
or Ne lines.

Newly visible lines at ~ 4200 and ~ 4542A are
roughly coincident with the H-like Helr Pickering se-
ries (Pickering & Fleming 1896, transitions to the n = 4
state), many stronger Pickering lines are blended with
the Balmer series, but the apparent lack of the Hell
(5412 A) line makes these identifications unlikely. The
line at ~ 4200 may therefore be C 111 (4187 A). The sec-
ond line remains unidentified, and we believe it is un-
likely to be Fe1r (4549 A) due to the lack of other visible
multiplet 38 lines (see Moore 1945). Here, we also note
that a number of apparently strong lines in the combined
spectrum remain unidentified.

One of the most prominent (see Figure 10) features
newly resolved in the combined spectrum is the double-
peaked line at ~ 6360 A. If this nova belonged to the
Fe11 taxonomic class, then the most likely identification
of this feature would be the Si1r (6347/6371 A) doublet.
However, despite the greatly improved signal-to-noise
of the combined spectrum there remains no convincing,
and self-consistent, evidence of any other defining lines
of the Ferlr class (e.g. complete sets of FeIl multiplets
themselves or O1 lines). As such, we instead tentatively
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Figure 10. Top: Liverpool Telescope SPRAT flux calibrated spectra of the 2015 eruption of M31N 2008-12a, see the key for
line identifiers; the continuum flux decreases for each successive spectrum. Spectra are consistent with the He/N canonical class
of nova. Bottom: Combined spectra from the 2012, 2014, and 2015 eruptions; see text for details. Additional features, not
identifiable in the individual spectra are indicated. These include tentative detections of the coronal [Fe v1i], [FeX], and [Fe x1v
emission lines, typically associated with shocks between the ejecta and surrounding material, and possibly the Raman scattere

O VI emission band, a signature of symbiotic stars. The spectra shown in the top panel of this figure are available as the Data
behind the Figure.
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identify this pair of lines as N 11 (6346 A) and the coronal
[Fex] (6375 A) line.

The combined spectrum also presents tentative evi-
dence of a full series of [Fe vi1] lines, of which there would
be nine expected within the observed wavelength range
(Nussbaumer et al. 1982). Here we address each of the
[Fe vi] line identifications separately.

The [Fevii] (4698 A) line would be blended with the
Hell emission seen at 4686 A and therefore, due to its
low radiative transition probability, unobservable.

Any [Fevii] (4893 A) line would be blended with the
strong Hf line and hence unobservable.

The [Fevi] line at 4942 A may be observed as the
small peak just redward of HB. However, by virtue of
the low transition probability of this line, a more likely
identification for this feature would be the red most
peak of a double peaked Her (4922 A) line (such a pro-
file is observed for the other HeT lines) or possibly Nv
(4945 A). However, we note that the corresponding, and
similar probability, Nv (4604/4620A) lines would be
mixed with the N 11r/He11 blend (a strong N'v (1240 A)
line is also reported by Darnley et al. 2016¢, in early
FUV spectra).

There is a possible [Fevii] line at 4989 A, but this is
within the blue wing of the Her (5015/5048 A) blend.

There is a tentative detection of [Fe vii] at 5158 A, the
only other possible identifications here would be other,
less ionized, but still forbidden, Fe lines.

There is no clear sign of an [Fe vii] line at 5276 A — a
line that could be confused with Feir (5276 A) if there
were any other Fe 11 multiplet 49 lines present — although
it could be blended with the line just redward which
may be [Fex1v] (5303 A), but could in principle be O vI
(5292 A; see later).

The [Fevii] line at 5721 A is tentatively detected in
the red wing of the N11 (5679 A) multiplet (#3), which
otherwise appears broader than expected based on ex-
pected line strength ratios.

The eighth [Fe vi1] line is seen at 6086 A, another pos-
sible identification would be Fe1r (6084 A) but no other
multiplet 46 lines are observed. We also note that the
[Fe vii] 5721 and 6086 A lines have the largest transition
probabilities within this series (Nussbaumer et al. 1982).

The final [Fe vii] line at 6601 A has the lowest transi-
tion probability, but even so, it would be blended with
the Ho emission and undetectable in such low resolution
spectra.

After weighing all the above evidence we believe that
it is likely that a series of [Fevi] lines, the [FeX]
(6375 A) line, and [Fex1v] (5303 A) line are all visible in
the combined spectrum of M31N 2008-12a. The impli-
cation of the presence of these highly ionized forbidden
lines is discussed in detail in Section 7.1.

Finally, we point to the emission feature at ~ 6830 A.
As noted by Shore et al. (2014), a possible interpreta-
tion of this line is ‘simply’ emission from C1 (6830 A)
— especially in CNe. However, we also note that other
(typically stronger; see Kramida et al. 2015) C1 lines

(e.g. 6014 and 7115 A) are not seen in the combined spec-
trum. Nussbaumer et al. (1989) and Schmid (1989) were
the first to propose that an emission band at ~ 6830 A
could be due to Raman (1928) scattering of the O v1
resonance doublet (1032/1038 A) by neutral hydrogen.
As Shore et al. (2014) also points out, such Raman fea-
tures are unlikely to be formed in the ejecta of MS-
or SG-novae, but such features have been observed in
the spectra of RG-novae (most notably, RS Oph; Joy
& Swings 1945; Wallerstein & Garnavich 1986; lijima
2009) and are common features of the wider group of
symbiotic stars (Allen 1980). We note that the weaker
Raman band at 7088 A would be blended with the strong
HeT emission at 7065 A. Unfortunately, the 6830 A Ra-
man band is situated adjacent to the Telluric B-band
(68676884 A, from O) and as such the continuum sub-
traction around the Raman region may be unreliable,
and the Raman identification should be treated with
some degree of caution. However, we further discuss the
potential Raman band emission in Section 7.1, and we
stress the importance of targeted follow-up spectroscopy
for future eruptions.

6.2. Visible emission-line morphology

As was seen following the 2013 eruption (TBW14) and
the 2014 eruption (DHS15), and as noted by TBW14,
the morphology of the emission lines evolves signifi-
cantly as the eruption progresses; in particular there is
a marked decrease in the width of the line profiles. Fig-
ure 11 presents the evolution of the Ha (top) and Hp
(middle) lines during the 2015 eruption; the left-hand
plots normalize the flux of the continuum and Ha/Hf
peak to highlight the morphological evolution, the right-
hand plots show the flux calibrated spectra to illustrate
the change in intensity of the lines. As seen in previous
eruptions, the Balmer emission lines have a well-defined
central double-peaked profile, and the overall width of
the profiles decreases with time. At all epochs the red-
ward peak of the double-peak is of similar or higher flux
than the blueward peak (see Figure 11 top left) in the
Ha line. Both Ha peaks are at approximately equal
flux when the Ha line has its maximum integrated flux
(t = 1.79d; blue line). The blueward peak appears to
wane significantly in later spectra (¢ = 4.91 d; gray line).
Although at lower signal-to-noise, similar behavior ap-
pears present for the HS line.

In 2014, there was some evidence for higher veloc-
ity material beyond the central peak at early times. In
the two earlier 2015 spectra (the earliest spectra yet ob-
tained; see the black and red spectra in Figure 11) we
witness evidence of significant emission from very high
radial velocity material.

The high velocity material seen in the ¢ = 0.67d
spectrum has an approximately ‘rectangular’ profile
about the Ha central wavelength, with a FWHM of
~ 13000 kms~! and FWZI ~ 14500kms~! (see Fig-
ure 11, particularly the bottom plots). The HfS equiv-
alent is fainter, and therefore noisier, but still shows a
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Figure 11. Evolution of the Ha (top) and HB (middle) line profiles following the 2015 eruption of M31N 2008-12a. Left:
The peak flux of each Ha/Hf line has been normalized to 1 — to indicate the evolution of the line morphology. Right: Flux
calibrated spectra are shown to illustrate the change in flux of the Ha/HS emission. Bottom left: Comparison between the
Ho and He1(5876A) lines at At = 0.67 days; the line blueward of the Hel line (~ —8000kms™!) is N11(5679A). Bottom
right: Ha line profile at ¢ = 0.67d , the red and the blue lines show a best-fit model of three Gaussian profiles, the thick
black line their combined flux (see Section 7.4). Line colors as Figure 10 with the additional green data At = 1.10 £ 0.01 days
(KPNO; rebinned). The peak redward of Ha (~ +5300kms ™) is He1 (6678 A). The data in all these plots have been continuum
subtracted as described in the text.
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FWZI of ~ 12000kms~!. By ¢t = 0.96d the emission
from this high velocity material has begun to fade (note
that the emission from central Ho/HS component re-
mains approximately constant during this period), and
the measured width of the high-velocity profile has re-
duced by ~ 1000kms~'. On day 1.1, the high-velocity
profile has diminished further, becoming indistinguish-
able from the continuum around Hg; but around Hey, the
appearance of the HeI(6678A; ~ +5300kms~!) emis-
sion line additionally complicates the profile. In all later
spectra (including all spectra obtained prior to the 2015
eruption) any emission from such high velocity material
is absent or at least indistinguishable from the contin-
uum.

There is also evidence for such high velocity material
around the profiles of other (non-H1) lines in the early
spectrum. For example, the Hel (5876A; see Figure 11,
bottom left) and He1(7065A) lines both appear to have
a similar profile to the Balmer lines, a double-peaked
central profile that is bracketed by a high-velocity ‘rect-
angular’ profile in early spectra. The similar line profile
morphologies and evolution imply that the H1 and He1
emission arise from the same part of the ejecta.

6.3. Ejecta expansion velocity

To determine the total flux and FWHM of the spectral
lines, a fit to the continuum of each spectrum was made
using a third-order polynomial. Each spectral line was
then separately fit using a single Gaussian profile and a
background level, all lines were fit in a consistent manner
using data within #4000 km s~ of the line centre'”. The
line velocities for the Balmer and Hel lines are shown
in Table 6, and the corresponding line fluxes in Table 7.
Generally, a Gaussian profile produced a good fit to the
spectral lines however, the early epoch Balmer lines with
their high velocity components were not well reproduced
with just a single Gaussian (see Figure 11), leading to
the larger velocity uncertainties seen in Table 6. For
these two early epochs, only the velocity (and line flux)
of the central component was calculated using a Gaus-
sian fit. To fit the He1 (6678 A) line the best-fitting Ha
profile was first subtracted from the spectrum to aid de-
blending of the lines. The HJ, He1 (5015/5048 A), He11,
and N lines were not modeled due to a combination of
complex profiles, significant blending, or low signal-to-
noise. No data were recorded in Tables 6 or 7 if the
fitted flux of a line reported a signal-to-noise ratio < 3.
The available spectra from 2012 and 2014 were also re-
analyzed in a consistent manner to the 2015 spectra and
these data, along with those from 2013 (TBW14), are
also included in Tables 6 and 7. There was no significant
evolution observed in the line flux ratios among the H1
or HeT lines, or the overall Hi/HeT ratio.

10 The two early epoch He lines were fit between —7000 < v <
4000kms—! to permit a better fit to the background level, and to
avoid contamination from Her (6678 A; +5260kms—1).

In Figure 12 we present a plot showing the evolution
of the Hr1 (left) and Her (right) integrated line fluxes
with time. It should be noted that only the flux of the
central part of the emission lines was computed, not
the contribution from the early higher velocity material.
As was reported by DHS15, the general trend shows a
decreasing of line flux with time for the H1 and Hel
lines. All the H1 and HeT lines show a decrease in flux
during the final rise phase (0 < ¢ < 1d), followed by a
brief ‘recovery’ at t ~ 1.8 d, before entering a consistent
decline.

Throughout we use the FWHM of the best-fit Gaus-
sian profile to the emission lines as a proxy for the line-
of-sight ejection velocity; the velocities of the Balmer
and Hel emission lines for the 2012-2015 eruptions are
recorded in Table 6. As previously discussed, the Gaus-
sian profile generally provided a good fit to the lines,
at least down to half-maximum flux, notable exceptions
being the Balmer emission in the two earliest spectra.
The weighted mean expansion velocity from the Ha line
from the 20122015 eruptions is 2670470 km s~?, consis-
tent with the average found following the 2014 eruption
(DHS15). However, the measured expansion velocities
from the two earliest epochs, t = 0.67 and 0.96 days, are
significantly higher than the mean, and represent veloc-
ities not previously seen, or predicted (see, for example,
Yaron et al. 2005), from this system.

In Figure 13 we show the evolution with time of the
Ha profile FWHM velocity from the 2012-2015 erup-
tions. As a similar analysis following the 2014 erup-
tion indicated (DHS15), there is a clear measurement
of a decreasing velocity with time. A linear least-
squares fit to these data reveals a declining gradient of
—300 + 70 kms~! day ! (X?dof = 3.9). If the first two,
high velocity, data points are excluded the linear fit is es-
sentially unchanged (Xi gof = 3-1). Again note that the
additional high velocity components seen in the early
spectra are not included in these data.

The right-hand plot in Figure 13 shows a log—log plot
of expansion velocity against time; by simple inspection
these data appear to be well represented by a power law.
The best fitting power law to these data (of the form
Vexp ¢ 1) has index n = —0.28 £0.05 (x74,; = 2.7).
If we choose to fix the power law index at 1/3 and 1/2
(see Section 7.1) then the best fits have deof = 2.7 and

X?dof = 5.8, respectively.

6.4. The X-ray temperature and spectral variability

The temperature evolution of the SSS phase is shown
in Figure 14. This plot is based on simple black body fits
to all 2013/14/15 X-ray spectra. Like in Figure 4b the
black body parametrization assumes a fixed Ny = 1.4
x10%! cm™2. The spectra have been parametrized indi-
vidually (see the gray smoothed fit in Figure 14a) and
also simultaneously in nine groups similar to those in
Figure 4b. Compared to Figure 4b the combined group
fits have significantly reduced temperature uncertainties
as well as a higher time resolution (9 bins in Figure 141
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Table 6. Evolution of the FWHM of the Ha profile.

At (days)  Source  Year Best-fit Gaussian FWHM (kms™!)

Ho HpA Hy Her (7065 A) Her (6678 A)T  Her (5876 A)
0.674+0.02 LT# 2015 4760 =520 41404670 - -- e e 5900 £ 1200
0.96 +0.02 LT# 2015 3610+ 310 25204260 3270+£720 41704 860 e 2930 £ 610
1.10£0.01 KPNO 2015 2940 £50 2440+80 2150+100 --- e 3570 £ 230

1.14+0.02 LCOGT 2015 3180=£110 2470+200 2020+320 --- e e
1.27+0.01 WHT 2014 2740 £ 70 e X 2720 £ 220 2620 £ 240 2300 £ 180
1.33+0.14 LT 2014 2800 £110 23704100 20804290 2160+ 330 1540 +£ 320 3420 £ 420

1.63+£0.10 HET 2012 2520£40 2250+90 2510+ 110 3220+£130 1920 + 160 2450 £110
1.79+0.11 LT 2015 2440+£110 2320+170 4960 £ 660 5570 £ 760 1940 £ 460 2490 £ 260

1.8+0.2 Keck 2013 2600 £200  ---
2.03£0.02 LCOGT 2015 27404100 18504220 --- e e e
2.45+£0.18 LT 2014 2340 £100 2230 £160 2190+ 360 2040 +£ 280 1960 + 490 2670 £ 250

2.84+£0.11 LT 2015 2430 £160 2140+230 --- 2620 £ 570 e 2300 £ 310
3.18+0.01 LT 2014 2300 +£ 230
3.84+0.02 LT 2015 2540 £290 2070+ 300 --- e e 1860 + 330
4.6+0.2 Keck 2013 1900 £ 200
491£0.02 LT 2015 2020 £ 290

JrThe He1 (6678 A) line flux was computed by first subtracting the best fitting, and nearby, Ha line profile. As such the values
reported here are dependent upon the Ha modeling.

iThe high velocity material beyond the central profile, seen predominantly in the two early spectra, is not included in the
computed line widths.

Table 7. Selected observed emission lines and fluxes from the nine epochs of Liverpool Telescope SPRAT spectra of the 2014
and 2015 eruptions of M31N 2008-12a.

At (days)  Source Year Flux (x107*® ergem™2s71)8

Ha Hp H~y Her (7065A) Her1 (6678 A)T  Her (5876 A)
0.674+0.02 LT* 2015 10.5+14 74415 . e e 5.0+£1.3
0.96 +0.02 LT# 2015 7.7£08 36+03 38%£11 24407 21+£0.5
1.33£0.14 LT 2014 6.8+04 42402 31£05 18404 1.0+0.3 24+£04
1.79+0.11 LT 2015 104+£06 55£05 3.6=£03 3.6=£06 1.4+0.4 2.7+0.4
2.45+0.18 LT 2014 55+£03 27+£02 20£04 1.2£02 0.8£0.3 1.6 +£0.2
2.84+0.11 LT 2015 7.8+06 28+04 --- 1.3+04 1.7+ 0.3
3.184+0.01 LT 2014 5.1+£0.6 .- e
3.84+0.02 LT 2015 5.5+£0.8 1.7+03 - 0.9£0.2
491£0.02 LT 2015 2.1+04

NoOTE—Line flux is derived from the best-fit Gaussian profile for each emission line and is strongly dependent upon the adopted
continuum level.

JrThe He1 (6678 A) line flux was computed by first subtracting the best fitting, and nearby, Ha line profile. As such the values
reported here are dependent upon the Ha modeling.

I The high velocity material beyond the central profile, seen predominantly in the two early spectra, is not included in the
computed line fluxes.

§ Here we note that the flux units reported in DHS15 (see their Table 3) were incorrect (see Darnley et al. 2016b).
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Figure 13. Evolution of the FWHM of the Ha emission line following the eruption of M31N 2008-12a (left: linear axes, right:

logarithmic axes). See the key for data point identification. These velocities were derived only from the central cores of the
emission lines and do not include the higher velocity material seen in the first two spectral epochs. The dotted black line shows

a simple linear least-squares fit to the 2012-2015 data (gradient = —300 £ 70 km s~ tday !, deof = 3.9; if the first two data
points are ignored X?dof reduces to 3.1, the gray dashed line a power-law of index —1/3 (deof = 2.7; Phase II of shocked
remnant development), the red dot-dashed line a power-law of index —1/2 (x40 = 5.8; Phase III), and the solid black line the
best fit power-law with index —0.28 = 0.05 (xfdof = 2.7), see text for details. These observations indicate that the ejecta shock

pre-existing circumbinary material close to the central system. The most likely conclusion is that the donor is seeding the local
environment via a stellar (red giant) wind.



M31N 2008-12A: THE 2015 ERUPTION 25

bbody kT [eV]
80 100 120 140
L L L

3 T
o |
4
o |
N T T T T T T
6 8 10 12 14 16
Time after eruption [d]
Figure 14. The effective black body temperature of

M31N 2008-12a depending on the time after eruption. Based
on X-ray spectra from the 2015/14/13 eruptions. Sets of
spectra with similar temperature (cf. Figure 4b) have been
fitted simultaneously. Colored data points show the best fit
kT and corresponding uncertainty. The colors are only used
for quick identification of the eruption stages in Figure 15
and Table D5 and carry no specific physical meaning. The
error bars in time after eruption extend from the first to the
last observation of each group. The gray region shows the
95% confidence prediction interval derived from smoothing
temperature fits based on individual snapshots. For clarity,
these individual fits are not shown. A temperature plateau
is suggested between days 9-15, with small scale variations
possible due to more complex spectral changes (see Figure

15).

versus 7 bins in Figure 4b).

The individual spectral fits in Figure 14 (gray band)
tentatively suggest that the observed dip in X-ray flux
(cf. Figures 8 and 9) is associated with a dip in tem-
perature. While the substructure of the effective tem-
perature evolution is otherwise well represented by the
grouped fits, the temperature dip is not visible there.
The reasons for this are most likely that the actual SSS
spectrum (a) differs strongly from a simple black body
continuum and (b) is highly variable. The effective tem-
perature parametrisation in Figure 14 represents only a
first-order approximation that does not fully capture the
actual spectral variations.

The shortcomings of the black body model become
evident when looking at the merged and binned spec-
tra of the nine spectral groups which are shown in Fig-
ure 15 together with the corresponding black body fits.
The early and late low-temperature spectra (groups 1,
2, and 9) can still be reasonably well approximated by
a black body continuum based on the residuals in Fig-
ure 15 and the consistent absorption estimates (see Ta-
ble D5). However, there is little doubt that around the
flux maximum (groups 3-8) the spectra show strong ad-
ditional features and deviate considerably from a simple
black body continuum. Any further study of the spec-
tral (and flux) variability during the SSS phase has to
take into account these features.

For the three groups (1, 2, and 9) that can still
be described by black body fits we derive a Ny of
0.770% x10?' cm~2 from a simultaneous fit. This es-

timate should be considered as more accurate than the
previous value of 1.4 x10%' cm~2 which was based on
a total spectrum including possible additional features
(HND14, HND15). It does however, still assume a black
body continuum. The new value is in excellent agree-
ment with the Eg_y ~ 0.1 (corresponding to Ny = 0.69
x10%! cm™? via the relation between optical extinction
and hydrogen column density from Giiver & Ozel 2009)
found by Darnley et al. (2016¢).

For the remaining groups (3-8) we attempted to model
the X-ray spectra using additional emission components.
Here, we first created an approximate model for each
merged spectrum shown in Figure 15 by adding one to
three Gaussian emission lines to the black body contin-
uum by eye in XSPEC. We then fitted the line param-
eters using x? minimization until the residuals showed
no strong deviations. In a second step, these models
were fitted simultaneously to the (effectively) unbinned
individual spectra of each group using Poisson statis-
tics according to Cash (1979). The model parameters
were linked, with only the normalisations free to vary
for the single spectra. Not all lines for a given group
are detected in all the individual spectra, but almost
every line has a flux that is significant at the 95% con-
fidence level for at least two different spectra. The only
exceptions are the line at 0.76keV in group 6 and the
0.92keV line in group 7 which are only significant in a
single spectrum each.

The results of the spectral exploration are summa-
rized in Table D5 where we compare the emission line-
enhanced models to pure black body fits. We found that
likelihood ratio tests (1rt in XSPEC) preferred the mod-
els with emission lines over the pure continuum mod-
els, with > 85 % better likelihood ratios for all groups
and > 95 % for most. The table also shows that the
addition of line components not only improved the fit
statistics but led to considerably more consistent (and
realistic) values for the absorption column and the black
body temperature throughout. The Ny values are now
consistent with the black body fits for groups 1, 2, and
9, as well as the extinction determination by Darnley
et al. (2016¢). Also the effective temperatures, albeit
with large uncertainties, are in general consistent with
the overall trend in Figure 14.

In Figure 15 we also show the location of known emis-
sion lines from H-like and He-like carbon, nitrogen, oxy-
gen, and neon. Table D5 names those lines that are close
to the energies of the suggested emission lines. This is
not a clear identification of those lines but a first tenta-
tive suggestion of those elements that might contribute
the additional emission features.

Note, that the spectral FWHM of the Swift XRT,
which is illustrated at the bottom of Figure 15, is
broader than some of the excess features that only con-
sist of one or two spectral bins and are therefore unlikely
to correspond to individual emission lines. For this rea-
son, we fitted the spectral lines first before overlaying
the known transitions, so that our analysis would not
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Figure 15. Binned combined XRT spectra in arbitrary flux units with black body fits (solid lines). The colors correspond to the eruption stages in Figure 14 with time
progressing from top to bottom. For groups 3-8 we show the energies (dark gray) and corresponding uncertainties (light gray) of possible emission lines (see Table D5).
Additionally, the energies of known prominent emission lines of H-like and He-like C, N, O, and Ne transitions are indicated by dashed lines (for the He-like triplets
only the forbidden line locations are marked). The relevant line identifications are given at the top and bottom of the figure. The horizontal gray lines at the bottom of
the plot show the Swift XRT FWHM of ~ 125€eV in this energy range as determined in XSPEC based on the current XRT calibration files (CALDB version 20160121).
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be biased by associating narrow features with certain
laboratory lines.

In terms of Galactic nova low-resolution X-ray spec-
troscopy, the RNe RS Oph (Osborne et al. 2011) and
V745 Sco (Page et al. 2015, see also Section 7.6) showed
significant spectral excesses in high statistical quality
XRT spectra.

For practical purposes the M 31 blueshift is negligi-
ble (z ~ —0.001), well below the binning resolution in
Figure 15. While additional velocity shifts have been
reported for absorption lines of Galactic novae (e.g. van
Rossum & Ness 2010; Ness 2010), the emission features
normally show no such effects.

Hot WD atmosphere models (e.g. Rauch et al. 2010;
van Rossum 2012) resemble black body-like continua cut
by sharp absorption features. These features have been
observed in X-ray grating spectra of several Galactic
novae (e.g. Ness et al. 2013). Therefore, we tested fit-
ting the absorption edge of neutral oxygen at 0.54 keV
(prominently seen in RS Oph, e.g. Ness et al. 2007), as
well as the N VII ionization edge at 0.67keV and the
Ot edge at 0.87keV. In no case did the inclusion of
these features result in a statistically better fit or more
consistent values of Ny or kT compared to the pure
black body. Therefore, the more complex model atmo-
sphere fits were not attempted. Significantly more ex-
posure time and/or high-resolution XMM-Newton RGS
data are required for a solid test of our tentative results.

7. DISCUSSION
7.1. Ejecta deceleration and eruption environment

In DHS15 we presented evidence showing a marked
decrease of the inferred velocity of the ejecta based on
the line width of the Ha emission from the 2012, 2013,
and 2014 eruptions. Similar ‘decelerations’ have been
seen in a number of RNe, most notable RS Oph (Dufay
et al. 1964; Tijima 2009), and have been linked to the
physical deceleration of the ejecta as they interact with
significant circumbinary material (in the case of RS Oph,
the red giant wind; Pottasch 1967; Bode et al. 2006;
Evans et al. 2007).

Bode & Kahn (1985) described the standard three
phase model of the interaction of the ejecta with a
shocked 1/7? density profile stellar wind. Phase I is
the early stage of the interaction and the ejecta are still
imparting energy to the shocked wind and the reverse
shock, running into the ejecta, remains important. In
Phase II there is a period of adiabatic forward shock ex-
pansion until the shock temperature decreases and the
shocked gas becomes well cooled with the momentum-
conserving Phase III of development established. The
expected behavior of the observed shock velocities dur-
ing Phase II and III are well represented by the power
laws v oc t~1/3 and v oc t71/2, respectively.

However, for the 2006 eruption of RS Oph, the X-ray
emission has revealed that after an ejecta-dominated,
free expansion stage (Phase I) lasting ~ 6 days (Bode
et al. 2006), the remnant rapidly evolved to display be-

havior characteristic of a shock experiencing significant
radiative cooling (Phase III). The duration of an adia-
batic, Sedov-Taylor phase (Phase IT) was rather shorter
than predicted by the remnant evolution model devel-
oped by Bode & Kahn (1985); O'Brien & Kahn (1987);
O’Brien et al. (1992) after the 1985 eruption of RS Oph.
This was in part due to not appreciating at that time the
nature of the SSS phase in RS Oph but also because of
particle acceleration in the shock (Tatischefl & Hernanz
2007).

Line narrowing has also been witnessed in a num-
ber of CNe and RNe that are not expected to have
erupted into dense circumbinary environments. Shore
et al. (1996) presents an alternative interpretation, that
simply higher velocity material has always traveled the
furthest distance, so its emissivity decreases at a greater
rate than that of slower moving material, causing the
emission lines to narrow. In systems where the ejecta in-
teract with significant circumbinary material one would
expect a combination of both effects.

The Ha velocity evolution, as presented in DHSI15,
was best described by a power law of the form v
t=0-1240.05 " clearly incompatible with the expectations
of Phase IT or ITI. As such, DHS15 interpreted the veloc-
ity evolution between 1.27 < ¢ < 4.6 as Phase I of shock
evolution, and based their conclusions upon this inter-
pretation. By direct comparison to the RS Oph system,
and using the observed velocities from the 2014 eruption,
DHS15 determined that Phase I following an eruption of
M31N 2008-12a should therefore last for 2 3.6 days after
maximum visible light (or 2 4.6 days after the onset of
the eruption). The comparison led to an inferred ejected
mass from M31N 2008-12a of > 3 x 1078 M.

However, the addition of the 2015 eruption data sig-
nificantly alters the picture and subsequent interpreta-
tion. The DHS15 investigation tied the velocities to the
time of maximum visible light, which would make any
power-law relation appear too shallow; here we relate
the velocities to the estimated time of the eruption (i.e.
the start of mass ejection; around one day prior to max-
imum visible light; see Table 4). The early epoch spec-
tral observations of the 2015 eruption contain complex
line morphologies showing evidence of very high veloc-
ity material. The addition of the early- and late-time
2015 data, and the shifting of the time-axis (see Table 6
and Figure 13) have the effect of steepening the best-
fit power-law to v oc t~028%0.05  These updated data
are now entirely consistent with the expected deceler-
ation from Phase II shock behavior as the M31N 2008-
12a ejecta interact with surrounding pre-existing mate-
rial. We also note that the time-scale of Phase IT would
therefore run from ¢ ~ 1d until 2 4.9d post-eruption
— the time of the final spectrum. The end of Phase II
is poorly constrained by the lack of later-time spectra,
but it appears that Phase II is consistent with the linear
early-decline of the NIR-UV light curve (see Section 5).

With knowledge of high, early time, ejecta velocities
(FWHM ~ 13000kms~!) we can update the Phase I
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time-scale estimate as presented in DHS15. Bode &
Kahn (1985) show that the time-scale of Phase I is
given by t Meu/]\ﬂve7 where M, and v, are the
ejecta mass and initial velocity, respectively, and M
and u are the donor mass loss rate and wind veloc-
ity, respectively; which we will again assume are sim-
ilar to those seen in RS Oph (v, = 5100kms~!; Ribeiro
et al. 2009, and M, = 2 x 1077 Mg; O'Brien et al.
2006; Orlando et al. 2009). For RS Oph, Bode et al.
(2006) derived a Phase I timescale of ~ 6 days, whereas
the updated early high-velocities for M31N 2008-12a
(ve = 6500 kms~1; taken as the HWHM of the ‘rectan-
gular’ emission line profile) give a time scale of 0.9+ 0.2
days (post-eruption) for an ejected hydrogen mass of
Men = (2.6 £0.4) x 1078 Mg'" (HNDI5), consistent
with the earliest (¢ < 1d) spectra of the 2015 eruption
where very high velocity material is seen. Based on Fig-
ure 13, it appears that Phase II begins at around ¢ ~ 1d,
consistent with this timescale estimate for Phase I.

These observations, now spanning four consecutively
detected eruptions, clearly indicate that the ejecta in-
teract with, and shocks, significant pre-existing cir-
cumbinary material close to the central system. With
eruptions occurring perhaps as frequently as every six
months, the local environment will need to be regularly
replenished as we expect RNe to be long-lasting phe-
nomena. Therefore, it seems likely that the donor star
is seeding the circumbinary environment, not just the
WD, via a high mass loss rate — a stellar wind.

If we assume that material is lost from the donor with
a velocity of 33 kms~! (akin to the red giant wind veloc-
ity of RS Oph; Tijima 2009) then the maximum extent
of such material at time of eruption would be 6.6 AU
(or 3.3AU for P = 174d; see Section 7.5). Assuming
the ejecta initially expand with a (HWHM) velocity of
6500 km s, this wind could begin to be cleared from as
early as 1.8d (or 0.9d for a six month recurrence pe-
riod). With the bulk of the ejected material presumably
travelling with the mean (but decelerating) velocity of
2670 &+ 70kms~! the ejecta would begin to run-off the
wind at around 4.3d (or 2.2d for P, ~ 6 months). As
the spectra imply that Phase II continues until at least
day 4, this suggests that the recurrence period may in-
deed be ~ 1yr; although we note that the donor wind
velocity may be different to that of RS Oph.

In such a scenario, the high temperatures developed
as the ejecta shock any surrounding material is expected
to give rise to the so-called ‘coronal’ lines of, for exam-
ple, [Fevii], [FeX], and [Fe X1v], as are observed around
30 days after the eruptions of RS Oph (Rosino & Iijima
1987; Tijima 2009). DIIS15 reported that they had ob-
served no evidence of such lines in the individual spec-
tra from the 2012 and 2014 eruptions. Such a non-

11 Here, we have assumed Solar abundances in the ejecta. We
note that Kato et al. (2016) assume X=0.53 for the ejecta, if we
therefore assume such a higher mass ejecta the Phase I timescale
increases slightly to 1.2 + 0.2 days.

detection was not inconsistent with the shock timescales
derived in DHS15. However, with the much acceler-
ated timescale, as derived above, one might expect to
see such high-ionization coronal lines in the early time
spectra. By rough extrapolation, day 30 in RS Oph
is approximately equivalent to day 4-5 in M31N 2008-
12a'?.  As described in Section 6, there are tentative
detections of [Fevii], [Fex], and [Fe XIv] emission lines
in the combined 2012, 2014, and 2015 spectrum. lijima
(2009) reported the appearance of such coronal lines be-
tween day 29 and 35 after the 2006 eruption of RS Oph,
these lines then strengthened significantly in later spec-
tra. Therefore, the weak coronal lines detected before
day 4 in M31N 2008-12a are roughly consistent with this
timescale, and we may expect them to strengthen in
later-time spectra. As discussed in DHS15, any hard X-
ray emission from such shocks, as was seen by Swift from
RS Oph (Bode et al. 2006), would be undetectable at the
distance of M 31. The same conclusion is found when
scaling from the more similar nova V745 Sco (see Sec-
tion 7.6). Building an argument based on each of these
coronal lines individually would be folly; but with five
of such lines possibly detected and the ‘missing’ lines
easily accounted for, the evidence is quite compelling.

The tentative identification of Raman scattered O vi
emission at ~ 6830 A in the combined spectrum (as de-
scribed in Section 6) potentially provides another inde-
pendent line of evidence pointing directly at the donor
star in the system. Although we cannot completely rule
out a C1 origin for this line, the lack of other CTI lines in
the spectrum is somewhat telling. Here we again point
to the additional caveats discussed in Section 6.1. Such
Raman emission is not seen in classical novae (MS- or
SG-novae), but is readily observed in symbiotic stars and
RG-novae (nova eruptions within symbiotic systems, e.g.
RS Oph).

Taken together, the color-magnitude evolution (see
Section 5.6), the v t=1/3 power-law ejecta decelera-
tion, the coronal lines, and the possible Raman emis-
sion band provide strong evidence describing the envi-
ronment of the nova. The simplest coherent picture be-
ing a WD accreting from the extensive stellar wind of
a red giant, with the subsequent nova eruptions then
interacting with, and shocking, the extended wind. By
virtue of the low ejected mass and high ejection velocity
of M31N 2008-12a (both at the extremes of the ranges
observed in novae), the early ejecta evolution occurs on
timescales significantly shorter than seen in any other
novae — days rather than weeks.

Therefore, we conclude that the mass donor in
M31N 2008-12a is a red giant. As such, the companion
itself will be accessible to NIR photometric (see Darnley
et al. 2016¢, for a detailed discussion of the existing pho-
tometry) and possibly even spectroscopic observations.

12 But also see Kato et al. (2016) who predict an even earlier
onset of the eruption in M31N 2008-12a.



M31N 2008-12A: THE 2015 ERUPTION 29

As a natural consequence, the orbital period of the sys-
tem must be long (of the order of hundreds of days), and
will therefore — again uniquely — be similar to the recur-
rence period. With no strict requirement for the orbits
in a long-orbital period nova to have been completely
circularized, the inter eruption periods for M31N 2008-
12a may be, intriguingly, sensitive to the orbital phase
of the system.

7.2. Spectral Energy Distribution

In Figure 16 we illustrate the spectral evolution of
the 2015 eruption of M31N 2008-12a from At ~ 0.7 days
after the eruption (gray points), then from At ~ 1days
at one day intervals up to and including At ~ 6 days,
at At ~ 10days, and at quiescence (red data points).
In this plot the black data points indicate epochs before
the SSS turn-on (all during the linear early-decline of
the NIR-UV light curve; see Section 5), with blue data
points showing the evolution during the SSS phase. The
quiescent data are taken from archival HST observations
(see DWBI14). We have utilized visible and Swift UV
absolute calibrations from Bessell (1979) and Breeveld
(2010), respectively. Here we have assumed a distance
to M 31 of 770 £ 19 kpc (Freedman & Madore 1990) and
line-of-sight reddening of Ep_y = 0.096 =+ 0.026 (all of
a foreground Galactic origin, see Darnley et al. 2016¢,
for a complete reddening analysis and discussion). We
have utilized the analytical Galactic extinction law of
Cardelli et al. (1989, assuming Ry = 3.1) to determine
the extinction values suitable for the Swift UV filters
(calculated at the central wavelength of each filter).

Compared to the SED of the 2014 eruption presented
in DHS15 (see their Figure 11) the SED coverage from
the 2015 is more extensive, following the evolution for
over three times as long and over a much broader wave-
length regime. In 2014 there was a relatively large
time offset between the ground-based (LT) data and the
Swift UV data which, given the rapid nature of the evo-
lution, was not ideal. The temporal matching between
the ground and Swift for the 2015 eruption is much im-
proved.

When nova ejecta are still optically thick, the contin-
uum emission can be well described by a black body
with the wavelength of peak emission closely related to
the radius of the pseudo-photosphere (see, for example,
Gallagher & Ney 1976). As initially discussed in DHS15,
these SEDs, even at At = 0.7d are not consistent with
black body emission, not even with the Rayleigh-Jeans
tail of a ‘hot’, low-photospheric radius, ejecta, as ex-
pected from systems with very low ejected mass.

Based on the visible spectra, we know that the emis-
sion up to at least ¢ ~ 5d is a combination of con-
tinuum and emission line flux, and we have no rea-
son to expect that this will change significantly at later
epochs. As the line flux contribution from later times
is unknown, we chose not to correct any of the SEDs
for lines. With this caveat in mind, we fit the SEDs
with simple power-laws. The spectra up to ¢t ~ 1d are

Table 8. Indices of power-laws fit to the evolving SED of
M31N 2008-12a.

At (days) SED power-law index'

0.7 0.67+0.13
1 0.66 £ 0.07
2 0.27£0.23
3 0.92£0.29
4 0.91£0.33
5 0.86 +0.20
6 1.06 £ 0.25
10 0.82£0.29

TQuoted uncertainties are based on random photometric er-
rors, an addition systematic error of 0.09 due to the extinc-
tion uncertainty should also be applied to all indices.

continuum dominated (see Figure 10) and, as indicated
by Figure 12, the integrated line fluxes decrease un-
til after day 1 as the high-velocity component wanes.
Fits to the ¢ = 0.7 and t = 1d SEDs show power-
laws with indices 0.67 & 0.13random £ 0.09systematic and
0.66+0.07 andom £ 0.09systematic, respectively (where the
systematic error arises from the reddening determina-
tion, and persists for all power-laws fit to these data).
Therefore, at this time, the SED is completely consis-
tent with optically-thick free-free emission (f, o< v?/3;
Wright & Barlow 1975).

From t ~ 1.5d, the line fluxes initially increase (see
Figure 12) against a continuum which decays until ¢ ~
4d (the end of linear early-decline phase) — any power-
law fits to the SEDs therefore may become increasingly
confused by the emission line flux. At ¢t = 2d the slope
of the SED has decreased to 0.27 + 0.23, which could
indicate a move toward optically-thin free-free emission
(f, oc v=0%L Wright & Barlow 1975). However, from
t = 3d onward (see Table 8) the general form of the SED
is relatively stable and is again consistent with optically
thick free-free emission. During that period we just see
an overall decrease in flux, although between t = 4d and
t = 5d the SEDs are essentially unchanged in flux (see
below) as the nova enters the quasi-plateau phase. The
mean SED slope across all epochs is 0.69 £ 0.06, con-
sistent with optically thick free-free emission. Without
spectra to further constrain the emission, it is difficult to
speculate whether the slope change at ¢ = 2d is a gen-
uine transition to optically thin free-free emission, with
the later SEDs becoming increasingly line dominated, or
simply a statistical outlier.

It is interesting to note the behavior of the 7’ and
V-band relative flux as the SED evolves. At ¢t = 1d,
when the SED is continuum dominated these points fol-
low the general optically-thick free-free trend, with a
hint of an r’-band excess due to the strong Ha emission.
As the evolution continues, the r’-band excess strength-
ens against V' as the continuum drops and the Ha flux
strengthens (as mentioned broadly above) — continuing
throughout the linear early-decline (up to ¢ ~ 4d). Then
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Figure 16. Distance and extinction corrected SED plots showing the evolution of the SED of the 2015 eruption (¢t = 0.7d
corresponds to the UV peak, 1-4d the initial decline, 5-6 and 10d the SSS phase). Units chosen for consistency with similar
plots in Schaefer (2010, see their Figure 71) and DWB14 (see their Figure 4). The central wavelength locations of the Johnson-
Cousins, Sloan, HST, and Swift filters are shown to assist the reader. Here the extinction is treated as just the line-of-sight
(Galactic) extinction towards M 31 (E§2%e = (.1; Stark et al. 1992); see the detailed discussion in Darnley et al. (2016c¢).
The error bars include contributions from the photometric and extinction uncertainties, the single black point above the key
indicates the systematic uncertainty based on the distance of M31. A V-band apparent magnitude scale (not corrected for

extinction) is shown on the right-hand y-axis to aid the reader.

as the nova enters the quasi-plateau phase, and the SSS
turns on (¢ ~ 5d), this trend starts to reverse. Be-
tween day 4 and 5, the only significant change in the
SEDs is an increase in V-band flux. By ¢t ~ 10d, the
V-band flux is stronger than the r’-band. While late-
time spectra are required to confirm what is causing
such a trend, it is likely to be line driven. Nebular lines
typically begin to appear in nova spectra once the UV
becomes optically thin (see, for example Moro-Martin
et al. 2001; Della Valle et al. 2002, which is also related
to the unveiling of the SSS). The strongest nebular lines
in novae are usually the [O 111] (particularly 4959/5007A)
lines — located within the V-band. Therefore we predict

that M31N 2008-12a enters the nebular phase during its
quasi-plateau phase, probably between days 4 and 5.

As described by DWB14 and TBW14, the quiescent
SED (indicated by the red data in Figure 16) is con-
sistent with being dominated by a luminous accretion
disk; the SED during the late decline-phase and the na-
ture of the quiescent system is discussed in detail in the
companion paper by Darnley et al. (2016¢).

We note that the visible peak (for M31N 2008-12a at
t ~ 1d) for a ‘typical’ nova corresponds to the maxi-
mum extent of the pseudo-photosphere and the minimal
effective temperature (Ter ~ 8000K) — therefore, such
a nova is expected to have a black body-like spectrum,
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which peaks in the visible, at the time of the peak in
the visible light curve. As stated in DHS15, we again
find that the SED at visible peak does not correspond
to a black body peaking in the visible. But now that the
extinction is constrained (Darnley et al. 2016¢), we have
also confirmed that the SED at the visible peak is not
the Rayleigh-Jeans tail (f, o v?) of black body emis-
sion from a ‘hotter’ source. Even at such an early stage
(t = 1d), the visible emission has already evolved to an
(optically thick) free-free form. During the linear initial-
decline phase, the NUV Swift uvw] data points are sys-
tematically lower than the u/-band data — once the SSS
turns on this ‘discrepancy’ may disappear. Although a
single data point alone cannot confirm this, it may be
evidence of a transition to an optically thick regime at
bluer wavelengths. Together, these SEDs confirm that
the emission peak from M31N 2008-12a never moves as
red as the visible, and probably not even into the NUV
or FUV, and that it may always be constrained to the
EUV (before shifting back into the X-ray as the SSS is
unveiled). Therefore, as the optical depth of the ejecta is
so low, we can conclude that the ejected mass in an erup-
tion of M31N 2008-12a must be significantly lower than
in a ‘typical’ CN, or even all other observed RNe. This
is in agreement with the theoretical estimates obtained
through hydrodynamic simulations when very high val-
ues of the WD mass and accretion rate are adopted (see,
for example, Hernanz & José 2008)

7.3. X-ray spectral variability

The spectral models summarized in Table D5 suggest
that the SSS phase emission of M31N 2008-12a can be
consistently described using emission lines superimposed
on an absorbed black body continuum. The statistical
significance of these detections is modest, and has not
be subjected to the rigorous examination described by
Hurkett et al. (2008), which is beyond the scope of this
work. Nevertheless, we consider discussion of the poten-
tial origin of these features to be of interest.

Even though no fitted line appears in all groups (com-
pare also Figure 15), there are certain features that sev-
eral groups have in common. Many of the putative X-
ray emission lines fall near known transitions of N vII
(0.50keV), Ovir (0.56keV), or O v (0.65keV). In the
highest temperature spectra (i.e. groups 4-7) there is
weak evidence for Ne emission features (NeIx« and
Nex «) around 0.9 or 1keV (group 6 only). However,
not all fitted features have obvious laboratory counter-
parts (see Figure 15); and one must keep in mind, that
due to the broad XRT spectral response width, nar-
row observed features in the count spectrum are likely a
noisy representation of the underlying spectrum at best.

The identification and classification of possible emis-
sion lines is complicated further by the strong SSS vari-
ability of M31N 2008-12a up to day 13 (see Figure 8).
All emission components are potentially variable and
some lines will not necessarily be present in all snap-
shot spectra of a certain group. The visible differences

between the group spectra in Figure 15 already sug-
gest a more complex spectral variability. Incidentally,
the group spectra after the end of the early variability
phase (i.e. groups 7, 8, and 9, see Table D5) appeared
to be somewhat more homogeneous and easier to fit
than the earlier spectra. These tentative first results
need to be tested robustly with high-resolution (XMM-
Newton RGS) X-ray spectra to enable a confident inter-
pretation of the underlying physics.

For now, the X-ray spectral models suggested for
M31N 2008-12a, i.e. a hot photospheric continuum with
superimposed emission lines of highly ionized nitrogen,
oxygen, and possibly neon, is reminiscent of the high-
resolution spectra of the Galactic RN U Sco as discussed
by Ness et al. (2012). Their Figure 8 shows strong oxy-
gen features (and weak Ne lines) to appear as the con-
tinuum temperature increased. Ness et al. (2012) sug-
gest that the strongest emission lines appearing at the
peak of the continuum flux indicates that those lines
were photoexcitated and that therefore the plasma that
produces them should have been close to the central
SSS. Note, however, that Ness et al. (2012) suggest that
the Ne lines, together with potential Mg lines, originate
more likely in a collisional plasma. In our case, there
seem to be no detectable lines beyond the Wien tail of
the black body model.

Recently, Ness et al. (2013) introduced a phenomeno-
logical classification of SSSs, according to their high-
resolution spectra, into those exhibiting clear emission
lines (SSe) or absorption lines (SSa) in addition to a
continuum component. They note that SSe objects have
on average higher inclination angles. Ness et al. (2013)
suggest that SSe spectra indicate an obscuration of the
central WD, with residual continuum emission being ob-
servable because of Thomson scattering. In this pic-
ture, emission lines are photoexcitated and arise from
resonant line scattering. In this model interpretation,
M31N 2008-12a would be classified as a SSe and we dis-
cuss the possible implications on its inclination angle in
Section 7.4.

We also tried to model the separate high- and low-flux
spectra in Figure 8c using the same approach as for the
group spectra. The results are included in Table D5.
We found that a black body continuum plus emission
lines again leads to statistically improved and physically
more consistent values than the pure black body. The
estimated column densities have relatively large uncer-
tainties but are consistent with the best group fit of
Ng = 0.770% x10*' cm™2. The continuum tempera-
tures are not well constrained either. However, they
suggest that the high flux spectra might have a higher
black body temperature (~ 120eV) than the low-flux
spectra (~ 90eV). Taken at face value, this difference
would translate (via the Stefan-Boltzmann law) to a fac-
tor of ~ 3 larger flux for the high-state bins, which is
consistent with an average factor of 2.6 flux difference
between high and low-flux snapshots (see Section5.7),
without the need for a change in radius.
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Figure 17. Panel a: Same as Figure 4a for the 2015 detec-
tions only. Panel b: Light curves for the energy bands of
0.3-0.5keV (red) and 0.5-1.5keV (blue) with corresponding

smoothed fits based on local regression (solid lines).

For the identified emission lines we found no obvi-
ous overlap in energies between the high- and low-flux
spectra. The two higher-energy lines in Table D5 over-
lap within their 20 uncertainties. However, given the
current spectral resolution and relatively low number of
counts it is not possible to study the emission line vari-
ability with any confidence.

Additionally, based on the group spectra shown in Fig-
ure 15 we examined the SSS variability in two different
energy bands: 0.3-0.5keV (soft) and 0.5-1.5keV (hard).
Almost all of the potential emission features were found
in the hard band. The resulting light curves for the
2015 eruption are shown in Figure 17. The apparent
dip around day 11 appears to be confined to the hard
band. Statistical tests confirm that there is significantly
(F-test: beyond 30 level; p-value = 4.154 x 1075) less
variability in the soft band (standard deviation = 0.36)
compared to the hard band (¢ = 0.88). This is further
evidence that the early SSS variability is connected to
spectral variations.

High-resolution X-ray spectroscopy data will be ob-
tained for a future eruption, using a dedicated XMM-
Newton RGS observation, in order to study the puta-
tive spectral features and their possible variability with
much more confidence.

7.4. Geometry, inclination, and jets?

The inclination of the M31N 2008-12a system to the
line-of-sight is unknown, but it is one of the key missing
ingredients to fully understanding the observations of
the eruptions.

Working under the assumption that the surrounding
nebulosity was related to past eruptions of M31N 2008-
12a and with the morphology of the Ha emission line
during the linear early-decline phase, DHS15 employed
morpho-kinematical modeling (see, for example, Ribeiro
et al. 2009, 2011, 2013) to derive an inclination estimate

of i = 4675, degrees (where i = 90 corresponds to an
edge on, eclipsing, system). Here, again, we strongly re-
inforce the caveats placed on this result by DHS15, for
example, this result is likely not unique and is strongly
dependent on the assumed connection between the nova
and the nebula, and that the nebula has not been sig-
nificantly re-shaped post-eruption.

Here though, the high velocity material present in the
early spectra may provide some useful constraints on the
system inclination. For simplification, in Section 7.1, we
have worked under the assumption that the ejecta and
wind are spherically symmetric. The fleeting nature of
this high velocity emission (up to approximately 1day
post-eruption), surrounding the longer-lived and slower
central emission component (see Figure 11), is strongly
suggestive — as proposed in many novae — of highly asym-
metrical ejecta. For example, the observed line profiles
are inconsistent with those expected from either a filled
or shell-like spherical system. Given the high velocities
initially observed, higher than any velocities previously
recorded in novae, we must assume that this material is
essentially traveling along, or close to, the line of sight.
With the expected geometry of the pre-eruption system,
the WD, donor, accretion disk, and the bulk of any cir-
cumbinary material or stellar wind all lying in the or-
bital plane, it seems likely that this high velocity mate-
rial must have been ejected in the polar direction where
it can expand relatively unimpeded (see, for example,
the ejecta geometry of V959 Monocerotis, as described
by Chomiuk et al. 2014). With the emissivity of this
essentially free-expanding material diminishing rapidly,
the spectral evidence is similarly short-lived. With the
high velocities seen here already approaching those seen
in SNe, we must then infer that the orbital plane of
M31N 2008-12a has to be close to being face-on, and
that the central emission component is due to equato-
rial expansion of the ejecta (aligned close to the plane of
the sky). Finally, we note that the inclination derived
in DHS15 is not inconsistent with such a geometry.

From the X-ray point of view, there appears to be
evidence for additional spectral components beyond a
simple (black body) continuum model (see Section 6.4).
The combined spectra in Figure 15 seem to be consistent
with the presence of emission lines. The Galactic study
of Ness et al. (2013) discussed a possible link between the
presence of strong emission lines in SSS high-resolution
X-ray spectra (their SSe class) and the inclination angle
of the system. The SSe were interpreted as obscured
WDs and the majority of them had high inclinations. If
M31N 2008-12a were a SSe with a high inclination then
this would be somewhat at odds with our conclusions
drawn from the visible spectra.

However, the sample of Ness et al. (2013) was still
small and these authors argued for a careful interpre-
tation of the apparent correlation. With only tentative
hints at X-ray emission lines in M31N 2008-12a, and in-
sufficient evidence on the impact of the inclination angle,
more data and a larger Galactic sample are needed to
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explore and harness the predictive power of X-ray spec-
tral classifications on the binary geometry.

Following radio observations of the 1985 and 2006
eruptions of RS Oph, the presence of a jet or jet-like
structure was reported (Taylor et al. 1989; Rupen et al.
2008, respectively). Sokoloski et al. (2008) proposed
that the jets in RS Oph are driven by highly collimated
outflows, rather than, for example, inherently asym-
metric explosions, or interaction with the circumbinary
medium. The Ha profiles in the new early M31N 2008-
12a spectra (see the bottom right plot within Figure 11)
are not dissimilar to the Ha lines of RS Oph at day 12
and 15 after the 2006 eruption (see Skopal et al. 2008,
their Figure 2; although the velocities in M31N 2008-
12a are significantly greater). Figure 11 (bottom right)
shows the Ha line profile 0.67d after the 2015 erup-
tion of M31N 2008-12a, here the high-velocity emission
has been isolated as a pair of Gaussian profiles (blue
lines) around the central profile (red line). These high-
velocity Gaussians have consistent fluxes and widths
(mean FWHM = 2800 + 100 km s~1!). The blue and red
shifted Gaussians are offset from the rest wavelength by
—4860 £ 200kms~! and 5920 4+ 200 kms~!.

With such a high mass accretion rate and accretion
disk luminosity (see DWBI14) and a proposed red gi-
ant donor (hence large orbital separation) it seems a
reasonable assumption that the M31N 2008-12a accre-
tion disk is particularly massive. As such, it is a rea-
sonable step to further propose that the accretion disk
may survive each eruption. Such a short recurrence pe-
riod will therefore require accretion to begin soon after
each eruption. With disk formation timescales being
related to the orbital period (see the detailed discus-
sion in Schaefer et al. 2011, and references therein), the
long orbital period required by a giant donor would not
permit a destroyed or heavily disrupted disk to reform
in such a short time-scale. Therefore the proposal of a
long orbital period, short recurrence period, system with
a giant donor seems to require that the accretion disk
persists post-eruption. A surviving accretion disk may
be able to provide the collimation mechanism required
to drive any jets. This proposal of a surviving accretion
disk is further explored in Darnley et al. (2016¢).

7.5. Recurrence Period

In Figure 18 we show the eruption dates, in days of
the year, of every visible detection of an eruption during
2008-2015. The plot and corresponding linear fit show
that successive eruptions tend to occur slightly earlier
in the year. This trend is significant. Therefore, the ob-
served recurrence period appears to be slightly shorter
than one year. The Figure 18 is based on HDK 15, where
an apparent period of 351+ 11d was estimated. Includ-
ing the 2015 eruption here we find a value of 347 +10d
(0.950 £ 0.027 yr).

The first long-term analysis of the recurrence pe-
riod of M31N 2008-12a was also presented in HDIK15,
who proposed a ~ 6 month eruption cycle, rather than
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Figure 18. Distribution of eruption dates (in days of the
year) over time since 2008. Based on Table 1. The red line

is the best fit. The gray area is the corresponding 95% con-
fidence region. The uncertainties of the estimated eruption
dates are smaller than the symbol size. Here we show the
updated recurrence time fit and scatter, which are the basis
for the eruption date predictions in Table 9.

the approximately yearly one currently observed. This
scenario is based on the historical eruption dates in-
ferred from archival X-ray detections in 1992, 1993 (with
ROSAT), and 2001 (with Chandra). The dates of these
eruptions are only consistent with the trend shown in
Figure 18 if a shift of ~ 0.5yr is applied. The simplest
explanation for this behavior is that M31N 2008-12a has
two eruptions per year. Hereafter we define the “a” and
“b” eruptions as the first and second eruption in a given
calendar year, respectively'®. In this picture, the miss-
ing “a” eruptions during 2008-15 have occurred during
the time of Mar-May while M 31 was in Solar conjunc-
tion.

The corresponding recurrence period is 174 + 10d or
0.476 + 0.027 yr. As for the above estimate of the ap-
parent recurrence period the given uncertainty is the
standard error of the mean. Individual eruptions ap-
pear to deviate from the mean by about +1 month (1o;
cf. Figure 18). We note that this 1o prediction window
is ~ 12 times shorter than that for the Galactic RN
U Sco (Schaefer 2005; Schaefer et al. 2010).

So far, only one eruption per year has been detected.
However, as the eruptions of the established “b” se-
quence tend to occur earlier each year, the predicted
“a” eruptions (in the first half of the year) are expected
slowly to leave the Sun constraint. In Table 9 we list the
predicted future eruption dates, together with their 1o
prediction uncertainties, based on all known eruptions
from Table 1. These estimates assume a 6-month period
which we expect to confirm in the coming years.

The data shown in Table 9 and Figure 18 will be up-
dated after each future eruption, which may also allow
us to improve the prediction accuracy. A comprehen-
sive search in various archives for historical eruptions is

13 Assuming the shorter recurrence period, there will be a short
period repeating every ~ 21years in which a third “c” eruption

may occur each year.
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Table 9. Predicted future eruption dates and 1o prediction
uncertainty ranges of M31N 2008-12a assuming a ~ 6 month
recurrence period The “a” and “b” labels refer to the first
and second eruptions in a given year, respectively.

1D MJD  Date Lower limit Upper limit
2016-b 57647 2016-09-16 2016-08-21  2016-10-13
2017-a 57826 2017-03-14 2017-02-15 2017-04-10
2017-b 58003 2017-09-07 2017-08-11  2017-10-04
2018-a 58179 2018-03-02 2018-02-03  2018-03-29
2018-b 58356 2018-08-26 2018-07-30  2018-09-22
2019-a 58533 2019-02-19 2019-01-23  2019-03-18
2019-b 58710 2019-08-15 2019-07-19 2019-09-11
2020-a 58886 2020-02-07 2020-01-11  2020-03-06
2020-b 59063 2020-08-02 2020-07-06  2020-08-30

in progress and the results will be published in the near
future.

7.6. Comparison to V745 Scorpii

The Galactic RN V745 Sco can be considered as the
closest cousin of M31N 2008-12a. Assumed to be hosting
the most massive WD in the Galaxy and being fueled by
wind accretion from an RG companion, this nova shares
many of the extreme observational characteristics of our
object. Here we discuss the main similarities and dif-
ferences between these two promising SN Ia progenitor
candidates.

V745 Sco belongs to the RG-nova class (Darnley et al.
2012) and has undergone detected eruptions in 1937,
1989, and most recently in 2014 from which a period of
P,ec ~ 25yrs is inferred. However, it should be noted
that with the peak luminosity reaching (only) 10" mag-
nitude, some eruptions may have been missed, render-
ing the inferred recurrence period an upper limit (see
Shafter 2016, and references therein, for a general Galac-
tic nova completeness discussion).

Page et al. (2015) presented a comprehensive X-ray
and UV analysis of the 2014 eruption of V745 Sco. They
found that photospheric X-ray emission was detected
only 4-5 d after eruption, taking into account the uncer-
tainty of the eruption date, thereby narrowly surpassing
the turn-on time scale of M31N 2008-12a. However, in
contrast to M31N 2008-12a, the SSS phase only lasted
until about day 10 (see their Figure 11), instead of day
18, giving V745 Sco the fastest SSS turn-off and the
shortest SSS phase observed in any nova, so far.

The fact that these time scales are even faster than
in M31N 2008-12a suggests that less matter was ejected
and burned during the SSS phase. This would indi-
cate that a smaller amount of hydrogen was necessary
to trigger the eruption, and that therefore the WD in
V745 Sco would be more massive than in our case (see
the models of Hachisu & Kato 2006). A lower hydro-
gen content of the accreted material would also lead to
a shortening of these time scales, but they react more
sensitively to changes in the WD mass (cf. Hachisu &

Kato 2006). In either case, the much longer recurrence
time of V745 Sco (25yr vs. 0.5/1yr for M31N 2008-
12a) suggests that its accretion rate is lower than the
1.6x1077 Mg yr~! estimated for M31N 2008-12a based
on the theoretical models of Kato et al. (2015, who as-
sume a 1 yr recurrence period). Additionally, while for
M31N 2008-12a we speculate, in Section 7.4, that the
short recurrence time may require the accretion disk to
stay intact, it may not survive the eruption in V745 Sco,
thus delaying the next eruption by at least the time it
takes for accretion to resume again.

Page et al. (2015) reported that V745 Sco showed no
variability during the early SSS phase. However, the ob-
served smooth rise to peak flux was exceptionally rapid
and essentially covered by only 6 observations, which
might not have been sufficient to capture variability. In-
terestingly, there appeared to be a dip in effective tem-
perature at maximum (their Figure 5) which looks sim-
ilar to our Figure 14.

V745 Sco is a symbiotic system with the WD accret-
ing from a RG companion with a possible orbital period
of ~ 500 d (see Page et al. 2015, and references therein
for the controversy on this period). Drake et al. (2016)
reported on Chandra spectra of the post-SSS phase (day
16) that showed a shock-heated circumstellar medium.
They suggest an orbital inclination close to face-on, sim-
ilar to the visible evidence for M31N 2008-12a. For both
novae, the potential presence of strong emission lines on
top of the SSS continuum appears to be somewhat at
odds with a low inclination angle (see Section 7.4).

In agreement with NIR studies by Banerjee et al.
(2014), Drake et al. (2016) interpreted the observa-
tional characteristics of the V745 Sco eruption as a high-
velocity blast wave interacting with a RG wind. This is
consistent with early Fermi-LAT ~-ray detections (Che-
ung et al. 2014). Banerjee et al. (2014) showed the nar-
rowing of the Pa g FWHM, suggesting that the shock
was propagating into a wind that was not spherically
symmetric. Drake et al. (2016) inferred a collimation of
the blast wave by an equatorial density enhancement.
They also concluded that the WD in V745 Sco is likely
gaining mass and is another good SN Ia progenitor can-
didate.

The early hard X-ray emission in V745 Sco, indica-
tive of the shock-heated plasma, was observed with
Swift/XRT at count rates which were a factor of ~
100 fainter than the maximum during the SSS phase
(see Figure 1 in Page et al. 2015). Below we discuss
that M31N 2008-12a had a hotter SSS maximum than
V745 Sco, which would increase the contrast between
the maximum count rate and the early hard emission
for our nova by a factor of ~ 3 based on temperature
only. Additionally, the ejected mass of V745 Sco was es-
timated by Banerjee et al. (2014), Page et al. (2015), and
Drake et al. (2016) consistently as ~ 10~7 Mg, which
is more than a factor of two higher than for our object
(HND15,DHS15).

Scaling from V745 Sco, this suggests that the lumi-
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nosity of the early hard X-ray emission in M31N 2008-
12a would be significantly more than two orders of mag-
nitude below its SSS maximum. Combining all Swift ob-
servations between the visible detection and the SSS
turn-on from this year and 2014 (HND15) results in an
upper limit of 6.5 x10™% ct s~! (for 47.4 ks of total
exposure). This is nearly a factor of 100 below the de-
tected SSS peak (56 x1072 ct s71, see Figure 4 and
Table D4). Therefore, the non-detection of hard X-rays
is expected and significantly more exposure would be
needed to observe them.

The X-ray spectral evolution of the SSS phase in
V745 Sco reached black body temperatures of about
90 eV, significantly cooler than M31N 2008-12a (see Fig-
ure 11 in Page et al. 2015, and note the artificial shift in
temperature for V745 Sco). This is slightly at odds with
the (M 31) nova population correlation models of Henze
et al. (2014b) which suggest that shorter SSS time scales
are linked to higher black body temperatures, possibly
via the WD mass. However, Page et al. (2015) discuss
the possibility that the hydrogen burning in V745 Sco
had ceased before the SSS could reach its potential max-
imum temperature, as evidenced by an almost negligi-
ble temperature plateau of only about 2 days (see their
Figure 11). In any case, the effective temperature of
V745 Sco is very high and qualitatively consistent with
its fast SSS evolution.

By virtue of the higher count rates for their Galactic
object, Page et al. (2015) could analyze their Swift XRT
spectra in much more detail. They fitted the SSS emis-
sion with a black body continuum plus 5 emission lines
and two absorption edges (neutral and H-like oxygen at
0.54 and 0.87keV). Fixing the line energies to the H-like
and He-like transitions of oxygen and neon, and He-
like magnesium (1.35keV) they reported significantly
improved fit statistics. The neon lines were strongest
at the SSS peak, while H-like oxygen and He-like mag-
nesium were significant throughout; the He-like oxygen
line only occasionally reaching significance.

Apart from the Mg line, which is not evident in our
XRT spectra, these emission features are similar to those
tentatively suggested in M31N 2008-12a (cf. Figure 15
and Table D5). The suggested strengthening of the Ne
lines with increasing continuum temperature, here and
in V745 Sco, indicates photoexcitation. In contrast to
Page et al. (2015), we did not find absorption edges to
have a significant impact at any stage of the spectral
evolution. Our spectra, so far, did not have sufficient
counts to model both emission and absorption features
at the same time.

In essence, V745 Sco and M31N 2008-12a are two ex-
treme RNe that share several observational character-
istics. In both objects, low-mass ejecta appear to in-
teract strongly with the stellar wind from a compan-
ion, slowing significantly in the process and producing
high-temperature shocks. Their SSS spectra extend to
high temperatures and appear to feature strong, vari-
able emission lines. While the WD in V745 Sco may

be more massive, M31N 2008-12a appears to have the
higher accretion rate, providing the unique opportunity
to observe at least one eruption per year. Assuming a
~ 25year cycle, the next eruption of V745 Sco is ex-
pected around 2039, by which time we will have studied
M31N 2008-12a to a sufficient extent to provide detailed
predictions on the variations on the eruption properties
of V745 Sco.

8. SUMMARY & CONCLUSIONS

The 2015 eruption of M31N 2008-12a was discovered
independently by dedicated monitoring programs uti-
lizing the Swift orbiting observatory and the LCOGT
2m (Hawaii) on 2015 Aug 28.41 UT and 28.425, respec-
tively, with pre-eruption non-detections constraining the
time of the eruption to 2015 Aug 28.28 +0.12 UT. Fol-
lowing detection, a pre-planned pan-chromatic follow-up
campaign was initiated which involved ten ground-based
telescopes around the globe, but was spearheaded by
Swift, the LT, and the LCOGT.

The  eruption light curves spanning the
electromagnetic-spectrum from the super-soft X-rays to
the I/i’-band show remarkable similarity between the
2013, 2014, and 2015 eruptions. The combined visible
spectrum from the 2012, 2014, and 2015 eruptions
shows tentative evidence for high-excitation coronal
lines of [Fevi], [Fex], and [FeX1v], often observed
during high temperature shocks, and also hints at the
presence of Raman scattered O VI emission, as seen in
spectra of symbiotic stars and novae with red giant
companions. The visible spectra from the 2012-2015
eruptions show a consistent decrease in line width.
Between days 1 and 4, post eruption, this deceleration
is consistent with a power-law decline of the ejection
velocity (v oc t'/3). This deceleration is consistent
with consistent with the adiabatic Phase II shock
development as the ejecta interact with significant
preexisting circumbinary material. These observations,
backed-up by the color-magnitude behavior, point to
the donor being a red giant in a long orbital period
system.

Below we summarize a number of our conclusions.

1. The color-magnitude evolution in the visible ap-
pears more consistent with the behavior of RS Oph
and V745 Sco (both harboring red giant donors)
than that of the sub-giant (e.g. U Sco) or main
sequence (T Pyx) donor RNe.

2. There is no evidence at visible wavelengths for
optically thick photospheric emission during the
early evolution of the eruption. This points to
a large minimum temperature of the expanding
photosphere, with photospheric emission therefore
peaking in the FUV or EUV.

3. The evolving SED of the eruption points to opti-
cally thick free-free emission being the dominant
process (in the NIR-NUYV) throughout the evolu-
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tion from ¢ = 0.7d to t = 10d. Although signifi-
cant contribution to the SED from emission lines
cannot be ruled beyond day four.

4. The V- and r’-band trends in the SED leads to a
prediction of the nebular phase beginning as early
as day 5 post-eruption.

5. Emission from extremely high velocity (FWHM ~
13000 km s~ 1) material seen only in the early spec-
tra (¢ < 1d) is indicative of outflows along the po-
lar direction — possible highly collimated outflows
or jets.

6. We obtained an unprecedentedly detailed UV light
curve with Swift UVOT, observing for the first
time the rise to maximum and fast decline with
subsequent plateaus. The UV peak clearly pre-
cedes the visible peak.

7. The X-ray light curve of the 2015 eruption was
consistent with the last two years in its time scales,
ton = 5.6+0.7d and t ¢ = 18.6 £0.7 d, as well as
in the properties of the early SSS variability and
its cessation around day 13.

8. The 2015 X-ray light curve also showed evidence
of a peculiar dip around day 11 which might have
been present in the 2013 light curve as well.

9. Merged X-ray spectra tentatively suggest the pres-
ence of high-ionization emission lines superim-
posed on a photospheric continuum that reaches
black body temperatures of around 120eV.

The next eruption of M31N 2008-12a is predicted for
mid Sep. 2016 with a 1o uncertainty of about 1 month.
This prediction holds for both the 1 year and the 6
month recurrence scenarios. In the case of the 6 month

period, we expect the subsequent eruption in Feb. — Apr.
2017.
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APPENDIX

A. VISIBLE AND NEAR INFRARED PHOTOMETRY
A.1. Liverpool Telescope photometry

Significant maintenance work was carried out on the LT between the 2014 and 2015 eruptions, including re-
aluminization of both the primary and secondary mirrors. This work, coupled with additional improvements achieved
approximately a doubling of the throughput of the telescope (averaged across all wavelengths). The improvements
were significantly greater in the blue, with a ~ 225% increase in u’-band throughput. These improvements, along
with the realization of the extreme blue nature of the eruptions of M31N 2008-12a (DHS15), motivated us to amend
our LT strategy from 2014 and include the v’ filter for monitoring the 2015 eruption. To achieve a more complete
coverage of the spectral energy distribution (SED) of the eruption, we also included the z’ and H-band filters in our
follow-up program. Unlike the 2014 eruption, Ha observations were not employed this year as, unusually for novae,
M31N 2008-12a faded beyond detectability in Ha before it did in the broad-band R/r’ filters (see DHS15).

A pre-planned broadband u’, B, V, r’, i;and z’-band photometry program, employing the 10:0 detector, was
initiated on the LT immediately following the LCOGT detection of the 2015 eruption of M31N 2008-12a.

The LT observing strategy again involved taking 3 x 120s exposures through each of the six filters for every epoch.
The LT robotic scheduler was initially requested to repeat these observations with a minimum interval (between
repeat observations) of 1h. This minimum interval was increased to 1 day from the night beginning 2015 Sep.3 UT.
To counter the signal-to-noise losses as the nova faded, the exposure time was increased to 3 x 300s in the u/-band and
3 x 180s in all other filters from Aug.30.5 UT onward. The exposure times were subsequently increased to 3 x 300s
in all filters from Sep.2.5 UT onward, and then to 3 x 450s in «/, B, V, and 7’ from Sep. 3.5 onward — as the nova
faded. From Sep.11.5 UT onward the r’, ¢, and z’-band eruption monitoring ceased due to consecutive non-detections
on previous nights. There were no V-band observations after Sep.15 UT, and no B observations after Sep.17. LT
observations following the 2015 eruption formally ended on Sep. 22 UT, the r’-band monitoring campaign for the next
eruption (following the strategy described in Section 3) had begun on 2015 Sep. 11.

The LT data were pre-processed at the telescope and then further processed using standard routines within Starlink
(Disney & Wallace 1982) and IRAF (Tody 1993). PSF fitting was performed using the Starlink photom (v1.12-2)
package. Photometric calibration was achieved using 17 stars from Massey et al. (2006) within the I0:0 field (see
Table Al; expanded from the original version in DIIS15). Transformations from Jester et al. (2005) were used to
convert these calibration stars from UBV RI to u’'¢'r’i’z’. In all cases, uncertainties from the photometric calibration
are not the dominant source of error.

For the 2015 eruption we also employed the newly commissioned 10:I near-infrared imager (Barnsley et al. 2016), a
Teledyne 2,048 x 2,048 Hawaii-2RG HgCdTe Array, providing a 6.27 x 6".27 field of view. The I10:I instrument provides
a fixed H-band filter, and each observation comprised of 9 x 60 s exposures using a 9 pointing (3 x 3) dither pattern with
14" spacings between each pointing. The IO:I data were reduced by a pipeline running at the telescope, this included
bias subtraction, correlated double sampling, non-linearity correction, flat fielding, sky subtraction, registration, and
alignment (see Barnsley et al. 2016, for details). Photometry was performed on the reduced data as described above
for I0:0. Photometric calibration was carried out using sources in the Two Micron All Sky Survey (2MASS; Skrutskie
et al. 2006, see Table Al).

A.2. LCOGT 2-meter photometry

The LCOGT 2m observing strategy was identical to that of the LT. Here we observed through «/, B, V', ’, and
i’-band filters using the Spectral CCD camera. Due to weather and scheduling constraints, LCOGT observations of
the 2015 eruption were only obtained on the night of 2015 Aug.28 UT. The LCOGT data were pre-processed at the
telescope and then reduced in an identical fashion to the LT 10:0 data.

A.3. Ondrejov Observatory 0.65m photometry

Photometric observations at Ondfejov started shortly after maximum brightness of the 2015 eruption of the nova
on 2015 August 29.814 UT. We used the 0.65m telescope at the Ondiejov Observatory (operated partly by Charles
University, Prague) equipped with a Moravian Instruments G2-3200 CCD camera (using a Kodak KAF-3200ME
sensor and standard BV RI photometric filters) mounted at the prime focus. For each epoch, a series of numerous 90s
exposures were taken (see Table D2 for total exposure times for each epoch). Standard reduction procedures for raw
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CCD images were applied (bias and dark-frame subtraction and flat field correction) using APHOT'* (Pravec et al.
1994). Reduced images within the same series were co-added to improve the signal-to-noise ratio and the gradient of the
galaxy background was flattened using a spatial median filter via the SIPS'® program. Photometric measurements of
the nova were then performed using aperture photometry in APHOT. Five nearby secondary standard stars (including
#9 and #11 listed in Table A1) from Massey et al. (2006) were used to photometrically calibrate the magnitudes. The
photometry was reported in Hornoch et al. (2015a) and Hornoch et al. (2015b), and is presented in Table D2.

A.4. Mount Laguna Observatory 1.0m photometry

Photometric observations of M31N 2008-12a were carried out on 2015 Aug. 29 UT over a 7-hour period between
Aug. 29.238 to Aug. 29.511 (within a day of the discovery of the 2015 eruption), and on Aug. 30.292 and 30.312, using
the MLO 1m reflector. Exposures were taken through each of the Johnson-Cousins B, V', R, and I filters (see Bessell
1990, I-band only on Aug. 30), and imaged on a Loral 2,048 x 2,048 pixel CCD camera. The data were initially
processed (bias subtracted and flat-fielded) using standard routines in the IRAF software package. The individual
images for a given filter were subsequently aligned to a common coordinate system and averaged forming master B, V,
R, and I-band images. Calibrated B, V, R, and I magnitudes for M31N 2008-12a were then determined by comparing
the instrumental magnitudes for the nova with those of several nearby secondary standard stars (#9 — 12 and #14; see
Table A1) using the IRAF apphot package. The resulting magnitudes were reported in Shafter et al. (2015a), Shafter
(2015), and Hornoch et al. (2015b), they are presented in Table D2.

A.5. Bolshoi Teleskop Alt-azimutalnyi 6.0 m photometry

Additional photometry of M31N 2008-12a was collected by the Russian BTA 6 m telescope at the Special Astrophys-
ical Observatory in the Caucasus Mountains in the south of the Russian Federation. The observations were conducted
using the SCORPIO instrument (Afanasiev & Moiseev 2005) on 2015 Sep. 4.85 UT and Sep. 6.03. Photometric cal-
ibration was conducted using stars from the Massey et al. (2006) catalog. The photometry was reported in Fabrika
et al. (2015) and Hornoch & Fabrika (2015) and these data are included in Table D2.

A.6. Corona Borealis Observatory 0.8 m Telescope photometry
Observations of M31N 2008-12a were conducted on 2015 Aug. 28 and 30 UT using the 0.3 m telescope at the CBO
in Kunsha Town, Ngari, Tibet, China. On each night, a series of three 4 x 600s observations were taken through a
V-band filter. The subsequent photometry was calibrated using reference stars from the UCAC-4 catalogue (Zacharias
et al. 2013). The CBO photometry was reported in Chen et al. (2015) and is contained within Table D2.

A.7. Nayoro Observatory of Hokkaido University 1.6 m photometry

M31N 2008-12a was observed by the 1.6 m Pirka telescope at the Nayoro Observatory, Faculty of Science, Hokkaido
University, Japan on the night of 2015 Aug. 28. A pair of V-band exposures were obtained using the MSI multispectral
imager (Watanabe et al. 2012). These observations were reported by Arai et al. (2015) and are recorded in Table D2.

A.8. Okayama Astrophysical Observatory 0.5m photometry

A pre-eruption upper limit for M31N 2008-12a was obtained by the OAO 0.5 m MITSuME Telescope (Kotani et al.
2005), equipped with an Apogee Alta U6 camera, on 2015 Aug. 27.677 UT. The MITSuME observation was published
in Arai et al. (2015) and is included in Table D2.

A.9. iTelescope.net T24 photometry

Photometric observations of M31N 2008-12a were carried out remotely with iTelescope.net utilizing the T24 telescope,
a Planewave 24inch CDK Telescope /6.5 and a FLI PL-9000 CCD camera, at the hosting site in Sierra Remote
Observatory (SRO), Auberry, CA USA. V-band observations were taken at 2015 Aug. 30.2041 UT, they were reported
by Arai et al. (2015) and are presented in Table D2.

B. VISIBLE SPECTROSCOPY
B.1. Liwverpool Telescope SPRAT spectroscopy

Spectroscopy of the 2015 eruption of M31N 2008-12a was obtained on five successive nights from 2015 Aug. 28-Sep.
02 using the SPRAT spectrograph (Piascik et al. 2014) in the blue optimized mode on the LT. A slit width of 1”8 was
used, yielding a spectral resolution of ~ 20 A, and a velocity resolution of ~ 1000kms~' at the central wavelength of
5850 A.

14 A synthetic aperture photometry and astrometry software Observatory
package developed by M. Velen and P. Pravec at the Ondrejov 15
http://ccd.mii.cz
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On the night of 2015 Aug. 28, following the detection of the 2015 eruption, the LT made four separate spectroscopic
visits attempting 3 x 900s exposures each time. The first visit occurred at Aug. 28.95 UT just half a day after the
discovery of the eruption. The second and third epochs at Aug. 29.06 UT and Aug. 29.13 both suffered significantly
from variable, but thick, cloud and the effects of a bright, full, and nearby moon, and the data were subsequently
discarded due to low signal-to-noise; the fourth visit took place at Aug. 29.24. Significant spectral evolution, see
Section 6, was seen between the first and fourth visits, so these spectra were not combined.

On each of the nights of 2015 Aug. 29 and 30, the LT made two separate spectroscopic observations with 3 x 900s
exposures each. As the nova had faded substantially, and no significant evolution was seen between the spectra, the
six exposures from each of these two nights were combined into a pair of spectra. On each of the nights of 2015
Sep. 01 and 02, the LT made a single spectroscopic observation with 3 x 1200s exposures each. The exposure time
was increased from previous nights to counter the decreasing luminosity of the nova. Spectroscopic observations on
subsequent nights were not attempted as M31N 2008-12a had faded below the useful brightness of the instrument. The
nights of 2015 Aug. 29 and 31, Sep. 01 and 02 were photometric, Aug. 28 suffered from thick cloud, and Aug. 30 light
cloud. A log of the spectroscopic observations subsequently used for analysis is provided in Table 2.

Following bias subtraction, flat fielding, and cosmic ray removal, data reduction was carried out using the Starlink
figaro (v5.6-6; Cohen 1988) package. Sky subtraction was accomplished in the 2D images via a linear fit of the
variation of the sky emission in the spatial direction (parallel to the slit). Following this, a simple extraction of the
spectra was carried out. No trace of residual sky emission could be detected in the extracted spectra. The extracted
spectra were then wavelength calibrated using observations of a Xe arc lamp obtained directly after each exposure
(rms residual ~ IA). Following wavelength calibration the spectra were re-binned to a uniform wavelength scale of
6.46 A per pixel between 4200 and 7500 A. The spectra were then co-added as described in the previous paragraphs.

The co-added spectra were flux calibrated using observations of the spectrophotometric standard BD+33 2642 (Stone
1977) obtained at 2015 Aug. 29.90 UT (with the same spectrograph configuration and slit width), and are therefore
presented in units of F,, (mJy). Comparison of imaging observations between the calibration night and the LT spectra
show zero-point differences of < 0.1 magnitude (i.e. < 10%). The greatest uncertainties in the flux calibration will
therefore be due to slit losses caused by seeing variations and misalignment of the object with the slit. We measure
this from our repeated observations of the source on the same night to be ~ 15%. Hence, we estimate a total flux
uncertainty of ~ 20%.

B.2. LCOGT 2-meter spectroscopy

We obtained a pair of spectra of the 2015 eruption of M31N 2008-12a using the Floyds spectrograph mounted on the
LCOGT 2m, Hawaii. Floyds uses a low dispersion grating (235 lines per mm) and a cross-dispersed prism in concert
to work in first and second order simultaneously, allowing for 3200-10000 A wavelength coverage in a single exposure.
Wavelength calibration is accomplished with a HgAr lamp, and flat fielding with a combination of a Tungsten-Halogen
lamp.

These spectra were reduced using the PyRAF-based floydsspec pipeline, which rectifies, trims and extracts the
spectra, performs cosmic ray removal, fringe correction, wavelength calibration, flux calibration (using a library sen-
sitivity function and observations of a standard star observed the second night) and telluric correction.

B.3. Kitt Peak National Observatory 4m spectroscopy

A spectrum of M31N 2008-12a was obtained on 2015 Aug. 29.38 UT with the KOSMOS (Kitt Peak Ohio State
Multi Object Spectrograph)on the KPNO 4m telescope. We used the blue VPH grism, a 09 slit,and imaged the
spectrum onto a E2V CCD detector. An FeAr hollow cathode lamp was used for the wavelength calibration. The
resulting spectrum, which has an integration time of 1200s, a wavelength range of 3806-6628 A, and a dispersion of
0.689 A pixel !, was processed and extracted with standard IRAF software.
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C. M31N2008-12a FINDER CHART

In Figure C1 we provide a finder chart indicating the position of M31N 2008-12a and the 17 photometric calibration
stars (see Table A1). The chart is approximately 10’ wide and 5’ height, with North at the top, and East to the left.

"

M31N 2008 12a RA_OO 46"2

Figure C1. Eruption finding chart for the M31N 2008-12a also indicating the 17 photometry calibration stars used throughout
and summarised in Table AT.

D. OBSERVATIONS OF THE 2015 ERUPTION OF M31N 2008-12a

The following Tables D2-D5 provide full details of the observations and X-ray spectral modelling of the 2015 eruption
of M31N 2008-12a.

Table D2. Visible and near infrared photometric observations of the 2015 eruption of M31N 2008-12a.

Date At MJD 57000+ Telescope & Exposure Filter SNR  Photometry
(UT) (days) Start End Instrument (secs)

2015-08-28.971 0.691  262.969 262.973 LT I10:0 3x 120 B 114.3 18.726 £0.011*
2015-08-29.192 0.912  263.190 263.195 LT I0:0 3 x 120 B 148.1 18.654 + 0.009
2015-08-29.301 1.921 263.301 MLO 1.0m 1200 B oo 18.71 £ 0.06°
2015-08-29.405 1.125 263.405 MLO 1.0m 1200 B e 18.71 4+ 0.06°
2015-08-29.462 1.182  263.460 263.465 LCOGT Spectral 3 x 120 B 25.6 18.966 £ 0.044

References—(a) Darnley et al. (2015d), (b) Shafter et al. (2015a), (¢) Hornoch et al. (2015a), (d) Darnley et al. (2015c¢),
(e) Henze et al. (2015d), (f) Darnley et al. (2015a), (g) Arai et al. (2015), (h) Chen et al. (2015), (i) Hornoch et al. (2015b),
(j) Shafter (2015), (k) Darnley et al. (2015b), (1) Fabrika et al. (2015), (m) Hornoch & Fabrika (2015).

NoTeE—Table D2 is published in its entirety in the machine-readable format. A portion is shown here for guidance regarding
its form and content.
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Table D3. Color evolution of the 2015 eruption of M31N 2008-12a.

Date t —tmax JD 2456000.54+  Telescope & Filters Color
(UT) (days) Start End Instrument
2015-08-28.906  0.626 262.802 263.009 Swift UVOT / LT I0:1 ( ) —1.066 +0.190
2015-08-29.505 1.225 263.398 263.612 Swift UVOT / LT IO0:I ( ) —1.100+0.176
2015-08-29.921 1.641 263.796 264.046 Swift UVOT / LT I0:I (uvwl — u’) —0.848 £ 0.151
( )
( )

2015-08-30.248 1.968 264.200 264.296 Swift UVOT / LT 10:1 —0.542 £+ 0.102
2015-08-30.920 2.640 264.895 264.944 Swift UVOT / LT 10:1 —0.566 £ 0.301

NoTeE—Table D3 is published in its entirety in the machine-readable format. A portion is shown here for guidance regarding
its form and content.

Table D4. Swift observations of nova M31N 2008-12a following the 2015 eruption.

ObsID® Exp® Date® MJD® A UV (mag) Rate Loa—1.0 7

(ks) (UT) (d) (d) uvm?2 uvwl (1072 cts™') (10%® ergs™)
00032613104.1  0.11 2015-08-28.01 57262.01 -0.27 > 18.9 e < 8.0 < 6.0
00032613096 0.7 2015-08-28.01 57262.01 -0.27 . > 20.2 < 2.0 <15
000326131042  0.23 2015-08-28.40 57262.40 0.12 17.34+0.2 .- < 4.2 <3.2
00032613097 0.8 2015-08-28.41 57262.41 0.13 .- 17.6 £0.1 <29 <22
00032613104_3  0.12 2015-08-28.60 57262.60 0.32 17.0+0.2 e <70 <5.2

@ObsIDs 104 and 105 consisted of four short exposures each immediately prior to ObsIDs 096-103.
b Dead-time corrected XRT exposure time

©Start date of the observation

dPime in days after the eruption on 2015-08-28.28 UT (MJD 57262.28; see Section 4.4)

€ Swift UVOT filter was uvw1 (central wavelength 2600 A) throughout except for one initial uvm2 (2250 A) observation consisting
of four snapshots

fX-ray luminosities (unabsorbed, black body fit, 0.2-10.0keV) and upper limits were estimated according to Section 4.4.

NoTE—Table D4 is published in its entirety in the machine-readable format. A portion is shown here for guidance regarding
its form and content.
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Table D5. X-ray model parameters for the 9 groups of spectra shown in Figure 15 and the high/low state spectra shown in
Figure 9c.

Group” Black body only Black body plus emission lines

ID: Days Nu kT cstat Ny kT Line energiesb (keV) cstat
Color (102t cm=2) (eV) dof  (102'em=2) (eV) (Prominent nearby lines®) dof
1: 6-7 0.670 ¢ 6575° 66

black 88

2: 8 1.1%99 82715 66

orange 101

3: 9 4.071% 697 148 06752 123775 0.527005  0.6870 04 115
purple 195 (Nvit o) (Ovir a) 173
4: 10 55129 758, 185 0.3%94 123737 0.557995  0.707995  0.867351 139
red 222 (Ovit) (Ovirea) (Ovia?) 183
5: 11 0.979-¢ 123735 175 0.7703 119738 0417951 0.62705:  0.8570%% 115
blue 229 (NVI @) (Nviry) (Ovmr?) 173
6: 12 2.7+1:3 969, 172 0.715% 11078, 0.6779%%  0.767355  0.89799¢ 115
red 212 (Ovir ) (Ovir 8) (Nemx a) 173
7: 13-14  3.0113 87t 136 0.719% 103714 0.527993  0.737393 0927098 107
purple 166 (Nvira) (Ovir?) (NeIx o) 133
8: 15 15789 106722 108 0.8702 101118 0.72190:02 95
orange 135 (Ovir?) 124
9: 16-17  0.670 8871 70

black 79

high 43798 82+10 254 1.1102 118%2 0567954 0.72799%  0.857393 193
red 310 (Ovir ) (OvI?) (Ovmr?) 265
low 0.0753 14371F 98 1.57%% g7Hil 0.3970:9T 0781503 0.91%9:95 70
blue 136 (NVI @) (Ovir 8) (Neix o) 88

%Spectral groups are identified by their number and color in Figure 15 and the associated time-span in days post-eruption.

bThe quoted errors combine the statistical uncertainties, as estimated in XSPEC, and the calibration precision of the Swift/XRT
energy scale (~ 0.02keV, see Mingo et al. 2016).

¢Known H-like (Cv1, Nvi1, O viil, NeX) and He-like (N v, O viI, NeIX) transitions close to the potential emission line energies.
These are not clear identifications but first tentative suggestions.



