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ABSTRACT

The 2008 discovery of an eruption of M31N 2008-12a began a journey on which the true nature of this
remarkable recurrent nova continues to be revealed. M31N 2008-12a contains a white dwarf close to
the Chandrasekhar limit, accreting at a high rate from its companion, and undergoes thermonuclear
eruptions which are observed yearly and may even be twice as frequent. In this paper, we report
on Hubble Space Telescope STIS UV spectroscopy taken within days of the predicted 2015 eruption,
coupled with Keck spectroscopy of the 2013 eruption. Together, this spectroscopy permits the red-
dening to be constrained to E(B—V) = 0.10+£0.03. The UV spectroscopy reveals evidence for highly
ionized, structured, and high velocity ejecta at early times. No evidence for neon is seen in these
spectra however, but it may be that little insight can be gained regarding the composition of the
white dwarf (CO vs ONe).

Keywords: Galaxies: individual: M31 — novae, cataclysmic variables — stars: individual: M31N 2008-

12a — ultraviolet: stars

1. INTRODUCTION

The eruptions of novae are among the most energetic
stellar explosions in the Universe. A nova is powered
by a brief thermonuclear runaway (TNR), followed by a
short-lived period of quasi-static hydrogen burning, all
occurring within the surface layer of an accreting white
dwarf (WD; see Starrfield et al. 1976). H-rich mate-
rial is transferred from a donor star via an accretion
disk around the WD, possibly with some contribution
from magnetic accretion. The TNR powers an ejec-
tion of the accreted material, with a rapidly expanding

pseudo-photosphere initially increasing the visible lumi-
nosity of the system by up to eight orders of magnitude;
the brightest novae can reach My < —10 (Shafter et al.
2009). Bode & Evans (2008), Bode (2010), and Woudt
& Ribeiro (2014) present recent comprehensive reviews
of these phenomena.

The majority of known nova systems, classical novae
(CNe), have only been observed in eruption once. Re-
current novae (RNe) have been observed in eruption at
least twice, most numerous times (see Schaefer 2010, for
a summary). Short recurrence periods are driven by a
combination of a high WD mass and a high accretion
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rate. Such high accretion rates are typically achieved
via Roche-lobe overflow of a sub-giant donor, or from
the stellar wind of a red giant donor (see Darnley et al.
2012). Observed recurrence times (P.) range from
lyear (Darnley et al. 2014) up to 98years (Pagnotta
et al. 2009). Both ends of this observed range are prob-
ably constrained only by selection effects. Until recently,
the contribution of RN systems (1 < P < 100yrs) to
the nova population was believed to be only at the level
of a few percent. Studies by Pagnotta & Schaefer (2014),
Shafter et al. (2015), and Williams et al. (2016) indepen-
dently indicated that RNe, at least in late-type galaxies,
may account for around 1/3 of all nova eruptions.

Over 1000 nova candidates have been discovered in
M 31 (Pietsch et al. 2007; Pietsch 2010, and see their
on-line catalog'), with a large proportlon of recent can-
didates spectroscopically confirmed (Shafter et al. 2011).
Such studies of M 31 led to the discovery of a new class of
rapid recurrent novae (RRNe) all with P, < 10years.
Currently there are eight members of this class, seven
in M 31 and one in the Large Magellanic Cloud (LMC);
the prototype RRN is M31N 2008-12a.

At the time of writing, M31N 2008-12a has been de-
tected in eruption nine times in nine consecutive years
(2008—-2016; Darnley et al. 2014, 2015¢, 2016b; Ttagaki
et al. 2016)?, with three additional earlier detections re-
covered from archival X-ray observations (Henze et al.
2014; Tang et al. 2014, see Table 1), for a detailed
summary of all detected eruptions, see Table 1 within
Darnley et al. (2016b, hereafter DHB16). The eight
2008-2015 eruptions point to a recurrence period of
P,ec = 347 + 10days, but the addition of the three
earlier eruptions may require an even shorter period
of Pyec = 174 £ 10 (Henze et al. 2015a; Darnley et al.
2016b).

The short recurrence period and rapid, under-
luminous, eruptions of M31N 2008-12a point to a very
high mass WD and large mass accretion rate. Based
on the 2013 eruption alone, Tang et al. (2014, hereafter
TBWI14) constrained the WD mass to be > 1.3 M.
Whereas, using data from multiple eruptions, Kato et (11
(2015) mdlcated that Mwp = 1.38 Mg. The TBWI
and Kato et al. (2015) analyses suggested WD accretlon
rates of Myee > 1.7 x 1077 Mg yr~! and M,e. = 1.6 x
107 Mg yr~1, respectively. The Kato et al. (2015) mod-
els also predlcted a low ejected mass of ~ 6 x 1078 M,
leading to a proposed mass accumulation efficiency of
63%. Henze et al. (2015b, hereafter HND15) determined
an ejected H mass of M, = (2.6 = 0.4) x 1073 Mg, but
we note that this assumes a spherical ejecta geomoetry.
DHB16 noted that eruptions of M31N 2008-12a showed
some of the most rapid developments of any known nova.
The time taken for the nova to decay by two magnitudes
from peak (t2) is only 1.65 £ 0.04 days, and the system

! http://www.mpe.mpg.de/~m31novae/opt/m31/index.php
2 Also see Darnley et al. (2016a)

Table 1. List of all observed eruptions of M31N 2008-12a.

Eruption date® Days since References
(UT) last eruption®

(1992 Jan. 28) 1,2

(1993 Jan. 03) 341 1,2

(2001 Aug. 27) 2,3

2008 Dec. 25 4

2009 Dec. 02 342 5

2010 Nov. 19 352 2

2011 Oct. 22.5 337.5 5, 6-8
2012 Oct. 18.7 362.2 811

2013 Nov. 26.95 + 0.25 403.5 5,8, 11-14

2014 Oct. 02.69 £0.21 309.8 £0.7 8,15
2015 Aug. 28.28 +0.12 329.6 +0.3 14, 16-18
2016 Dec. 12.32 471.72 19, 20

@Estimated date of eruption, those in parentheses are ex-
trapolated from X-ray data (see Henze et al. 2015a).

bInter—eruption time quoted for consecutive detections in
consecutive years, assuming of Prec >~ 1 year.

NoTE—Updated version of Table 1 from Tang et al. (2014).

References—(1) White et al. (1995), (2) Henze et al.
(2015a), (3) Williams et al. (')()()—l) (4) Nishiyama &
Kabashima (2008), (5) Tang et al. (2014), (6) Korotkiy &
Elenin (2011), (7) Barsukova et al. (2()11), (8) Darnley et al.
(2015¢), (9) Nishiyama & Kabashima (2012), (10) Shafter
et al. (2012), (11) Henze et al. (2014), (12) Tang et al. (2013),
(13) Darnley et al. (2014), (14) Darnley et al. (2016b),
(15) Henze et al. (2015b), (16) Darnley et al. (2015a),
(17) Darnley et al. (2015b), (18) Henze et al. (2015c),
(19) Itagaki et al. (2016), (20) Henze et al. (2017).

is the only known nova with t3 < 3 days. Spectroscopi-
cally, the eruptions of M31N 2008-12a briefly exhibit the
highest expansion velocities yet observed from a nova
eruption (ve; ~ 13,000kms™'; DHBI16) and provided
tentative evidence for collimated polar outflows. The
spectral line evolution in the optical is consistent with
the ejecta interacting with and shocking pre-existing
circumbinary material (Darnley et al. 2015¢, hereafter
DHS15), proposed to be a stellar wind from a red giant
donor (DHBI16). The high mass WD, which is seem-
ingly growing, suggests that M31N 2008-12a is a prime
pre-explosion supernova type la candidate. A brief re-
view of M31N 2008-12a, up to and including the 2015
eruption, is given in Darnley (2017).

In this paper, we present the results of a Hubble Space
Telescope (HST) spectroscopic program to study the
predicted 2015 eruption of M31N 2008-12a and an up-
dated analysis of archival Keck observations of the sys-
tem. In Section 2 we describe the observations on which
this work is based. Section 3 addresses the interstel-
lar extinction toward M31N 2008-12a. In Sections 4 we
present the spectroscopic data. Finally in Sections 5 and
6 we discuss our findings and present our conclusions.

During the preparation of this manuscript the 2016
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eruption of M31N 2008-12a was discovered (Itagaki et al.
2016). Results from observations of that eruption will
be presented in Henze et al. (2017).

2. OBSERVATIONS OF THE 2015 ERUPTION
2.1. Hubble Space Telescope UV Spectroscopy

We were awarded 20 orbits of Cycle23 HST disrup-
tive target of opportunity (DToO) time to obtain both
early-time UV spectroscopic observations and late-time
imaging data of the 2015 eruption of M31N 2008-12a
(proposal ID: 14125), the late-time photometry will be
reported in Darnley et al. (2017). The 2015 eruption of
M31N 2008-12a was discovered on 2015 Aug. 28.425 UT
by the Las Cumbres Observatory 2m telescope’ on
Hawai’i (Darnley et al. 2015a), the DToO was triggered
at Aug. 28.65. The HST spectroscopic observations were
conducted between 2015 Aug. 31 and Sep. 2, a log of
these observations is provided in Table 2.

Early eruption UV spectroscopy was obtained us-
ing the Space Telescope Imaging Spectrograph (STIS)
across both the NUV and FUV regimes. These ob-
servations were taken using the G230L (1570-3180 A)
and G140L (1150-1737 A) gratings, with a 52" x 02
slit configuration, and the MAMA detectors. Al-
though offset in time, when combined these gratings
provide an effective wavelength range of 1150-3180 A
with a small overlap between 1650-1709 A. STIS tar-
get acquisition utilized a nearby bright optical stellar
source (HSTID: NBW9014542) and the recommended
F28X50LP aperture.

The maximum number of consecutive orbits in which
the MAMA detectors can be employed is five. As a con-
sequence of this limitation the FUV and NUV observa-
tions were split into two separate visits ~ 1day apart,
with the FUV observations occurring first due to their
lower throughput. At the time of trigger an additional
scheduling limitation occurred, resulting in the splitting
of the NUV visit over two consecutive days.

In order to remove detector defects and hot pixels a
four point STIS-ALONG-SLIT dither pattern was ini-
tiated for the four orbit FUV observations, with a two
point dither for each of the two orbit NUV visits. Each
dither was applied with a seven pixel point spacing
(FUV 0”168, NUV 0"175) to allow for improved spatial
resolution.

Raw STIS data were processed via the STScl calstis
pipeline to produce a variety of calibrated data files.
Processes implemented by the pipeline include: 2D im-
age reduction (i.e, subtraction of the over-scan region
and bias subtraction); cosmic ray rejection; dark sub-
traction and application of flat fields; obtaining zero-
point shifts in the spectral and spatial directions; con-
ducting flux/wavelength calibrations; and summation of
spectral exposures (see Hernandez 2012). Note that raw
MAMA data is of the 2048 x 2048 pixel format, but once

3 Formerly known as the Faulkes Telescope North

calibrated it is binned via the pipeline to 1024 x 1024
pixels.

2.2. Keck spectroscopy of the 2013 eruption

To supplement the HST UV spectra, and provide con-
text over a larger wavelength range, we will also refer
to optical spectra taken at similar epochs during other
eruptions of M31N 2008-12a. During the 2015 eruption,
the Liverpool Telescope obtained optical spectra at sim-
ilar epochs to the HST spectra (t = 3.84 and 4.91 days;
DHBI16), however these spectra had very low signal-to-
noise (S/N), and are not overly useful for this purpose.

DHB16 demonstrated that the 2013, 2014, and 2015
eruptions were essentially identical, at all times through-
out the evolution, from the optical to the X-ray. There-
fore, for comparative purposes we turn to the Keck spec-
trum of the 2013 eruption taken at ¢t = 5.28 days post-
eruption. This spectrum was originally published by
TBW14 however, here we have re-analyzed that spec-
trum in the context of what has been learned from sub-
sequent eruptions of M31N 2008-12a. The spectrum was
obtained using the Low Resolution Imaging Spectrome-
ter (LRIS; Oke et al. 1995; McCarthy et al. 1998; Rockosi
et al. 2010) instrument mounted at the Cassegrain fo-
cus of the Keck I telescope on Mauna Kea, Hawai’i. The
spectrum was acquired using a standard low-resolution
configuration using the 400/3000 grism (blue camera)
and 400/8500 grating (red camera) to provide contin-
uous coverage from the atmospheric cutoff to approxi-
mately 10300 A.

3. EXTINCTION

A good understanding of the scale of the dust ex-
tinction and related gas absorbing column between
M31N 2008-12a and ourselves is crucial for furthering
our understanding of this system. In particular, the in-
terpretation of the UV observations in this work, the UV
and X-ray observations reported by Henze et al. (2014),
DHS15, HND15, and DHB16, and the theoretical work
by P\dto et al. ( 014, 2015, 2(]1(), 2017) are especially
sensitive to the adopted value of the extinction.

In previous work, we assumed that the line of sight ex-
tinction is comprised of two components, the foreground
Galactic reddening (assumed to be EE® |, = 0.10; Stark
et al. 1992), and an unknown component internal to
M31. In Darnley et al. (2014, hereafter DWB14) we
employed the 6” (~ 100pc) resolution M 31 dust maps
of Montalto et al. (2009) to estimate the maximal in-
ternal reddening at the position of M31N 2008-12a to
be E}\B/Iﬂ/ = 0.16. In that, and subsequent papers,
we therefore adopted a total reddening in the range
0.10 < Ep_y < 0.26. TBWI14 utilized optical spec-
tra of the 2013 eruption to estimate the total redden-
ing towards M31N 2008-12a to be Ep_y = 0.24 + 0.09.
This was calculated using the Ha/HS ratio and assum-
ing case B recombination. However, we note that such
an approach has often been problematic with novae due
to, e.g., self-absorption within the ejecta.
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Table 2. Log of observations of the eruptions of M31N 2008-12a referred to in this Paper.

Eruption Facility Instrument HST Date Start End  Orbits Exposure
Visit  (midpoint) t — to (days) time (ks)

2013 Keck I  LRIS e 2013 Dec 02.23 527 529 ... 1.3

2015 HST STIS/FUV MAMA 1 2015 Aug 31.60 3.20 3.44 4 10.2

2015 HST STIS/NUV MAMA 2 2015 Sep 01.59 4.26 437 2 4.8

2015 HST STIS/NUV MAMA 3 2015 Sep 02.59 5.25 5.36 2 4.8

Model spectrum fitting to the combined 2013, 2014,
and 2015 X-ray light-curves of M31N 2008-12a can be
used to constrain the line of sight absorbing neutral H
column. This fitting requires a total column (foreground
plus M 31) of Ng = 0.375:3 x 102! cm =2 (DHB16). Such
a column equates to a total reddening of EFp_y =
0.057007 when using the conversion factor given by
Giiver & Ozel (2009).

The Panchromatic Hubble Andromeda Treasury
(PHAT; Dalcanton et al. 2012) survey has recently
published even higher resolution (25pc) dust extinc-
tion maps of M 31 (Dalcanton et al. 2015). This work
finds that the fraction of M 31 stars, at the position of
M31N 2008-12a, suffering from M 31 internal reddening
is 0.33. Those stars, which are behind the M 31 dust, ex-
perience extinction whose strength follows a log—normal
distribution with median Ay = 0.984 and dimensionless
o = 0.3 (J. J. Dalcanton, priv. comm.). Using the re-
lations within Dalcanton et al. (2015), these relate to a
mean M 31 internal extinction Ay = 1.03, ogp = 0.32,
or Eg_y = 0.332, osp = 0.102 — plus the foreground
reddening. So the PHAT extinction maps predict that
there is a 67% probability that the reddening towards
M31IN 2008-12a is EES |, (= 0.10), or a 33% chance that
it is EECG, +0.34+0.1(=0.440.1).

Here we utilize the HST STIS NUV spectra of the
2015 eruption of M31N 2008-12a to constrain the red-
dening towards the system. The faintness of M31N 2008-
12a, at the distance of M 31, and the low resolution
of these STIS spectra remove any realistic opportunity
to determine the reddening via high-resolution spectra
of interstellar lines (see Section 4.8). As such, we will
employ the 2175 A feature (Stecher 1965) to determine
the reddening using a modified version of the proce-
dure outlined by Verbunt (1987). This technique en-
tails gradually increasing the de-reddening applied to a
NUV spectrum until the 2175 A ‘bump’ effectively dis-
appears, with the ‘best’ value generally determined by
visual inspection. To de-redden the spectra, we em-
ployed the empirical extinction function of Cardelli et al.
(1989) and assumed Ry = 3.1. A series of stacked and
smoothed NUV spectra of M31N 2008-12a are shown in
Figure | on a log—log plot, the amount of de-reddening
applied is indicated on the y-axis. For each value of

Ep_v a best-fit' power law (fitted to the spectra blue-
ward of Mg 11 (2800 A) and excluding the 2175 A feature)
is also plotted. The 2175 A feature is clearly visible in
the Fp_y = 0 spectrum as a broad absorption begin-
ning at ~ 2000 A, with half-width of ~ 200 A. However,
the red side of the feature may be contaminated with
emission lines and is ignored for this analysis.

The effect of increasing de-reddening (up to the max-
imum predicted by Dalcanton et al. 2015) is illustrated
in Figure 1, where the 2175 A feature evolves from a
shallow dip to a broad peak. Our adapted methodology
directly compares the consistency between pairs of the
best-fitting power-laws produced when either excluding
or including the 2175 A feature in the fit. We con-
clude that the reddening towards M31N 2008-12a must
be Ep_y = 0.10+0.03 (1o uncertainties). This value is
consistent with all the extinction being in the foreground
(Galactic) and none internal to M 31 (i.e. M31N 2008-
12a falls within the ‘67%’). Such a level of extinction
is also consistent with the X-ray light-curve fitting, and
within 20 of the value derived from the optical spectral
analysis by TBW14. We therefore adopt a reddening
of Eg_y = 0.10 throughout. Based on this work, this
value was also adopted by DHB16.

4. ERUPTION SPECTROSCOPY

No significant variation is observed between the 4
HST/STIS FUV orbits, so these have been combined
into a single spectrum taken 3.32 + 0.12days after the
2015 eruption of M31N 2008-12a. This epoch is approx-
imately coincident with the t3 timescale in the optical
(2.75 £ 0.28 days; DHBI16) but significantly before ¢35 in
the NUV (5.657022 days). The S/N of the STIS NUV
spectra taken one and two days later is low, so these
have been combined into a single epoch spectrum with
t = 4.81 + 0.55days, roughly consistent with the NUV
t3 and the ‘turn on’ of the super-soft source (SSS) X-ray
emission (¢ = 5.6+£0.7 days; DHB16). These stacked and
subsequently de-reddened spectra (Ep_y = 0.1; see Sec-
tion 3) are presented in the top panel of Figure 2, promi-
nent lines are labeled with their most probable identifi-
cation. The presented spectra have not been corrected

4 All spectral fitting discussed in this paper employs a non-
linear least-squares Levenberg-Marquardt (1963) algorithm, with
errors on the dependant and independent variables evaluated us-
ing Orear’s effective variance method (Orear 1982).
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Figure 1. HST STIS NUV spectrum of M31N 2008-12a de-reddened assuming different values of Ep_yv as indicated on the
left-hand axis, each spectrum has been smoothed by a ‘boxcar’ function of width 7 pixels. A vertical line has been plotted

to indicate the location of the 2175 A spectral feature due to interstellar reddening. The bottom spectrum (black line) shows
the observed spectrum with no de-reddening, the interstellar absorption feature can be seen as a ~ 200 A half-width feature
blueward of 2175 A, redward the feature is confused by emission lines. The de-reddened spectra are shown in color for clarity. As
the value of Ep_v is increased towards ~ 0.1 the broad absorption feature disappears in the de-reddened spectra, with further
increases in assumed extinction the feature turns into emission. The straight lines indicate power-law fits to each spectrum
(excluding the 2175 A feature and any prominent lines), and are included to aid comparison of the spectra. From this plot,
we adopt Ep_y = 0.10 4 0.03 (the central black spectrum), consistent with foreground Galactic extinction and no extinction

internal to M 31.

for the relative velocity of M31N 2008-12a. M31 has a ra-
dial velocity of —300kms~! (McConnachie 2012), how-
ever the north-west side of that galaxy is receding with
a rotational velocity of ~ 226kms~! (Carignan et al.
2006), there is no indication from these spectra that the
peculiar velocity of M31N 2008-12a is signficant. There-
fore, the net velocity of M31N 2008-12a relative to the
Milky Way is expected to be small, and smaller than the
spectral resolution.

The FUV spectrum shows a number of bright and
broad emission lines. The Nv (1239/1243 A) and C1v
(1548/1551 A) resonant doublets, and the Sitv/O1v
blend at ~ 1400 A dominate the FUV spectrum, show-
ing strong emission peaks and evidence for deep P Cygni
absorption components. Lines of N1v] (1486 A), He1

(1640 A), and O] (1661/1667 A) are also present in
emission. Many of the bright emission lines appear to
contain narrower absorption features, which might be
directly related to the ejecta morphology or in some
cases to interstellar absorption. Additional absorption
features are seen at ~1304 and ~1334 A, probably cor-
responding to O T and C11, respectively. A Lyman « fea-
ture is present, but it is blended with the Nv P Cygni
absorption. Unidentified emission lines may also be
present at ~1197 and ~1211 A.

In the combined NUV spectrum only the Mgit
(2796/2803 A) resonant doublet is clearly identifiable.
Emission lines of He1r (2511 A) and O] (1667 A) are
tentatively detected. Currently unidentified emission
lines may also appear at 1818, 1857 (possibly Al
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Figure 2. Top: Hubble Space Telescope STIS spectra of the 2015 eruption of M31N 2008-12a, left: STIS FUV MAMA G140L
spectrum, right: STIS NUV MAMA G230L, both spectra have been corrected for interstellar extinction (Ep—_yv = 0.1). Middle:
Keck spectrum of the 2013 eruption taken at a similar epoch. The vertical dotted line in this and the bottom plot indicate the
Balmer limit (3645 A). Bottom: Combined FUV, NUV, Keck spectrum showing fits to the continuum and broadband SED
(magenta points), see text for further details.
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1860 A), 1897, and 2304 A, with many of these appearing
double-peaked. However, the S/N in the NUV decreases
significantly blueward of ~ 1950 A. There is no evidence
for any P Cygni absorption features in the NUV.

UV spectra of nova eruptions evolve through three
clearly identifiable stages; early epochs where Fe ab-
sorption lines dominate, the ‘Fe curtain’ phase; a tran-
sition (or pre-nebular) phase; before evolution into a
nebular spectrum (see Shore 2012, for a recent review).
The FUV and NUV spectra of the 2015 eruption of
M31N 2008-12a clearly indicate a nova eruption in the
transition phase, well past the Fe curtain.

The 2013 Keck spectrum, taken at a similar erup-
tion epoch to the HST NUV spectrum, shows numerous
strong and weak emission lines, dominated by H1, Hel,
Her1r, O111 and various N lines. As reported by DHS15,
and particularly DHB16, there is no evidence for low-
ionization Fe or O1 emission lines — key signatures of
the Fell spectroscopic class — observed in the Keck or
HST spectra.

We will now discuss prominent lines from each de-
tected element in turn, the strongest lines are displayed
in more detail in Figure 3.

4.1. Helium

Emission lines from the H-like Hell are prominent
throughout the FUV, NUV, and optical spectra. Tran-
sitions from the odd n = 13 — 7 levels (even levels are
coincident with the Balmer series) to the n = 4 level
of He1r (Pickering series) are all observed in the opti-
cal. The n =4 — 3 (4687A) and 5 — 3 (3204 A) Henr
lines are among the strongest emission lines in the Keck
spectrum. The n =3 — 2 (1640 A) transition is clearly
observed in the FUV, the n = 4 — 2 line is coinci-
dent with Lyman «. All He11 lines are observed without
P Cygni absorptions in all spectra. As the Hell lines are
singlets and relatively un-blended in all spectra, we use
the profile of the strongest line (1640 A) as a guideline
template for all other observed emission lines.

The He 11 (1640 A) emission line is symmetrical within
the spectral uncertainties, and double-peaked, like the
Hr1i and Her lines observed in the optical spectra
(DHS15, DHBI16, see bottom-left plot in Figure 3). The
central ‘dip’ of this profile is at 1640.3 A, consistent
(within the spectral resolution) with the rest wavelength
of 1640.5 A, confirming the wavelength calibration of the
spectrum (the gray horizontal line in the Hen plot in
Figure 3 denotes the rest wavelength) The FWHM veloc-
ity of this He1I line (measured by fitting a single Gaus-
sian to the profile) is 2400 £200kms~—!. This velocity is
consistent with the Ha line (v ~ 2400 kms~!; DHB16),
at a similar time after the 2014 and 2015 eruptions. The
integrated flux and FWHM velocity of all emission lines
discussed in detail are reported in Table 3.

There is evidence for the Hetr (2512A; n = 7 — 3)
line in the NUV. This line can also be modeled using the
He 11 (1640 A) line profile, but there may be evidence for
line narrowing, the FWHM is 1800 £+ 300 kms~!. Given

the systematic line-narrowing with time as reported by
DHS15, DHB16, and TBW14, proposed to be due to
the ejecta interacting with circumbinary material, such a
‘deceleration’ between the FUV and NUV /Keck spectra
is expected. There is no significant detection of the He 11
(2734 A; n = 6 — 3) line.

The double-peaked He1r (4686 A) and H1 lines in the
Keck spectrum exhibit asymmetric peaks, as noted by
DHBI6 for the early-time H1 lines. The He1r (4686 A)
line detected during the 2014 and 2015 eruptions was
blended with the nearby N 111 (4640 A) line and a direct
comparison with the Keck 2013 profile is not possible.

4.2. Magnesium

The broad NUV feature at ~2800A is the Mg
(2796/2803 A) resonant doublet (Figure 3, bottom
right). A P Cygni profile, as seen for the FUV resonance
lines (see Sections4.3-4.5), is not present, but we note
that the S/N is much lower and that the NUV epoch is
~ 1.5 days after the FUV observation. The noisy struc-
ture of this feature may show four emission peaks and
three narrow absorption dips, with the red most two
returning almost back to the continuum level.

The Mg11 profile can be well represented by a pair of
double-peaked He 11 (1640 A) template emission lines, at
2796/2803 A with a fixed flux ratio of 13:12 — the Mg
resonant doublet, and narrower absorption lines also at
2796 and 2803 A. The fit formally doesn’t require addi-
tional emission or absorption lines. By inspection of the
two separate NUV visits, an apparent third feature at
2786 A is only present in the earlier visit and may be re-
lated to a velocity difference in the Mg 11 profile between
the two epochs. The equivalent width of all measured
absorption lines are reported in Table 4. Such deep ab-
sorption features are seen in many of the line profiles,
typically corresponding to the wavelengths of known in-
terstellar absorption lines. However, the low spectral
resolution necessitated by these observations prohibits
us from unambiguously assigning their origin to either
ejecta geometry or interstellar absorption.

4.3. Nitrogen

The line at 1486 A (Figure 3, middle left) is likely to
be due to N1v] (1486 A). The FWHM of this profile is
2600+200km s~ !, but it doesn’t show the same double-
peaked structure as Hell, more of a flat top. However,
the line is still well represented by a single template
line centered at 1486 A. In the Keck spectrum there is
evidence for lines that we propose are also associated
with N1V at 3479, 4606, and 6381 A.

The broad and bright feature at 1240 A is the com-
monly observed Nv (1239/1243 A) resonant doublet
(Figure 3, top right). This feature is noticeably broader
than the He1r and N 1v lines, and appears to have a deep
P Cygni absorption element which is severely blended
with the Lyman a feature at 1215.7 A. The red wing of
this profile appears particularly broad, compared to the
blue wing. It is punctuated by an absorption line at
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1260 A, possibly a blend of interstellar C1 S11, or SiIL
The N v feature is notably broader and more asymmet-
ric than that of C1v (which also has a clear and deep
P Cygni absorption), therefore we don’t believe that the
asymmetry of the N v feature is due solely to the P Cygni
absorption.

The N v P Cygni profile may extend as far as 1212 A,
giving a terminal velocity of < 6500kms~!. This is
consistent with the velocity of the short-lived very high
velocity material observed in the visible spectra of the
2015 eruption for ¢t < 1day (DHBI16). DHBI16 proposed
that this emission was from optically thin H1 gas moving
almost directly toward the observer, possibly in the form
of a collimated outflow or even a jet (see Section 5.1).

The 1240 A feature can be modeled by two template
lines but with increased FWHM of 4500 & 100kms™!,
and central wavelengths 1238.8 A and 1242.8 A (the Nv
doublet). However, a third emission line at 1261.5 +
0.3A, and a, possibly interstellar C1, absorption line
at 1261.5 A are required to reproduce the overall gross
structure. In principle such an emission line at ~ 1262 A
could be Sitr (1260 A), O1 (1261A), or C1 (1261 A).
The apparent lack of a C 11 emission line at 1334 A seems
to rule out an identification as C1, likewise the low ion-
ization energy of Si1 (16.3eV) appears to rule out that
species. This leaves O 11 (1261 A) as seemingly the only
option. In Section 5.1 we discuss an alternative inter-
pretation of this highly asymmetric line profile.

4.4. Carbon
A C11 (1334 A) emission line is typically seen in novae
from both CO (De Gennaro Aquino et al. 2014) and

ONe WDs (Shore et al. 1993, 2013a). But this emission
line is not seen in the FUV spectrum. Instead a deep
absorption line is seen, possibly interstellar in origin, see
Section 4.8. No strong evidence for any CI-I11 emission
lines are seen in either the FUV, NUV or Keck spectra.

The feature at 1550 A (Figure 3, middle right) is the
C1v (1548/1551 A) resonant doublet. A double-peaked
structure is present in emission and there is a deep
P Cygni absorption dip to the blue-side. The two emis-
sion peaks do not correspond to the wavelengths of the
C1v lines. The P Cygni absorption extends as far as
1503 A, giving a C 1V terminal velocity of < 8700km s~ 1.

The C1v profile isn’t well reproduced by a single emis-
sion line, however it can be well modeled by a pair
of template lines centered at 1548.2 and 1550.8 A with
a fixed flux ratio of 10:9, and an absorption line at
1548 A. We note that a shift of the C1v emission lines
0.74 4 0.07 A to the red produces a superior fit.

The presence of a strong (possibly) interstellar C1v
(1548 A) absorption to explain the central ‘dip’ in the
overall C1v profile at 1548 A seems unlikely, particularly
as a similar absorption at 1551 A is not required. It is
possible that this dip is simple due to variations in the
underlying C1v emission line profiles (see the discussion
in Section 4.1).

4.5. Silicon

The structure seen around 1400 A (Figure 3, top right)
may be arbitrated to either the Si1v resonant doublet, or
O1v] lines. With many novae first displaying Si1v which
wanes to reveal waxing O1v] lines. The profile is three-
peaked with a P Cygni form. As the other resonance
lines (Nv and C1v) in the FUV exhibit P Cygni pro-
files, it is probable that there is some contribution from
Si1v here. The P Cygni absorption may extend as far as
1353 A giving a terminal velocity of <9400 kms~1.

The 1400 A profile cannot be well reproduced by solely
O1v template lines; although the red wing can be
modeled there is significant excess blue flux. But the
1400 A profile is very well reproduced by solely the Sitv
(1394/1403 A) resonant doublet with a fixed flux ratio
of 15:12. The fit formally doesn’t require any O 1V lines,
nor any absorption lines. Therefore, we conclude that
at this epoch there is no significant O 1v emission.

We note that there is no strong evidence for the pres-
ence of any O 1V lines at this stage across the FUV, NUV,
or Keck spectra. The ionization energy of O 111 (54.0eV)
is much greater than that of Simn (33.5eV). Therefore,
at this stage in the evolution (¢ = 3.32days), one possi-
bility is that any oxygen is yet to be sufficiently ionized.
However, with the dominant spectral feature being a
seemingly optically thick N v line (ionization energy of
N1v is 77.5eV), any oxygen in the ejecta must still be
sufficiently shielded from the central radiation field.

4.6. Ozxygen

As already mentioned, no O1, or indeed [O 1], emission
lines have yet been observed at any time in spectra of
M31IN 2008-12a. O71 (1304 A) emission lines are often
observed in the FUV spectra of CO and ONe novae,
but no evidence for such emission is seen in the FUV
spectrum of M31N 2008-12a. An absorption line, seen
at 1304 A, may be an interstellar line broadened by the
instrumental response. There is no evidence for the O1
8446 A line in the Keck spectrum.

In Section 4.3 we introduced an interpretation of
the Nv ‘red wing’ being the presence of a strong O11
(1261 A) emission line. On this basis, we can also ten-
tatively assign emission lines seen in the Keck spectrum
at 4133 and 4157 A as O1I lines.

O 111 emission is observed across the FUV, NUV, and
Keck spectra. The O 111 (1667 A) line is seen in the over-
lapping region of the FUV and NUV spectra at t =
3.32days and 1.5days later, respectively. In the FUV,
there is also a strong line at 1661 A, which could be O 111
(1661 A) The FUV O 111 lines have a similar line profile
to the He-line, but this narrows to 1200 4+ 100kms~!
in the NUV. Unfortunately the Ot (2322 A) line is
not visible in the NUV, which when combined with the
FUV lines may have granted some insight on the electron
temperature and density (see, e.g., Keenan & Aggarwal
1987). In the Keck spectrum, generally strong emission
lines, tentatively identified as O 111, are observed at 3059,
3133, 3265, and 3444 A.

As discussed in Section 4.5, there is no evidence for
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Table 3. Observed and non-observed emission and P Cygni lines in the HST spectra of the 2015 eruption of M31N 2008-12a.

Line Ao FWHM Terminal Velocity® Observed Flux Unabsorbed flux® Ionization energies®’
[A] [kms™!] [kms™!] [x10" P ergs™' cm™?] [eV]
Nv?  1239/1243 45004100 < 6500 522+ 1.0 525+ 1.0 775 979
ot 1261 4500 £ 100 .- 22.3+£1.3 24.1+1.3 13.6  35.1
Ov 1381 ce ce <12 774 138.1
Sitv 1394/1403 4800 £ 100 < 9400 20.0+£0.6 33.5 451
Orv] 1401/1407 - <1.0 549 774
N1v] 1486 2400 % 200 .- 5.28 £0.72 e 474 775
Crv  1548/1551 30004250 < 8700 20.4 +0.7 22.6 £0.7 479  64.5
Nev 1575 ce ce < 0.9 97.2 126.2
Nerv 1602 e < 0.8 63.4 97.2
Henr 1640 2400 £ 200 3.88 £0.53 24.6 544
Om] 1661 2400 4 200 3.41 £0.48 35.1 54.9
Oom] 1667 2400 % 200 2.00 £ 0.51 35.1 54.9
Oomy] 1667 1200 £+ 100 1.40 £ 0.46 35.1 549
Hemr 2512 1800 % 300 0.75 £ 0.20 246 544
Henr 2734 e < 0.43 e 24.6 544
Mgu 2796/2803 1800 £ 300 2.44+0.55 3.89 £ 0.59 7.6 15.0

%Terminal velocity quoted where there is evidence for a P Cygni absorption profile.

bUnabsorbed flux is estimated under the assumption that any strong absorption troughs affecting the line profiles are caused
by interstellar lines, see Table 4 for estimates of the equivalent widths of these absorption features.

CHere we note the energy required to raise the element to the quoted oxidation state and to the subsequent oxidation state,

respectively.

dHere we work under the assumption that the Nv profile is a combination of Nv and O 11 (see Section 4.3), the total flux of the
Nv feature can be found by combining the flux of these two components. O1I is one proposed explanation for the asymmetry

of the N v profile, see Section 5.1 for further discussion.

References—(1) Kramida et al. (2015)

Table 4. Equivalent width of potential interstellar absorp-
tion features in the M31N 2008-12a spectra.

Line Ao Equivalent
[A]  width [A]

¢ 1260 1.4940.39

01 1304 5.04 + 0.87

Cu 1335 7.20£0.79
civhd 1547 1.63+£0.29
Mgu' 2796 3.20 4+ 0.58
Mgu' 2803 2.09 4 0.48

JrEquivalent widths computed using additional absorption
line require to model the overall emission line profile of a
separate line.

iThiS absorption feature may be a blend of interstellar C1,
Si1i, and S1I.

§This apparent absorption feature may simply be related to
the blending of the line profiles of the C1v resonant doublet.

O1v lines in the FUV or NUV. There is also no evidence
in the FUV of the Ov (1371 A) line which is commonly
seen in novae from CO WDs. Throughout the FUV,
NUYV, and visible spectra, O is not observed to be more

than doubly-ionized.

Forbidden emission lines of [O11] and [O111] are com-
monly observed in the spectra of novae as they enter
the nebular phase. Although not causally connected,
the onset of the nebular phase often coincides with the
turn-on of the SSS X-ray emission, which occurred at
t =5.6+0.7days (DHBI16) for M31N 2008-12a in 2015.
Based on the behaviour of the optical light curves of
the 2013-2015 eruptions, DHBI16 predicted that the
nebular phase may have begun between 4 or 5 days
post-eruption. The NUV and Keck spectra were taken
~ 1day before the SSS turn-on but show no evidence
for any forbidden O (or N) lines.

4.7. Neon: The elephant in the room

When we are concerned with the ultimate fate of an
accreting WD, the underlying composition and the de-
duced mass of the object are of crucial importance.
Following Iben & Tutukov (1985) and Straniero et al.
(2016), it is widely believed and often claimed that only
massive stars can form ONe WDs, and that those WDs
are massive (i.e. 1.2 — 1.3 Mg). Thus the presence of
strong Ne lines is offered as evidence that a WD is not
only composed of O and Ne, but that it must be mas-
sive. We note that it may be possible to build an 0.1 Mg
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ONe envelope on a moderate mass CO WD via rapid
mass transfer (Shara & Prialnik 1994) in a binary, so
the presence of Ne does not prove that the underlying
WD is particularly massive. We are unaware of any
eclipsing, double-lined spectroscopic binaries in old ONe
novae for which an accurate mass estimate of the ONe
WD is available.

That aside, the [Nev] (1575A) and [Nerv] (1602 A)
emission lines have only been observed in nova erup-
tions from ONe WDs. Ne is not produced in any large
quantities by the CNO nuclear reactions on the WD sur-
face. Therefore, any Ne overabundance observed in the
ejecta must be caused by dredge up from the underlying
(ONe) WD due to mixing between the accreted layer
and the WD; also see the discussion in Section 5.2.

It is clear from the FUV spectrum that Ne lines
are not detected. Using the Hell template, we can
place 30 upper limits on the flux of [Nev] (1575 A) and
[Ne1v] (1602 A) lines of < 9.49 x 10~ 0 ergs™! cm™2 and
< 7.75 x 1076 ergs™!, respectively.

Novae Pupis 1991 and Cygni 1992 also showed ev-
idence for permitted Nerr lines at 2040 and 2150 A
(Shore et al. 1993), but again no signs of such lines
are seen in the M31N 2008-12a NUV spectrum. A rela-
tively weak emission line is seen in the Keck spectrum at
3343 A, which could correspond to a [Ne11] line but also
O 111 lines. We note that there is no evidence for the cor-
responding [Ne 1] (3869 A) line in that spectrum. The
Keck spectrum also shows no evidence for the [NeV]
(3346, 3426 A) doublet.

4.8. Interstellar absorption lines

As discussed in the previous sub-sections, a number of
absorption lines are seen in the FUV and NUV spectra of
M31N 2008-12a. In many cases the central wavelengths
of these absorptions lines match those of expected in-
terstellar absorption lines. The low spectral resolution
employed in these observations is restrictive when as-
signing a cause to these absorption features, arising ei-
ther from ejecta or interstellar absorption. However, the
consistency of the appearance (or not) of absorption fea-
tures within the broad line profiles with the location of
expected interstellar lines is telling. In Table 4 we com-
pile the proposed interstellar absorption lines observed
in the UV spectra of M31N 2008-12a and record their
estimated equivalent widths.

4.9. Comparison to LMCN 1968-12a

The FUV spectrum of the 2015 eruption of
M31N 2008-12a shows similarity to the early-time
FUV spectrum of the 1990 eruption of the recurrent
LMCN 1968-12a (Shore et al. 1991; Kuin et al. 2017).
In Figure 4 we directly compare the FUV spectrum of
M31N 2008-12a to the International Ultraviolet Explorer
(IUE) spectrum of LMCN 1968-12a obtained two days
after the 1990 eruption. The IUE spectra were retrieved

E T T T
S NV (12408) —_
0 - o og T
] o
- 0
~ 0
=] Z
[ [
)
M N -
] =
= =] ~
29 =] o
< ~
- ©
2 ha’ = ER
og g-—a
5 B S N
- @ < 2o
7 z g
=~ o ==
é — ﬁ <+ 2 U} -
© == l=y
o & z B
S‘, )
T - (<)
= h
(<1 &}
Y y
o

" " " " " " 1
1200 1400 1600
Wavelength []]

Figure 4. A direct comparison between the FUV spectrum
of M31N 2008-12a (black; cf. Figure 2) and the IUE spectrum

of LMCN 1968-12a (red) obtained 2days post-eruption (see
Shore et al. 1991). In general both spectra are similar, but
note the differences in line widths and the Sit (1206 A) and
N1v] (1486 A) lines.

from the IUE Final Archive’.

In general, these spectra are similar and are domi-
nated by the resonance emission lines. The C1v line in
LMCN 1968-12a is noticeably broader, but the P Cygni
absorptions to the blue of the Si1v feature and C1v are
less deep and extend to lower velocities. We also note
the lack of an O1 (1304) emission line in both novae, al-
though [O1] lines were later observed in the visible spec-
tra of LMCN 1968-12a (Shore et al. 1991). M31N 2008-
12a exhibits a much stronger N1v] line, and there may
be some indication (based on the apparent redward-shift
of the profile) that the Si1v feature in LMCN 1968-12a
may have some contribution from O1v] (1401/1407 A).

One of the major differences is around the Nv fea-
ture. In the 1990 eruption of LMCN 1968-12a there is a
strong emission feature to the blue which Shore et al.
(1991) identified as possibly Simr (1206 A). The cen-
tral peak of the NV profile appears slightly broader in
LMCN 1968-12a, however the extended red-wing as seen
in M31N 2008-12a is not observed (see Section 5.1). We
note that LMC 1968-12a did not go on to develop Ne
lines in its spectrum (see also Section 5.2).

4.10. Continuum emission

Continuum emission from M31IN 2008-12a is clearly
detected in the FUV, NUV, and Keck spectra. The
bottom panel in Figure 2 shows a combination of these
three spectra, plotted on a log-log scale. We assume
that a combination of the FUV and NUV spectra, taken
~1.5days apart, is suitable for discussion purposes at
least. To match the NUV and Keck spectra we have

5 https://archive.stsci.edu/iue
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artificially increased the Keck flux by 50%. Such a flux
discrepancy may be due to a number of reasons includ-
ing, spectra taken at different stages of the eruption, slit
losses, differences in background subtraction, etc., and
we do not deem it to be significant.

The M31N 2008-12a continuum at this epoch is well
represented by a power-law across most of the wave-
length range (1000-10000A). There is clear evidence
for the Balmer discontinuity (the Balmer limit, 3645 A,
is indicated by the gray-dashed vertical line), and ten-
tative evidence for the Paschen discontinuity (8204 A).
The solid red line in the bottom of Figure 2 shows a
power-law, with the break to account for the Balmer
jump. The continuum emission over the wavelength
range 1600 < A < 6000 A is consistent with the power-
law associated with optically thick free-free emission
(f» o< A=8/3). Such good agreement increases our con-
fidence in the extinction value derived in Section 3. Be-
yond 6000 A, the continuum is roughly consistent with
a power law with index —2.1, as would be expected for
optically thin free-free emission. We note that back-
ground subtraction and stellar crowding issues may be
becoming problematic at longer wavelengths in the Keck
data, so this apparent break at longer wavelengths may
be due to source contamination. However, we conclude
that the NUV and optical continuum emission at this
stage is dominated by optically thick free-free, while at
longer wavelengths the transition to optically thin free-
free may already be underway.

In the bottom panel of Figure 2 we also show the
broadband spectral energy distributions (SEDs; ma-
genta points; from the LT and Swift) at a similar epoch
(see DHBI16). Due to the presence of an emission
line spectrum, the SED over-estimates the continuum.
Based on these data, DHB16 suggested that the contin-
uum was dominated by optically thick free-free emission;
the NUV and Keck spectra confirm this.

There is a clear break to an apparent flatter continuum
as we move to the FUV regime. We also note that such
a phenomenon was reported in the broadband SEDs fol-
lowing the 2015 eruption (DHB16). With the SSS turn-
on imminent, we do not believe that this flattening is ev-
idence fot a turnover in the continuum emission. There
could be a number of explanations for this behavior.
Partly it may be due to the 1.5day offset between the
FUV and NUV spectra. It could also be due to variation
in intra-ejecta absorption as the ejecta are still under-
going early-time rapid expansion. But we propose that
it is most probably to be due to extinction effects. The
extinction at FUV wavelengths is particularly sensitive
to the composition, distribution, and size of the inter-
vening dust grains. A small change in the reddening
or extinction coefficient can cause a large effect at FUV
wavelengths, and cannot be ruled out here.

5. DISCUSSION

5.1. Geometry, Inclination, and Jets?

All the spectral evidence (see DWBI4, DHSI5,
DIBI16, TBW14) point to the M31N2008-12a ejecta
being highly asymmetric. DHBI16 suggested a ge-
ometry similar to that proposed for the 7-ray nova
V959 Monocerotis (Chomiuk et al. 2014). That is a
dense equatorial ejecta whose expansion is impinged by
the disk, the donor, and circumbinary material, com-
bined with a lower density, higher velocity polar outflow.

DHB16 presented two different interpretations of the
system inclination based on the visible and X-ray obser-
vations. The visible spectra, which showed short-lived,
high-velocity material, were interpreted as evidence for
collimated outflows, possibly jets, aligned almost di-
rectly towards the observer — a low inclination system.
Whereas a tentative detection of emission lines in the
SSS spectrum could be suggestive of a high inclination
(see Ness et al. 2013, for a full and detailed discussion
of such obscuration effects), however such lines can only
be verified using high resolution grating spectra.

The double-peaked spectral lines seen throughout the
optical spectra (DWB14, DHS15, DHB16, TBW14) are
reproduced in the FUV and NUV spectra, and all but
one emission line appears symmetrical. We propose that
this double-peaked line profile, as seen for the He1I lines
and used to model the spectral lines, is due to the equa-
torial component of the ejecta in a low inclination sys-
tem. Again the high quiescent NUV disk luminosity
reported by DWB14 and TBW 14 effectively rules out a
high inclination system.

The emission portion of the Nv (1240 A) feature in
the FUV appears strongly asymmetric. In Section 4.3
we presented one possible explanation, a strong high-
velocity O11 (1261 A) emission line. However, a search
of the literature provided no evidence for such a line
ever being observed in a nova spectrum; let alone one as
strong as the Si1v (resonant) emission lines. So here we
present an alternative explanation. In the ¢ < 1d optical
spectra of the 2015 eruption, DHB16 proposed that the
high velocity emission seen at either side of the central
Ha emission peak was due to highly collimated polar
outflows directed almost directly toward the observer.
DHB16 modeled this high velocity emission with a pair
of Gaussians of width 2800 & 100 km s~ offset from the
central wavelength by —4860 & 200kms~! and 45920 +
200kms~! (although the red component was blended
with He1 (6678 A) emission which probably accounts for
the higher apparent velocity).

The NV feature can be equally well fit by the Nv
doublet, an (ISM) absorption feature at ~ 1260 A, and
a Gaussian emission feature at +48104250kms~!. This
is of course remarkably similar to the proposed outflow
velocity seen in the optical. The observed NV feature
clearly cannot trivially support the presence of another
outflow emission feature at —48104250 kms~! due to its
coincident with the apparent P Cygni absorption of Nv
and the Lyman « feature. However, as there probably is
optically thick N v present at that epoch, we must con-
sider that the entire N v feature could be described by a
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Figure 5. Spectral line features for Nv (1240 A). The red

line shows the synthetic Nv + O1I profile (as detailed in
Figure 3. The solid blue line shows the N v + optically thick
jet profile. The blue dotted line indicates the equatorial N v
profile (we note the similarity to the C1v profile), and the

dashed-dotted blue line shows the proposed jets (the fore-jet
would be heavily self absorbed and affected by Ly«).

central peak from equatorial ejecta, close to the plane of
the sky, and optically thick (in Nv) outflows in a direc-
tion close to the line of sight (v = £4000 4+ 600 kms™1!).
Such a scenario could even partly explain the uniden-
tified emission lines at ~1197 and ~1211 A, see Fig-
ure 5. We note that the model including the jet formally
provides a marginally better fit (despite the decreased
degree of freedom), and reduces or even removes the
requirement for a broadening of the model line profile
(based on the Hell profile) of the equatorial emission.
If this is indeed the case, the picture could fit quite
well with the presence of such an apparently strong N v
feature. N Vv is the highest ionization energy species seen
in the FUV spectra yet, given the above picture, this
material may attain some of the highest velocities in
the ejecta. There is no evidence for the lower ionization
O1v species, yet N1v and OIII are seen in abundance
and at lower velocities. The implication must be that
we are observing NV emission from a different region of
the ejecta. Could this simply be explained as material in
the fast expanding, low density, outflows seeing a harder
radiation field from the WD than material in the denser
equatorial regions? Indeed the equatorial ejecta would
be partly shielded by the proposed surviving disk.
Such a discussion wouldn’t be complete without
comparison to the derived geometries of other novae.
The Galactic RN T Pyxidis and the suspected recur-
rent KT Eridani both exhibited similar line profiles to
M31N 2008-12a in the visible (see Surina et al. 2014 and
Ribeiro et al. 2013, respectively). Subsequent modeling
of these ejecta by Shore et al. (2013b) and Ribeiro et al.
(2013), respectively, reported different geometries and
inclinations to those proposed for M31N 2008-12a. How-
ever, when studying near-IR spectra of T Pyx, Ches-

neau et al. (2011) reported a similar geometry — ‘a face-
on bipolar event’ — to our M31N 2008-12a model. We
must note two potentially key differences between the
line profiles of M31N 2008-12a and those of T Pyx and
KT Eri. Broad rectangular ‘shoulders’ are seen around
doubled peaked Gaussian-like central components in the
line profiles of all three novae. But the velocities of
these shoulders (see DHB16) are significantly higher in
M31N 2008-12a and only appear fleetingly in the visible
spectra (t < 1day post-eruption; DHB16), whereas they
persist throughout the evolution of T Pyx and KT Eri.

5.2. The white dwarf

Shore et al. (2013a) presented ‘template’ FUV spectra
of nova eruptions from ONe WDs. It is clear that the
M31N 2008-12a FUV spectrum ¢ = 3.32days does not
match those templates. Primarily because there are no
Ne lines observed in that spectrum.

In addition, the FUV spectrum of M31N 2008-12a
hints at being under abundant in oxygen. The OI1
(1305 A) line is simply not observed (only an absorption
line is seen, possibly originating from the ISM), no O 1v
is required to explain the feature at 1400 A (which is
Si1v), and the O 111 line at 1667 A appears significantly
suppressed compared with the C1v (1550 A) feature —
spectra of ONe novae often show these features with
similar strength.

The FUV spectrum of M31N 2008-12a appears sig-
nificantly under abundant in both oxygen and neon,
when compared to the ONe ‘template’ spectra. The
M31N 2008-12a spectra are dominated by H, He, and N.

But can we say with certainty that the WD in the
M31N 2008-12a system is CO in nature? No we cannot.
The [Ne1v] and [Ne v] lines that are the hallmark of ONe
novae require high ionization energies and, as forbidden
transitions, are only present below a critical density in
the nova ejecta. No nebular lines of any species are ob-
served up to day ~ 5, and the only species observed
with similar ionization levels to [Ne1v] is Nv. We have
already noted our thoughts about that line, and again
note that those are resonance lines. However, we only
have one FUV epoch. To absolutely rule out the pres-
ence of Ne in the ejecta we require a time series of FUV
spectra further into the decline.

We must also pose the question, can we ever know the
composition of the WD in such a RN? That is, with-
out awaiting the final outcome once the Chandrasekhar
mass is exceeded. For WD material to reach the ejecta
that material must first become sufficiently mixed with
the accreted envelope — the nuclear burning region.
The presence of Ne in the ejecta of a number of CNe
(Williams et al. 1985; Snijders et al. 1987), plus theo-
retical studies (see, e.g., Casanova et al. 2016), supports
that this is indeed possible. However, if the mass of the
WD is growing with time the situation may differ.

Each RN eruption must deposit some of its He ‘ashes’
back onto the surface of the WD, each subsequent RN
eruption deposits additional He. Over time a large layer
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of He accumulates which may act to ‘shield’ the accreted
H-rich layer from the WD material. For significant mix-
ing of WD material into the accreted layer to occur,
the mixing timescale must be at most similar to the re-
currence time-scale. But as a given WD grows toward
the Chandrasekhar mass its recurrence period decreases
eventually (potentially) becoming shorter than the mix-
ing timescale.

If we return to the growing He layer beneath the ac-
creted envelope. Predictions show that eventually this
layer will grow dense and hot enough to initiate He-
burning and a He-nova will ensue (Jose et al. 1993; Cas-
sisi et al. 1998). With models suggesting that the He-
nova recurrence period is ~ 1000 times longer than that
of the parent system’s H-novae, it seems highly probable
that WD material will always have time to mix with the
He-layer. We predict that the ejecta from He-novae will
contain the abundance signature of the underlying WD,
but these are rare events — and may not eject significant
quantities of material (Hillman et al. 2016).

In effect, mixing of WD material into the ejecta of
short period RNe may be strongly suppressed. As such,
so is the possibility of one being able to determine the
composition of an accreting massive WD. We note that
there is no evidence of Ne in any of the Galactic RNe,
above Solar abundances (see, e.g., Mason 2013).

However, if confirmed, the lack of Ne in the
M31N 2008-12a ejecta does tell us one important thing.
That WDs in accreting systems can indeed increase
their mass. In M31N 2008-12a, either we have a near-
Chandrasekhar CO WD (i.e. grown in mass), or the sys-
tem contains an ONe WD that has accumulated a large
enough He layer (i.e. grown in mass) to shield the inter-
nal WD from the accreted layer and nuclear burning.

6. SUMMARY & CONCLUSIONS

In this paper we have analyzed unique Hubble Space
Telescope spectroscopic observations of the 2015 erup-
tion of M31N 2008-12a. In this analysis, we have also
utilized an archive Keck spectrum of the 2013 eruption
of M31N 2008-12a. Here we summarize our conclusions:

1. A series of HST STIS NUYV spectra of the 2015
eruption aided constraining the reddening toward
M31N 2008-12a to Ep_y = 0.1040.03 — consistent
with all the line-of-sight extinction being internal
to the Milky Way.

2. A single HST STIS FUV spectrum showed no indi-
cation of any neon ([N1v] 1602 A or [NV] 1575 A)
in the ejecta of M31N 2008-12a at that time (¢t =
3.32d post-eruption).

3. The FUV spectrum was broadly consistent with
the post Fe-curtain spectrum of a CO WD. But we
note the absence of emission lines of O1 (1304 A),
C11 (1334 A), and Ov (1371 A).

4. The FUV resonance lines (Nv 1240A, Sitv
1400 A, and C1v 1550A) all exhibited strong

P Cygni absorption profiles with mean terminal
velocity < 8200kms~—!. Other emission lines
in the FUV had typically FWHM velocities of
2400 km s~?!, the emission portion of the resonance
lines were all broader.

5. The NUV spectrum was dominated by the Mg11
resonance line, but was otherwise somewhat de-
void of lines with only a He 11 and O 111 line visible.
There was evidence for significant line narrowing

in the ~ 1.5d between the FUV and NUV spectra.

6. The NUV spectrum and the Keck 2013 spectrum
were taken at similar epochs, post-eruption. When
combined, the dereddened continuum was consis-
tent with the expected slope of optically thick free-
free emission.

The primary aim of these HST observations was to
determine the WD composition — and hence the ultimate
fate of the system. The lack of detected neon, may be
indicative of a CO WD, simply looking too early in the
eruption, or due to shielding of the WD material from
the accreted layer (by a growing He layer).

Although these observations have addressed a num-
ber of significant questions about M31N 2008-12a they
have opened up as many new questions as they have
answered. Most of these questions can only be solved
by further observations, particularly time-resolved UV
spectroscopy of the eruptions, and further more detailed
modeling of this extreme system.
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