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Summary

In this dissertation, we consider the origin of thermonuclear supernovae, known by their
observational classification as type la (hereafter SNe Ia). In particular, we develop an
entirely new means to test the “single-degenerate” hypothesis, in which the progenitors of
these tremendous explosions are suggested to be hot and luminous accreting white dwarfs.
We then strongly constrain the role of any such “hot-mode” SN Ia progenitor channel using
both a population-based argument and an individual case study, before concluding with
some more general considerations of nebulae ionized by accreting white dwarfs.

Type Ia supernovae have now been the subject of intensive study for decades, particu-
larly in light of their role as standard(-izable) candles in measuring cosmological distances.
However, there remains no consensus model for the evolutionary channel(s) by which they
originate. In the so-called “double-degenerate” scenario, a binary pair of white dwarfs shed
angular momentum through gravitational-wave radiation, until they inspiral and merge,
triggering an explosion. Alternatively, in the classic picture of the single-degenerate scen-
ario, a white dwarf accretes hydrogen-rich material from some main sequence or red giant
companion, and grows through nuclear burning of this material at its surface until reaching
sufficient mass to trigger an explosion. This suggests that single-degenerate progenitors
should be extremely luminous sources in the EUV and soft X-ray bands during the accre-
tion phase (lasting ~ 10°-10° years). For this reason, such objects are generally associated
with observed “supersoft X-ray sources” (SSSs). Previous efforts to detect or constrain
the role of any such channel have focused on detecting these objects directly in the soft
X-ray band (photon energies in the range 0.3 — 0.7 keV), either on an individual basis or
as the combined emission of a diffuse population. Such an approach has yielded important
constraints, but only if white dwarfs accrete principally at very high temperatures (T ~
5 x 10°K). However, observed SSSs are understood to lie in a broad range of temperat-
ures, with a possible range of at least 2 x 10°-10°K, and some theoretical models suggest
even lower temperatures are possible. This necessitates the development of an alternative,
complimentary test which can constrain the luminosity of accreting white dwarfs across a
wider range of photospheric temperatures.

In this work, we demonstrate that if the single-degenerate model is correct, then ac-
creting, nuclear-burning white dwarfs should provide the dominant source of ionizing ra-
diation in passively-evolving galaxies, roughly 40% of which are known to host extended
low-ionization emission-line regions (so-called “retired” galaxies, i.e. emission-line galaxies
without either a central AGN or significant ongoing star formation). Therefore, one can
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search for the presence of any high-temperature single-degenerate progenitor population
in these galaxies by looking for emission lines characteristic of ionization by very high-
temperature (10° K — 10% K) sources. In particular, we find that recombination lines of
He II, and forbidden lines of [N I] and [O I], provide the most sensitive diagnostics in
retired galaxies to assess the role of accreting white dwarfs as SN Ia progenitors in any
“hot-mode” (T = 1.2 x 10°K) accretion regime.

Following this, we limit the contribution of any high-temperature single-degenerate
channel to the SN Ia rate at relatively early delay-times (1 Gyr <t < 4 Gyr) to < 5-10%
(for T> 1.2 x 10°K) using He II 4686A and [O I] 6300A measurements from a stacked
sample (provided by Dr Jonas Johansson) of several thousand retired galaxies in the Sloan
Digital Sky Survey. We also discuss how these constraints, as well as the observed soft
X-ray emission of several nearby galaxies, reveal fundamental problems in our present
understanding of the population synthesis of SSSs and other accreting white dwarf binaries.

We then revise the standard picture for the observational appearance of nebulae ion-
ized by individual accreting white dwarfs, accounting for a more realistic assessment of the
typical ISM densities in which such objects are likely embedded. We then provide the first
formal justification for why so few SSS nebulae have been detected thus far, and demon-
strate that a complete survey is within the means of modern large-aperture telescopes
(such as ESO’s Very Large Telescope). We then show how this approach can be extended
to individual SNe Ia, by searching for fossil nebulae in the vicinity of nearby events. In
particular, we use an archival pre-explosion narrow-band Ha + [N II] image of the vicin-
ity of SN2014J to place constraints on the luminosity of any putative high-temperature
progenitor for SN2014J (such as an accreting white dwarf).



Zusammenfassung

Diese Dissertation beschéftigt sich mit der Frage der Entstehung thermonuklearer Super-
novae, welche die beobachtende Astronomie als Typ Ia Supernovae (im folgenden ,,SNe Ta*)
klassifiziert. Insbesondere wird in dieser Arbeit eine vollig neue Methode beschrieben, mit
deren Hilfe sich die sogenannte ,einfach entartete“ Hypothese iiberpriifen ldsst. Nach die-
ser Hypothese entsteht eine SN Ia aus einem heiflen und sehr leuchtkraftig, akkretierenden
Weiflen Zwerg. Anschliefend kann die Bedeutung dieser Art der ,,hot-mode“-SN Ia, sowohl
durch ein Populationsargument als auch anhand eines Einzelbeispiels, stark eingeschréankt
werden. AbschlieSend werden generelle Effekte der ionisierenden Wirkung akkretierender
Weifler Zwerge auf Nebel erortert.

Typ Ia Supernovae sind seit Jahrzehnten Gegenstand intensiver Forschung, beson-
ders aufgrund ihrer Eignung als , Standardkerzen® zur Messung kosmologischer Distan-
zen. Nichtsdestotrotz gibt es keinen Konsens beziiglich der Entwicklungspfade, die zu sol-
chen Sternexplosionen fiihren. Das sogenannte ,,zweifach entartete Szenario® beschreibt den
Drehimpulsverlust zweier Weifler Zwerge in einem Binédrsystem durch die Abstrahlung von
Gravitationswellen. Infolgedessen kommt es zur spiralférmigen Annéherung beider Weifer
Zwerge, bis diese verschmelzen und damit die eigentliche Explosion auslosen. Im Gegensatz
hierzu wird im klassischen ,einfach entartete Szenario“ einem Weiflen Zwerg, der wasser-
stoffreiches Gas von einem Hauptreihenstern oder einem Roten Riesen akkretiert, durch nu-
kleares Brennen dieses Materials an der Oberflache des Weiflen Zwerges, Masse zugefiihrt,
bis dessen Masse einen kritischen Wert {ibersteigt, um die Explosion zu ziinden. Als Kon-
sequenz sollten diese Objekte withrend der Akkretionsphase (10° — 106 Jahre) im extremen
Ultraviolett- (EUV) und weichen Réngtenspektralbereich duflerst leuchtkréftig sein. Solche
Objekte werden im Allgemeinen mit beobachteten , superweichen Rontgenquellen® (SSSs)
assoziiert. Bisherige Anstrengungen die Relevanz dieses Entwicklungspfades zu messen oder
einzuschrdnken, konzentrierten sich immer auf die direkte Beobachtung dieser Objekte im
weichen Rongtenspektralbereich (Photonenergien im Bereich von 0.3 - 0.7 keV), entweder
durch Beobachtung einzelner Objekte oder der kombinierten Emission einer diffusen Popu-
lation von Quellen. Dieser Ansatz liefert Einschrankungen, aber nur unter der Annahme,
dass Weifie Zwerge Materie bei sehr hohen Temperaturen (T ~ 5 x 10°K) akkretieren. Je-
doch fiillen beobachtete SSSs einen weiten Temperaturbereich von 2 x 10°K bis 10°K aus,
und zudem lassen einige theoretische Modelle noch niedrigere Temperaturen zu. Deshalb
ist die Entwicklung eines alternativen, komplementéren Tests, mit dem man die Leucht-
kraft akkretierender Weifler Zwerge in einem breiteren Spektralbereich photosphérischer
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Temperaturen eingrenzen kann, notwendig.

Diese Arbeit demonstriert, unter Annahme des , einfach entarteten“ Modells, dass ak-
kretierende, thermonuklear-brennende Weile Zwerge den dominanten Anteil ionisierender
Strahlungsquellen in , passively-evolving“ Galaxien darstellen. Von etwa 40% dieser Ga-
laxien ist bekannt, dass sie ,low-ionization emission-line regions“ beherbergen (auch als
yretired“ bezeichnet, d. h. ,emission-line galaxies® entweder ohne aktiven Galaxienkern
(AGN) oder ohne signifikante Sternentstehungsrate). Folglich kénnen solche Galaxien auf
eine heifle ,einfach entartete Sternpopulation untersucht werden, indem nach Emissionsli-
nien gesucht wird, die charakteristisch fiir die Ionisation durch Objekte mit hohen Temper-
turen (10°K - 10°K) sind. Insbesondere zeigt sich, dass die Rekombinationslinien von He
IT und die verbotene Uberginge von [N I] und [O I], die genauesten diagnostischen Grofien
in diesen ,retired“ Galaxien darstellen, um die Rolle der, im , hot-mode* (7' 2 1.2 x 10°K)
akkretierenden Weilen Zwerge, als Vorlaufer von Typ Ia SNe zu beurteilen.

Diesem Ansatz folgend, kann der Anteil des hochtemperatur-,,einfach entarteten“-Ent-
wicklungspfades an der Supernovarate vom Typ Ia zu relativ frithen ,,delay-times“ (1Gyr <
t < 4Gyr) auf < ~ 5- 10% (fiir T = 1.2 x 10°K) beschriinkt werden, unter Verwendung von
He IT 4686A- und [O1] 6300A-Messungen in einem kombinierten Satz von einigen tausend
sretired“ Galaxien aus dem Sloan Digital Sky Survey (zur Verfiigung gestellt von Dr. Jonas
Johansson). Auflerdem diskutiert diese Arbeit, wie die gefundenen Obergrenzen und die
beobachtete weiche Rontgenemission einiger naher Galaxien fundamentale Probleme im
Verstéandnis der Populationssynthese von SSSs und anderen akkretierenden Binérsystemen
mit Weiflen Zwergen aufzeigen.

Im Weiteren wird die géngige Theorie eines durch einen akkretierenden Weiflen Zwerg
ionisierten Nebels verfeinert, wobei eine realistischere Abschéitzung typischer ISM-Dichten,
in denen das Objekt mit grofler Wahrscheinlichkeit eingebettet ist, verwendet wird. Da-
mit kann zum ersten Mal rigoros gezeigt werden, weshalb so wenige SSS-Nebel beobachtet
wurden und dass eine allumfassende Studie mit heutigen, modernen Teleskopen (beispiels-
weise das ,, Very Large Telescope® der ESO) moglich ist. Es zeigt sich auflerdem, dass dieser
Ansatz auf einzelne SN Ia erweitert werden kann, indem nach fossilen Nebeln in der Um-
gebung eines nahen Ereignisses gesucht wird. Insbesondere wurden schmalbandige Ha+[N
I1]-Archivaufnahmen der Umgebung von SN2014J verwendet, um die Leuchtkraft eines
potentielle Hochtemperatur-Vorldufersterns einzuschréanken.



Chapter 1

Introduction

1.1 Thermonuclear (type Ia) supernovae

1.1.1 Observed characteristics

In recent years, an incredible effort has been undertaken to understand the nature of so-

called type Ia supernovae (hereafter SNe Ia, and recently reviewed in Mmﬁ_ej@,
Maoz et. all ). These tremendous explosions are seen to briefly outshine their
host galaxies, with inferred total energies on the order of 10%ergs. In the last two decades,
they have come under particular scrutiny for their use as standard candles in measuring
cosmological distances (Philling, ), which first revealed the accelerating expansion of
the Universe dBi_estLJ, ﬂm; &m.mmﬁﬂ, M) However, in reality the study of
these fascinating events traces back as far as the very beginnings of modern science.
“Guest stars” had been reported by Chinese and Arab astronomers for millenia, with
the brightest (now identified with supernovae) having been observed at least as far back
as 185, 1006, and 1054 AD. The first stellar explosion to ignite tremendous interest in the
western world was that discovered by Tycho in 1572 AD. In the modern era, the “remnant”
of this explosion, i.e. the expanding shock front, continues to produce considerable X-ray
and optical-line emission (see e.g. fig. [[LT]), and has been the subject of intensive study.
Analysis of the “light echo’l] of this event (IKm.uw_e:c_alJ, [ZM) revealed its spectra to be
typical of the majority of SNe Ia. This classification system delineates type I supernovae
as being those whose spectra are without absorption lines of Hydrogen, as opposed to
supernovae of “type II” (IMWSH, Ml), with the “a” denoting the presence of strong
emission lines of neutral and singly-ionized Silicon. Within the type I classification, this
distinguishes SNe Ia from Ib and Ic supernovae, which together with those of type II are
now understood to originate via the “core-collapse” mechanism. For these supernovae, the
explosion is ultimately powered by the gravitational collapse of the iron cores of massive

evolved stars (for thorough reviews, see Beihd, |L‘19ﬂ; Woosley et al., M) upon their

"'Wherein light from an earlier event is scattered by dust, allowing it to be observed by present Earth-
based telescopes even when emission from the source traveling along the line of sight reached the Earth
long ago.

? )
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reaching the Chandrasekhar limit dﬂhandrﬁﬁ_ekhaﬂ, |l9_31|) Conversely, the total energy
release of a SN Ia is approximately the binding energy of a carbon-oxygen white dwarf,
and its observed spectrum is clearly dominated by emission lines of elements which are the
products of thermonuclear burning of such a star (as well as unburnt carbon and oxygen);
in particular, reprocessing of high-energy photons produced in the electron-capture decay
of %°Ni to **Co and finally *Fe primarily powers the optical emission. In short, it appears
that SNe Ia are the thermonuclear explosions of white dwarfs comprised of 2C and 0.

This raises a critical question: how does a carbon-oxygen white dwarf, a largely inert
object held-up by degeneracy pressure, achieve the conditions necessary to undergo a ther-
monuclear explosion? For a non-rotating sphere composed of 12C and 'O, the maximum
mass for which electron degeneracy pressure may balance against gravitational collapse
is ~1.4M (( Zhandrasekhaﬂ, M) Yet detailed stellar-evolutionary calculations suggest
that the normal evolution of an isolated star may produce a carbon-oxygen white dwarf
no more massive than ~1.07M¢ (Illmgﬂa_ej_al], |19_QQ) The natural conclusion then is that
there must be some outside influence upon the course of the white dwart’s evolution prior
to its explosion as a SN Ia. Indeed, it has been known since the 19*" century that many
stars do no exist in true isolation, but share an orbit with some stellar mass companion.
The ubiquity of such “binary stars” has been thoroughly demonstrated in the modern era,
with roughly half of all stars in the vicinity of the Sun understood to have binary compan-
ions (Iﬁ, E@) However, the nature of these companions, and how they bring about the
disruption of their white dwarf companion, remains a matter of heated debate, and must
satisfy a very stringent set of observational requirements.

1.1.2 Possible progenitor pathways

Nearly all plausible progenitor pathways for the production of type Ia supernovae involve
the accumulation of matter on a carbon-oxygen white dwarf from some binary companion
(with a few notable, though perhaps improbable, alternatives, e.g. Chiosi et all, 12014; Di
Stefano et al., |ZD_L5]) Any of these may be broadly grouped into one of two categories,
based on the nature of the donor star. In the “single-degenerate” scenario, as presented
by (Whelan & Iben (1973), a single carbon-oxygen white dwarf accretes hydrogen-rich
material from some main sequence or red giant companion, and grows through nuclear-
burning of this material at its surface until reaching the Chandrasekhar mass, triggerin
an explosion. Alternatively, in the “double-degenerate” scenario introduced by Mm
), the mass-donor is itself a white dwarf, which falls to an ever shorter orbit with the
white dwarf primary by shedding angular momentum through gravitational wave radiation.
This eventually leads the two white dwarfs to merge, leading perhaps to an explosion.
For many years, the mechanism of the explosion itself has presented one of the greatest
challenges. The merger of two white dwarfs had long been thought to almost unavoidably
lead to an accretion-induced collapse before any point in the merged spheroid reached the
conditions necessary for an explosion (e.g. [SM&M, M) For the steadily-accreting
case, this is true only for the most massive white dwarfs, comprised of oxygen, neon, and
magnesium, which one can also rule out as SNe Ia progenitors on nucleosynthetic grounds.
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Figure 1.1: Chandra X-ray telescope image of the remnant of Tycho’s supernova (SN
1572), a SN Ia in our Galaxy. Red denotes soft band X-ray flux, while blue denotes higher
energy emission. The optical emission from the background stars are from the Digitized

Sky Survey (DSS).
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Figure 1.2: Left: Schematic representation of a possible single-degenerate SN Ia progenitor;
a white dwarf accreting hydrogen-rich material from a non-degenerate companion star.
Image credit: David A. Hardy (www.astroart.org). Right: Similar depiction of a double-
degenerate SN Ia progenitor; a binary pair of white dwarfs which are shedding angular
momentum through gravitational wave radiation, gradually shrinking their orbit. Image
credit: NASA /Tod Strohmayer (GSFC)/Dana Berry (CXC)

This lent further credence to the single-degenerate scenario, which had already been the
long-favoured candidate due to the natural explanation it provides for the uniformity of
these events; in all cases, a white dwarf of approximately the same composition explodes
at the same mass. There remained the difficulty in explaining the absence of Hydrogen
lines in SN Ia spectra, but solutions have been proposed (e.g. l[Justham), ml)

However, recently several developments have come forth which suggest that the explo-
sion of a double white dwarf merger remnant is quite feasible (IB&M@&LL M, M),
and observationally, the inferred merger rate of all double white dwarfs in the Milky Way
has been found to approximately match the SN Ia rate (IB.&dﬂMM[ﬁQZL |2ﬂlj, note
however that this would require relaxing the requirement of strictly Chandrasekhar-mass
explosions).

Meanwhile, the single-degenerate channel has met several challenges, most particularly
in its confrontation with observations, in that any viable single-degenerate scenario predicts
that an incredible number of accreting white dwarfs must exist in any population at a
given time. The canonical picture for the observational appearance of accreting, steadily-
nuclear burning white dwarfs is that of ivan den Heuvel et al. (I.L%lj), in which accreted
hydrogen is processed though nuclear-burning at the surface of the white dwarf, yielding
luminosities of order 103®erg/s. Their spectra are found to be reasonably well-approximated
by blackbodies with photospheric temperatures of ~ 10°K. This means much of any steadily
nuclear-burning white dwarf’s emission should be detectable in the “soft X-ray” band (~0.3
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- 0.7 keV) of space-based telescopes such as Chandra] and XMM-Newtonf

In practice, such steady accretion is only possible for a somewhat narrow range in
accretion rates, the so-called “stable-burning strip” (with a range which varies slowly as
a function of mass, see fig. [[3)). Within this range, any perturbation in the temperature
of the nuclear-burning layer modifies the cooling rate faster than the nuclear-burning rate,
and the perturbation is damped out (see e.g. [Shen & Bildsten), M) Therefore, accreted
hydrogen can be processed through steady nuclear-burning at the surface of the white
dwarf at the same rate at which it is accreted, yielding a luminosity:

L =exM (1.1)

for a given accretion rate M, where € ~ 6.4 x 10'8erg/g is the energy released from nuclear-
burning and y is the fraction of the accreted material which is Hydrogen (= 0.72 assuming
approximately solar composition).

For accretion rates below this, the onset of nuclear-burning occurs after material has
accumulated on the surface, but the corresponding increase in temperature increases the
rate of energy generation (through nuclear-burning) faster than the increase in the cooling
rate, leading to a runaway in a matter analagous to the classic “thin-shell” instability
(see, e.g. |P_rakm, M) This is the origin of classical and recurrent novae. The upper
boundary of the stable-burning strip roughly coincides with the accretion rate at which
the luminosity of the white dwarf equals that of a giant-branch star with the equivalent
core mass; in effect, the white dwarf is “resuscitated.”

The further evolution of the accreting white dwarf at such high accretion rates (2
107%M, /yr) is highly uncertain. On the one hand, one may presume that the star would
then return to the asymptotic giant branch, with the extent of its photosphere swelling to
a thermal equilibrium radius of order 100 solar radii (IMmﬁm_LLIJ, |1J)_7Q) This would
likely engulf the donor star, leading to the onset of a common envelope phase and the
end of accretion, and excluding the binary from any role as a single-degenerate SN Ia
progenitor (IQ&SSiSi_eIJ.lJ, |l9_9_§) Alternatively, some dynamical process may be able to
modulate mass transfer before this can happen, as has been proposed by Hachisu, Kato &
Nomoto (|L9_9_$i) In their scenario, a peak in the opacity of material of solar composition at
~ 10°2K (from the OPAL project, e.g. [glesias & Rogers, 1993) results in a local violation
of the Eddington limit within the photosphere of the white dwarf. This expels the excess
accreted material in a fast (=~ 10* km/s) wind, and expands the photospheric radius by
up to an order of magnitude. Unfortunately, without any clearly identifiable observational
counterpart, the outcome of very rapid accretion onto white dwarfs remains unclear.

With the above observational descriptions (and uncertainties) in mind, we may now turn
to evaluating the possible role of any such objects playing a role as the progenitors of SNe
[a. There are a number of criteria which any candidate SN Ia progenitor population must
satisfy in order to remain plausible. In particular, any putative model for the progenitor
system(s) must be able to account for not only the observed average cosmological rate of

http://www.nasa.gov/mission_pages/chandra/main/
3http://xmm.esac.esa.int/
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Figure 1.3: Accretion regimes as a function of white dwarf mass. Solid lines denote the
results of [ben & Tutukow (1989), while dashed lines denote the more recent results of
Nomoto et al) (2007). In each case, the region bounded by these lines marks the range in
accretion rates for which steady nuclear-burning is possible (that is, all accreted Hydrogen
may be processed through stable nuclear-burning). For accretion rates below the lower
boundary of this region, nuclear-burning is only possible in unstable flashes, giving rise
to novae. At the upper boundary of this range, the accreting white dwarf has the same
luminosity as would be expected on the core-mass — luminosity relationship for giants. In

this upper regime, the observational appearance and ultimately the long-term behaviour
of the white dwarf photosphere is uncertain.
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SNe Ia (e.g. the rate per cubic megaparsec), but also the variation in the observed rate
in differing stellar populations. Careful deconstruction of the star-formation histories of
entire galaxies and resolved stellar populations have now demonstrated that this variation
arises primarily from a dependence of the SN Ia rate in a given population on the age of
its constituent stars. This is most conveniently expressed as a“delay-time distribution,” or
a function describing the rate of SNe Ia in a single-aged stellar population as a function of
time. The efforts over the last decade to determine this function are well-summarized in
Maoz et_all (IZQIA]), with the result being that the SN Ia rate in a given generation of stars
goes roughly inversely with their age (oc t~''1), with an abrupt turn-on at ~ 100 million
years.

For the single-degenerate channel, we can estimate (at least in an average sense) the
total luminosity of accreting white dwarfs implied by the observed SN Ia rate in a given
stellar population as a function of the “typical” mass accreted per white dwarf (A My, ) prior
to explosion (ICLiﬁgmmL&_&zgd_éﬂ, |2Qld) With this in mind, |Gilfanov & Bogdan (lZD_ld)
demonstrated that whatever the progenitors of SNe Ia may be, they cannot radiate as clas-
sical supersoft sources (with T ~ 10°K) for a significant fraction of their evolution without
grossly exceeding the observed soft X-ray luminosity of several nearby early-type galaxies
(with relatively old stellar populations). A similar argument excludes any single-degenerate
channel from accreting significant material in the low-M regime without producing a far
higher classical nova rate than presently observed in nearby stellar populations, such as

the Andromeda galaxy (see Gilfanov & Bogdén, 2011; Soraisam & Gilfanov, 2014).
However, the soft X-ray constraints published in |Gilfanov & Bogdan (2!!1!1) are not con-

straining for temperatures typical of many observed supersoft sources in the Magellanic
clouds (often < 5x10°K), nor does it provide any insight if single-degenerate progenitors
accrete primarily at very high M with extended photospheres (in the “rapidly-accreting
regime” of Hachisu, Kato & Nomotd, 1999, discussed above). Indeed, if significantly sub-
Chandrasekhar mass explosions are possible (= 1M, see e.g. Mmﬁﬁ@, u)j,
and references therein), then TS 105K may be the norm for expected photospheric tem-
peratures for single-degenerate progenitors. Furthermore, if the prior evolution of the
accreting white dwarf substantially pollutes the surrounding circumstellar medium, the
excess column density could limit the efficacy of (easily-absorbed) soft X-ray emission as a
means of detecting accreting, steadily nuclear-burning white dwarfs. Ideally, one would like
to devise a new test which could account for all such possibilities, and broadly constrain
any possible single-degenerate progenitor. In the following chapters, we develop and thor-
oughly explore the implications of just such a test, capable of revealing the presence of any
high-temperature (“hot-mode,” T > 10°K) single-degenerate SN ITa progenitor, by study-
ing the impact of accreting, nuclear-burning white dwarfs on their surrounding interstellar
medium (ISM). With this in mind, we will now turn to a brief summary of the present
understanding of the ISM of differing environments, and the numerical tools employed in
its study.
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Figure 1.4: H I 21cm emission from neutral gas in our Galaxy, the Milky Way, along an

arbitrary line of sight (McClure-Griffiths et all, 2009; Kalberla. et all, 2010).

1.2 Photoionized nebulae

1.2.1 Fundamentals

Looking up at the night sky, we see the seemingly innumerable number of stars which
make up the stellar population of our Galaxy in the vicinity of the Sun. However, the
vast distances between these stars are not truly empty; although not readily apparent to
the naked eye, our Galaxy is permeated with a low-density interstellar medium (ISM).
The evidence for this ga&ﬂ and the relevant physics are summarized in @m&_ﬂ@mé
(@) and |Osterbrock & Ferland (2006). In brief, radio observations reveal the presence
of neutral Hydrogen from the 21-cm fine structure line (see fig. [[4]). This medium is
heated by the diffuse light of the stars and, in the presence of high-temperature sources,
is ionized, producing beautiful nebulae which radiate from the infrared to the UV (e.g.
fig. [LA]). Observations of many other galaxies reveal extended regions of ionized Hydrogen
(fig. [CQ).

In actively star-forming galaxies, the most luminous ionized nebulae frequently arise
as follows: dense clouds of interstellar gas condense and, through a still-uncertain process,
form stars. The most massive of these are the so-called “O” stars, with are both very
luminous and very hot, with temperatures on the order of several 10*K. This makes them
prodigious sources of high-energy photons (E>13.6eV), which ionize the gas in their im-

4Note that here and throughout I will adopt the inaccurate but standard convention in ISM studies of
using the words "gas” and ”plasma” somewhat interchangeably. This is primarily for the sake of simplicity,
as one will often speak of differing ionization states in the same breath.
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Figure 1.5: Composite image using Spitzer (infrared) and Hubble Space Telescope (ultra-
violet and optical) colours of the Orion nebula. Image credit: NASA.
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Figure 1.6: Images of NGC 3198 provided in the ancillary data from the Spitzer Infrared
Nearby Galaxies Survey (SINGS, [Kennicutt et all, 2003). NGC 3198 is a barred spiral
galaxy (SBc), not unlike our own Galaxy, the Milky Way. To the left is a (logscale) image
taken in the broad R band (tracing the light produced by the stellar population), while
to the right, we see (in linear scale and inverted color for ease of viewing) the continuum-
subtracted image of the Ha produced by diffuse ionized gas in the galaxy.

mediate vicinity. The excess energy in any ionization event (photon energy - ionization
energy) is imparted to the electron as thermal energy (with the distribution of electron
energies quickly equilibrating with a Maxwellian distribution), which may be re-radiated
through interactions with atoms of Hydrogen, Helium, or the various metals. Similar pro-
cesses govern all nebulae, regardless of the ionizing source (e.g. a post-AGB/pre-white
dwarf star, active galactic nucleus, etc.).

In ionization equilibrium, the rate of photoionizations is precisely balanced by the rate
of recombinations of electrons and atoms at any point in the cloud. For the Hydrogen-only
case, this may be written as:

. 4, .
Ny = nH/ Z o, (H*)dv = nenpya(H, Tyas) = Ny (1.2)
5 v
where J, is the mean intensity of radiation (in erg/cm?/s/steradian/Hz), and o, is the
ionization cross-section of, in this case, Hydrogen , IZODﬂ) The

densities of neutral Hydrogen, ionized Hydrogen (protons), and electrons are ny, n,, and
ne respectively, while a( H?, T,s) denotes the recombination rate of Hydrogen as a function
of the gas temperature.

We will now introduce two approximations in order to make a simple estimate of the
total recombination rate in an ionized gas. The first is the nebular approximation, which
states that at sufficiently low densities, the rate of transitions of electrons in excited states
to lower energy levels is orders of magnitude faster than the rate of collisions or photoion-

izations (see (Osterbrock & Ferland, 2006, for a general discussion). We may assume that a

recombination to any energy level of the Hydrogen atom in an ionized gas quickly cascades
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through all downward transitions to the ground state. This allows us to compute the total
recombination rate as the sum of all recombinations to all levels:

ax =Y on(H T (1.3)

as(Ts) ~ 2 x 1071073/ 4em3s ™! (1.4)

After Hydrogen, the next most abundant element in the typical composition of inter-
stellar gas is Helium, with roughly ten Hydrogen atoms for every Helium atom. In treating
ionization and recombination balance, much of the same formalism applies, albeit with a
few notable differences, in particular the presence of a second electron in the neutral state.
We will deal with the intricacies of Helium ionization and recombination in great detail in
the following chapter.

The next most abundant elements, Oxygen and Carbon, are roughly ten thousand
times less abundant than Hydrogen in the interstellar medium. The ionization and recom-
bination of these and other “metals” do not contribute significantly to the ionization and
thermal balance of nebulae. However, they do still contribute critically to the thermal bal-
ance of many ionized regions, by emission following collisional excitation through so-called
“forbidden” transitions. This name comes from the fact that such transitions cannot occur
through electric dipole interactions, leaving any atom excited to such a state meta-stable
until a much less likely transition can occur. For most atomic transitions, at densities
greater than ~ 103-10*cm ™ the likelihood of a further encounter resulting in collisional
de-excitation is much greater than a spontaneous transition to a lower state (with the
emission of a photon). However, at the low densities typical of the interstellar medium, it
becomes much more likely that the emission of a photon will occur first, allowing this to
become an important mechanism for cooling in many nebulae.

Dalgarno & McCray (IlQlj) famously tabulated the so-called “cooling function”: the
volumetric cooling rate (per unit density of Hydrogen) of a gas with typical cosmic abund-
ances as a function of the gas electron temperature. This is reproduced in fig. [ show-
ing the total cooling rate for differing fractional ionization fractions. Different elements
provide the dominant cooling mechanism at different temperatures, with each species be-
coming important at electron temperatures where a sufficient number of electrons have
sufficient energy to excite the relevant transition. At the lowest temperatures (T < 100K),
characteristic of the coldest atomic clouds, the primary cooling mechanism is that of the
fine structure transition of ionized Carbon (*P3/, — *Py)2), giving way to fine structure
transitions of ionized Silicon and Iron at temperatures of a few hundred to a thousand K.
As the gas temperature approaches 10*K, the thermal energies of many electrons reach
the point where they can excite strong transitions of neutral Hydrogen. Even for highly-
ionized gases, forbidden transitions of doubly and singly ionized Oxygen and singly ionized
Nitrogen remain among many important coolants which suppress further heating in this
temperature regime. Given the great abundance of Hydrogen, this presents a formidable
barrier to further heating (see fig. [LT). As a result, nebulae ionized by stellar sources
observed in nature are rarely if ever hotter than ~ 2 x 10*K, with shock heating from
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Figure 1.7: Total volumetric cooling rate (per unit hydrogen density) as a function of gas
temperature, computed as the sum of contributions from the differing emission mechanisms
which dominate at any given temperature. Each curve corresponds to a different fraction
ionization (as labeled). From [Dalgarno & McCray (1972).
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supernovae or other such highly energetic mechanisms required to produce the very high
(~ 10°K) temperatures seen in the hottest, most rarefied ISM.

A quantitative physical picture of ionized nebulae has been sought after from nearly the
moment quantum mechanics was born M, M) However, in practice the incredible
number of electronic transitions which must be accounted for in computing the evolution
of even a steady-state ionized nebula has defied any straightforward solution by hand
for anything but the most simplified of circumstances. Over the past several decades,
considerable progress has been made in developing numerical tools to compute the density,
temperature, and ionization state of an astrophysical gas, given some ionizing source and
other suitable initial conditions. We turn now to a brief summary of one such code in
particular (MAPPINGS III), which we will refer to in the course of the following work.

1.2.2 Numerical methods

The history of numerical treatments of modeling photoionized nebulae is well-covered in
the review of [Ferland (@ as well as the documentationf] of the MAPPINGS 11T code
(see below). In brlef early efforts made progress without considering radiative transfer or
the detailed structure of ionized nebulae by assuming “Case B” recombination (see above),

in which the “on-the-spot” approximation is exact (e.g. Baker & Menzel, [1938; lS_tIngr_Qd
|L9_3Q; Zanstra, [1951). Eventually, however, (@) and others demonstrated that

such a simplified treatment leads to substantial problems in the predicted emission-line
fluxes and the temperatures of ionized nebulae, necessitating a more thorough treatment of
radiative transfer within nebulae. This sparked an ever growing number of papers devoted
to increasingly detailed numerical models of ionized media under differing conditions, and
the emergence of several codes which remain in use to this day. Three notable examples are
Prof. T. Kallman’s Xstar (Kallman & McCray. |1982) Prof. G. Ferland’s Cloudy (Ferland
et al.. [1998. 12013). and MAPPINGS I1I (e.g. 2001 Groves et
al., ), maintained by members of the Australian National University and collaborators
at the University of Hawaii and the Max Planck Institute for Astronomy. In this thesis, we
will make use of the latter two, and in particular MAPPINGS III, therefore we will briefly
review some of their salient features.

Modeling and Prediction in Photolonized Nebulae and Gasdynamical Shocks, or “MAP-
PINGS” began as an effort to develo a new code for numerical modeling of ionized
regions which could include shocks Dopita This early work was expanded by
Prof. M. Dopita and his then-student, (now Prof.) Luc Binette, into the first iteration of
the multi-purpose photoionization and shock simulation code now known as MAPPINGS
(e.g. Binette et al., 11982: Dopita. et all, [1982; [Evans & Dopita, h%fz]) Considerable im-
provements were introduced in the 1990s by Prof. Ralph Sutherland (e.g. Sutherland &
Dopita, M) and Dr. Brent Groves in the 2000s (IQML@&IJ, M), with an online
version hosted by Prof. Lisa Kewley at the University of Hawaii from the late 2000s on
(http://www.ifa.hawaii.edu/ kewley /Mappings/index.html).

®See http://www.mpia.de/~brent/mapiii_download.html for more information.
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In the present version (MAPPINGS II1.0.0q), one may specify a model by providing
a “geometry,” an incident ionizing spectrum, its normalization, the metallicity and filling
factod of the gas, and either the gas’ density structure or pressure. As MAPPINGS III is
a 1-dimensional code, only two geometries are available: either the spherically-symmetric
case, or plane parallel. The code may also take a few optional parameters, such as including
some model for the distribution and composition of dust, and the initial ionization state
of the gas. The user must also specify some initial radius, which by convention is typically
chosen to be 10% of the initial estimate of the Stromgren radius. This defines the full
extent of an ionized volume for a given ionizing photon luminosity Nph and density of the

gaseous medium n:
s\
Rg = ( ph ) (1.5)

4mn2osy

(for the spherically-symmetric case, see e.g. Strémgren, 1939; Dyson & Williams, Ll&‘ﬂj),

where we have assumed that in a wholly ionized medium (largely) composed of Hydrogen
Ne R Np RN

The code then computes the thermal and ionization state of the nebula in a series
of thin “shells” computed outward from the initial ionized surface until some specified
termination condition, usually a threshold ionization fraction of Hydrogen (typically set
to stop at ny+/ny ~1%). At each step, the spectrum is attenuated by absorption and
geometric dilution (depending on the chosen geometry), and the “diffuse field” (emission
arising from the given point in the nebula) is computed and added, including photons
generated from recombination, free-free emission, two-photon emission, and emission lines
(see http://www.mpia.de/ brent/mapiii/photoionization.pdf for details). This spectrum
is divided into roughly 1800 bins from 107%eV to 10keV, with the intensity within each
bin represented by a power-law fit. Edges of many bins are fixed to coincide with the
ionization thresholds of the most cosmically abundant atomic elements. Cooling is cal-
culated including collisionally excited lines from the 16 most abundant elements, treating
each as multi-level atoms. Cooling from resonance lines is included, however collisional
de-excitation of resonance lines is neglected, yielding an upper bound on the densities for
which MAPPINGS III produces meaningful predictions of ~ 10'%cm=3. Cooling from col-
lisional excitation of Hydrogen and Helium is included, with collisional excitation rates of
the seven lowest levels of Hydrogen determined using the rates of Johnson 41912) Heat-
ing is computed from summing the contributions of each atomic species, with additional
heating from secondary ionizations and excitations (by ejected photoelectrons) computed
using the calculations of Shull ).

As mentioned above, MAPPINGS III is far from the only publicly-available code for
numerical simulation of emission-line regions. In this thesis, we also make some small use

of the code Cloudy (IFﬁL]andﬂle, |l99ﬁ, |2Q13) in chapters 5 & 6. Cloudy requires similar

input, with an architecture which focuses on computing as much as possible from first

61.e. how much of a unit volume of “nebula” is occupied by the gas.
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principles (as opposed to the numerous approximate schemes referred to above). This is
admirable, but makes for a considerably slower code, rendering Cloudy much more useful
for small experiments using fewer total computed tracks (or when available computing
time is not a problem!). Past benchmarking efforts (Péquignot et all, M) have demon-
strated that the results of Cloudy and MAPPINGS III agree remarkably well under most
circumstances.

With the tools and physical understanding surveyed above, we are now ready to in-
vestigate in great detail the physics of interstellar media and, in particular, the sources of
stellar (and non-stellar) light which influence its evolution. In particular, this will allow
us to investigate in detail the emission-line fluxes of nebulae ionized by high-temperature
sources, such as accreting white dwarfs. Although this often presents one with difficult,
occasionally intractable inverse problems, much can be learned about sources of ionizing
radiation from planetary nebulae to active galactic nuclei lSLasiﬁskal um Careful choice
of emission lines sensitive to parameters of interest can allow us to construct diagnostics
to investigate the ionizing background in galaxies near and far (e.g. Baidﬂlnﬁtﬁl], ;
ICid Fernandes et all, 2011). In the following section, we review our present understanding
of the ISM of galaxies like our own (in which stars are still actively forming), and “red and
dead” galaxies (without actively accreting supermassive black holes), in which old stars
appear to provide to predominant source of ionizing radiation.

1.3 The interstellar medium of galaxies young and old

1.3.1 A brief overview of the ISM of galaxies

The interstellar medium of our Galaxy is, in a word, complex. Far from uniform, along
most sight lines one finds incredible structures exists from subparsec to kiloparsec scales
dDm;L&_Lmkmaﬂ 1990; ICox, |2£)Dﬂ Temperatures range from tens to ten million
kelvin, though in practice most structure lie in one of the three regimes of the cooling
curve discussed in the previous section (recall fig. 7). This led [Field et all (1969)
to propose their two-phase model of the ISM: a “cold” neutral phase heated by cosmic
rays, with cooling dominated by forbidden lines of [C II] and other “impurities” (in their
terminology) and temperatures less than 300K, and a “warm” phase with temperatures
which range from a few to ten thousand Kelvin, gas may be either neutral or ionized, and
in which the predominant cooling mechanisms are collisional excitation of H and He, as
well as forbidden line transitions of Oxygen and Nitrogen. In their original paper, Field et
al. (I_L%Q attributed heating of this phase to cosmic rays as well, but we now know that the
dominant contribution is from stellar light (though there may be a need for an additional
component, see Reynolds et all, [1999). This model was expanded by McKee & Ostrikenl
(Iﬁ) to include a third phase, the “hot” ISM, heated by the explosion of supernovae, and
with temperatures on the order of 10°K. The three phases exist in approximate pressure
equilibrium (with an additional pressure contribution from interstellar magnetic fields),
with turbulent mixing powered by supernovae driving continued evolution, as well as new
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star formation arising in the coldest, densest regions.

In external galaxies, we observe emission-line nebulae which appear to arise through
a variety of means. Although star formation in the Universe peaked at a redshift z~1.9
(IMadau_&_DmkmSQd 2014, ~3.5Gyrs after the Big Bang), many galaxies in the local
volume continue to produce stars at a rapid pace. In these objects, we see that their
spectra are dominated by emission lines in ratios typical of H II regions, but on the scale of
whole galaxies. In other galaxies, the available ionizing photon budget is dominated by the
emission of a powerful central source: an accreting, supermassive black hole. Depending
on the mode and rate of accretion, this may manifest itself in one of two ways: the high
equivalent widths and highly-ionized emission lines of Seyfert-like galaxies, and the low-
equivalent widths and emission lines of low-ionized or neutral species characteristic of
Low-Ionized Emission-Line Regions (or LINERs). A number of diagnostic tools have been
devised in order to classify the emission-line spectra of galaxies, and for each case identify
the dominant source(s) of ionizing radiation, notably that of Baldmnﬁ&ﬂ (|l9ﬁl|) or the
“BPT” diagram. A more modern version of this is presented in fig. | the “WHAN”
diagram of |Cid Fernandes et all (2010) and |Cid Fernandes et all (IZQ]_]J . This uses two
measures to delineate differing ionizing backgrounds: first, the equivalent width of the
strongest optical line of Hydrogen at 6563A, which provides a rough measure of the ionizing
photon luminosity (per unit stellar mass, and ignoring the fraction of ionizing photons
which may escape), and second, the ratio of the forbidden line doublet [N II] 6548A+6584A
to the very nearby Ha. This allows for a remarkably effective separation of differing
sources of ionizing radiation using only three emission lines across a very narrow range in
wavelengths, minimizing the effect of reddening.

1.3.2 The extended emission-line regions of retired galaxies

There exists an additional class of emission-line galaxies with LINER-like emission line
ratios (e.g. low [O III] 5007A/H3, modestly high [N II] (6548A+6584A)/Hp), but with
even lower equivalent widths of Ha (<3A). These galaxies are all red, evolved stellar
populations with little or no ongoing star formation, and no discernible accreting compact
central source (Cid Fernandes et all, 2011). Instead, the source of ionizing radiation in
these galaxies is now understood to arise from the old stellar population (Sarzi, Shields &
Schawinski, |2Qld), with the most likely candidate on a variety of grounds being so-called
post-AGB stars (these are stars which have just completed the last of the thermal pulsations
at the end of the AGB, and are evolving toward the white dwarf cooling track). In brief,
these appear to be able to satisfactorily reproduce the observed emission-line ratios (Binette
et al., 1994: Stasinska et all. 2008). the line luminosity and equivalent width of Ha (Sarzi,
Shlelds & Schawinski m.; ), and the radial variation of the observed
intensities of nebular lines (Sarzi. Shields & Schaw1n9k1| 2010: [Yan & Blanton. 2012:; Singh
et al., 12 M) Accompanying this ionized gas are extended distributions of neutral H I
dSu&MJ mj with the most common morphology being a disky configuration. Both
the neutral and 1onlzed gas extend out to kiloparsec scales, giving rise to the name “LIERs”

(ISﬁIZJ.,_ShLQldS_&_S_Qb.awlDﬁk]I 2010, as the emission-line region is not principally confined to
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Figure 1.8: The WHAN (equivalent Width of H Alpha and Nitrogen II to h alpha ratio)
diagnostic diagram of (Cid Fernandes et al! (2010, 2011). On the horizontal axis, the ratio
of [N 1I] 6548 A+6584A to Ha serves as a measure of the hardness of the ionizing continuum
in a given galaxy, while on the vertical axis, the equivalent width of Ha serves as a rough
proxy of the total ionizing photon rate (for some assumptions about the covering fraction

of the gas).
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the nucleus), although “passive” or “passively-evolving” galaxies have also been commonly
used (Cid Fernandes et. all, [2011).

Although post-AGB stars appear to provide the primary contribution to the ionizing
background of these galaxies, other components of the old stellar population may provide
additional important contributions. In particular, both extreme-horizontal branch stars
and low-mass X-ray binaries certainly exist in some number in any such population; indeed,
Sarzi, Shields & Schawinski (IZOM) found they contribute up to perhaps 10% of the total
ionizing background each. Notably, accreting, steadily nuclear-burning white dwarfs had
not been actively considered in the past.

1.4 Outline of this work

In this thesis, we outline a new means to discover or, as we will see, strongly constrain the
progenitors of SNe Ia, which accounts for the broad range of temperatures both observed
and predicted for accreting, nuclear-burning white dwarfs. This relies on identifying such
sources as the incredibly strong sources of ionizing radiation that they are, and developing
diagnostic tools to search for their impact on interstellar matter at all scales.

In Chapter 2, we demonstrate that in the single-degenerate scenario, accreting, nuclear-
burning white dwarfs will dominate the ionizing background in early-type galaxies, and
demonstrate the utility of recombination lines of ionized Helium as a diagnostic for evalu-
ating the true contribution of such sources. This work is published in Monthly Notices of the
Royal Astronomical Society @M&&ﬁﬂf&n@ﬁl, |2Q13) We then expand on this in Chapter
3 with additional diagnostics better suited to the highest temperature sources (paradoxic-
ally relying on low-ionized species, in particular forbidden emission lines of neutral Oxygen
and Nitrogen and singly-ionized Carbon). This work is published in Monthly Notices of
the Royal Astronomical Society (Woods & Gilfanov, 2014). We then briefly review the first
applications of these diagnostics in Chapter 4, with an emphasis on the contributions of
the author. In particular, we demonstrate that the first measurement of the He II recom-
bination line at 4686A in the extended emission-line regions of passively-evolving galaxies
limits the contribution of any “hot-mode” (= 1.2-6x10°K) SN Ia progenitor channel from
accounting for more than &~ 1-5% of the total SN Ia rate at delay times of 1-4Gyrs (pub-
lished in Monthly Notices of the Royal Astronomical Society, L]Qhanssgn_eijﬂ, |2Q1_4]) This
emission-line constraint can be extended to source temperatures > 10°K with the use of
our [O 1] 6300A diagnostic (Johansson et al, to be submitted). We then demonstrate how
this can be used to inform our understanding of population synthesis (ICA%@&LL M,
, Chen et al (2015), submitted to Monthly Notices of the Royal Astronomical Society).
We then turn in Chapter 5 to the consideration of individual sources, and address the
question of why nebulae are so rarely detected in the vicinity of known accreting, nuclear-
burning white dwarfs (to date, only one such nebula is confirmed, that of Cal 83 in the
Large Magellanic Cloud). This has been submitted for publication in Monthly Notices

of the Royal Astronomical Society (Woods & Gilfanow,, [2015). Finally, in Chapter 6 we

publish our first constraints on the ionizing luminosity of the progenitor of SN2014J, the
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nearest supernova in four decades, using a pre-supernova narrow-band Ha image of its host
galaxy, M82. This work will be submitted for publication following the reduction (after
the submission of this thesis) of some additional narrow-band observations made by the
Russian-Turkish 1.5m telescope. We then close with some concluding remarks in Chapter
8.
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2.1 Abstract

To date, the question of which progenitor channel can reproduce the observed rate of
Type la supernovae (SNe la) remains unresolved, with the single and double degenerate
scenarios remaining the leading contenders. The former implies a large population of
hot accreting white dwarfs with photospheric temperatures of 7' ~ 10° — 10 K during
some part of their accretion history. We show that in early-type galaxies, a population
of accreting white dwarfs large enough to reproduce the SN Ia rate would contribute
significantly to the ionizing UV radiation expected from the stellar population. For mean
stellar ages < 5 Gyr, single degenerate progenitors would dominate the ionizing background
produced by stars, increasing the continuum beyond the He Il-ionizing limit more than
ten-fold. This opens a new avenue for constraining the progenitors of SNe Ia, through
consideration of the spatially extended low-ionization emission-line regions now found in
many early-type galaxies. Modeling the expected emission, we show that one can constrain
the contribution of the single degenerate channel to the SN Ia rate in E/SO galaxies from
upper limits on the luminosity of He II recombination lines in the optical and FUV. We
discuss future directions, as well as possible implications for the evolution of SNe Ia in old
stellar populations.
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2.2 Introduction

Type la supernovae (SNe Ia) remain without a definitive model for their origin, despite their
great_importance in the measurement of cosmic distances (Riess et _all. [1998: Perlmutter
et al., 11999) and their vital role in the chemical evolution of the Universe (see e.g. Matteucci
& Greggio. [1986). The two leading models are the single degenerate scenario (Whelan &
Iben, 1973), in which a single white dwarf (WD) reaches the Chandrasekhar mass (Mcy,)
through accretion from a red giant or main sequence companion; and the double degenerate
scenario (M&_bbka 11984; [Iben & Tutukov, |19ﬁ41), in which a SN Ia results from the inspiral
and merger of a binary pair of white dwarfs. Unfortunately, unlike the progenitors of Type
II supernovae, SN Ia progenitors are too faint to be detectable (to date, e.g. mﬁ]
m Nielsen, Voss & Nelgmané U)j in archival images retrieved after the explosion.
Therefore, indirect arguments must be introduced in order to place limits on the likely
progenitors.

The single degenerate channel implies the existence of a large population of steadily
accreting WDs. If steady nuclear burning occurs near the surface, each of these should
spend some fraction of its accretion history as a strong supersoft X-ray source (SSSs, van
den Heuvel et al., |LQ92; Kahabka & van den Heuvel, L9£)_'ﬂ) Recently however, the total
soft X-ray emission of elliptical galaxies was found to be far too low (Gilfanov & Bogdé,nl,
), and the number of observed SSSs in nearby galaxies too few (Di Stefand, 2010), for
the SD scenario to hold in its standard form. Population synthesis calculations have also
demonstrated the great difficulty of producing a sufficient number of high-mass, accreting
WDs to_account for a significant fraction of the SN Ia rate (see e.g. Ruiter, Belczynski
& Fryer, 2009, and for an extreme example [Yungelson (]QJM)), at least given our current
understanding of binary evolution.

As a_possible resolution to the deficit of observed supersoft sources, Hachisu, Kato &
Nomoto (lZ_O_ld) suggested that a WD’s photosphere is inflated in a so-called accretion wind
state for much of its accretion phase. This shifts the peak of its emission from soft X-rays
to the (extreme) UV, where it can not be directly observed due to absorption. However,
for mass transfer rates < a few 107°M,, /yr, relevant to this scenario, the accreting WD
should remain an incredibly powerful ionizing source with photospheric temperatures on
the order of > 10°K (IHaohisu Kato & Nomotd, |_199Q), possibly resembling a Wolf-Rayet

star (Lepo & van Kerkwijk, 2013).

At least ~ 40% of nearby early type galaxies outside the Virgo cluster are known to
contain a detectable mass of neutral hydrogen (M(HI) ~ 108—10° My, [Serra et all, 2012).
The morphology of this gas ranges from irregularly distributed clouds scattered throughout
the galaxy to regular disks or rings, the latter constituting the majority of H I detections.
The H I disks may be confined within the stellar body of the galaxy, or extend to tens
of kpc far beyond the stellar light, and have typical H I column densities on the order of

Ny ~ 102 em~2 (Serra. et all, 2012).

In addition to the neutral matter are extended (well beyond the nucleus) regions of
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LINER[Hike line emission (see e.g. Sarzi, Shields & Schawinski, IZQId), indicating the pres-
ence of warm (T ~ 10* K) ionized gas. This appears to be primarily powered by a diffuse
galactic background, rather than being the summation of many overlapping H II regions.
Post asymptotic giant branch stars (pAGBs) may provide the dominant contribution to
the needed diffuse ionizing background (Sarzi, Shields & Schawinski. 2010: Eracleous et
al., l2Qld) The ionizing spectra of pAGBs also produce reasonable agreement with the

observed optical line ratios (Binette et all, [1994; [Stasiniska et all, |2DD§), and appear to

adequately predict the radial dependence of the inferred ionizing flux ann_&_Bla.nIQﬂ,
lﬁ,).

A population of accreting white dwarfs implied by the SD scenario, with temperatures
> 10° K would, however, introduce a substantially harder component to the ionizing
background, in particular beyond the He II photoionizing limit. The presence of such
a component would dramatically change the ionization structure of the H II gas and the
line content of its emission. The greater flux of high energy ionizing photons will have
a pronounced effect on several characteristic line ratios IR |19£)_41) Most
importantly, the total luminosity reprocessed into recombination lines of He II should be
greatly enhanced. These lines are characteristic of the youngest starbursts (the result of
ionization by WR stars), and are not normally observed in old stellar populations outside
the innermost nuclear regions. The strongest He II recombination line which is not capable
of ionizing hydrogen, and therefore is not heavily absorbed in the ISM, is the n = 3 — 2
transition at ~ 1640A. In the optical band, the strongest line is the n = 4 — 3 transition
at ~ 4686A. The strength of these lines (or their absence) in the optical and UV spectra
of early type galaxies can be used to limit the total population of such purported SN Ia
progenitors, direct emission from which is unobservable, due to interstellar absorption.
Furthermore, contrary to upper limits from X-ray observations, such a method should in
principle be strengthened if emission is primarily absorbed near the source, given the higher
covering fraction and ionization parameter.

With this in mind, we explore the consequences of introducing a population of SD SN Ia
progenitors, which spend some fraction of their accretion history at varying temperatures
typical of nuclear-burning WDs. We proceed as follows: in §2.3] we estimate the ionizing
background expected from the passively evolving (SFR = 0) stellar population in early-type
galaxies, and its modification due to the contribution of a putative population of accreting
white dwarfs envisaged by the SD SN Ia scenario. In §2.4lwe consider the ionization balance
in the photo-ionized gas and model the emitted spectra of these extended nebulae. In
particular, we investigate how the total expected luminosity of H and He II recombination
lines should vary with age of the underlying stellar population. We demonstrate how one
can then constrain the maximum luminosity which may be radiated by a population of
SD progenitors at a given temperature using the predicted and observed He IT 4686A flux
(or for the latter, upper limits). Finally, we discuss observational prospects and what
implications our results have for the possible role of the SD SN Ia channel, as well as
whether there may be any caveats to the limits given here.

'Low-Ionization Nuclear Emission-Line Regions (Osterbrock, [1989).
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2.3 The ionizing background in early-type galaxies

2.3.1 Post asymptotic giant branch stars

In order to model the ionizing background from the underlying stellar population, we make
use of the spectral evolution calculations of [Bruzual & Charlof (1291)_3) For simplicity
we model all passively evolving galaxies as having stellar populations born in a single
burst of star formation, with initial masses distributed following (Chabriex (IZQDj) Though
certainly an oversimplification, focusing on such simple populations allows us to emphasize
the importance of any age-dependence for the ionizing background. In practice, it is then
straightforward to construct more complex star-formation histories.

In this work, we take Z = 0.05 (~ 2.5Z,) as the typical metallicity of stellar populations
in early-type galaxies, consistent with the value assumed in the ”baseline” measurement
of the SN Ia rate in (Totani et all (2008). Such a metallicity is well in line with observa-
tions of old stellar populations. Although this gives a higher K-band luminosity per unit
mass at any given age (increasing the predicted number of SN Ia progenitors), the ioniz-
ing continuum from a simple stellar population (SSP) is also generally higher for higher
metallicities, minimizing the importance of the stellar population’s metallicity (with the
continuum varying by only & 10 — 20%, except at the earliest ages). At 1Gyr, the ionizing
continuum is roughly the same for 2.57 as for Zs, but the SN Ia rate would be ~ 40%
higher for 2.57,.

2.3.2 Single degenerate progenitors

We can also make an estimate of the expected emission from SD SN Ia progenitors. In the
standard SD scenario, the total mass of the WD must reach M, ~ 1.4M, through accretion
from either a main sequence or red giant companion. In order to avoid an accretion-induced
collapse, the accretor must be a carbon-oxygen (CO) WD. The maximum mass with which
a CO WD can be born is presently estimated to be approximately ~ 1.1M. (Umeda et
al., |l9_9ﬂ), therefore a SN Ta progenitor must accrete at least AM ~ 0.3M, before reaching
Mecy. Note however that the distribution of WD initial masses falls steeply with greater
mass, from a peak around Myp = 0.6M), therefore the mean accreted mass per one type
[a supernova can be expected to typically greatly exceed the value quoted above.

The luminosity of an accreting WD is dominated by the energy release from nuclear
burning of accreted matter so long as the mass transfer rate exceeds the minimum limit:

Miteady.min = 3-1- 1077 (Mwp /Mg, — 0.54) M, /yr (2.1)
(INQ_II]Q_MLE‘I_alJ, |20£)1|) Below this, nuclear burning occurs only in unsteady bursts, giving

rise to novae. The retention fraction of matter in this case remains highly uncertain; even
optimistic binary evolution models suggest Amwp < 0.1M may be accreted in this low- M

regime (see e.g. [Hachisu, Kato & NQmQLd, 2!!1!1). In such a case, SN Ia progenitors would

necessarily undergo many recurrent novae, in conflict with the observed rate of novae in

nearby galaxies (Gilfanov & Bogdanl, 2011).




30 2. Ionizing emission from SN Ia progenitors

Assuming the steady burning condition is met, the luminosity of the accreting WD is
then:

Lue = eax M (2.2)

where e is the energy release per unit mass of hydrogen (~ 6 - 10" erg/g), and Y is
the mass fraction of hydrogen (~ 0.72). Helium burning is significantly less efficient and
contributes to the luminosity only on the order of ~ 10%.

For any given WD mass, there is also a maximum accretion rate for steady burning;
when the luminosity approaches that of a red giant the burning luminosity in eq. is
limited by (IMH;H@MJJ, |2£)_0j)

Mga ~ 6.7- 1077 (Mwp /My — 0.45) Mg /yr (2.3)

Above this limit, it is not immediately apparent what becomes of the excess matter. It is
possible that a thick envelope will form around the accreting WD, effectively returning it
to a red giant state. However, if this is the case, it is also unlikely that the WD will be
able to accrete and retain sufficient matter to produce a SN Ia (e.g. |Cassisi et all, [1998).
Another possibility is that for any mass transfer rate greater than this, the excess matter
is lost in a fast wind driven from within the WD’s now significantly expanded photosphere

(Hachisu, Kato & NQmQLQI, |L9_9_g) The possible accretion states are then:

o M > MRG Envelope or wind
i . steady,min < M < MRG Steady burning
o M < Msteady,min Unstable, nova flashes

In the SD scenario, the total number of SN Ia progenitors within a galaxy with instant-

aneous SN Ia rate N, is given by (IGilfanmL&_Bdi_éﬂ, |2111;|J)

Nprogenitors ~ NIa ' A]\4/]\4 (24)

We compute the specific SN Ia rate per unit K-band luminosity from the delay-time
distribution found by Totani et. all (IZDDQ) in galaxies with old stellar populations

Nia = 0.57(t/Cyr)"*1Sne/century /10" L o (2.5)
Here we use their fit obtained for Z = 2.5Z. and a Chabrier IMF. Note that in the study
of [Totani et al) they take the rate per unit K-band luminosity found by Mannucci

et al. dﬁ) for E/SO galaxies as the value at ¢t = 11 Gyr.

If we assume that throughout the growth of the accreting WD, the mass transfer rate
lies somewhere in the range 1077 My /yr < M < 1076 M, /yr, then the number of (either
steadily or unsteadily) nuclear burning WDs in a 10 Gyr-old elliptical with a K-band
luminosity 10" Lk o is accordingly 10° < Nppogenitors S 107
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While their total number may be difficult to pinpoint due to the uncertain (yet certainly
varying) accretion rate, there is far less freedom in the total bolometric luminosity emitted
by a population of SD progenitors. We can estimate this luminosity as

Ltot,SNIa ~ progenitors * Lnuc - 6HXAJ\IIaax]VSNIza, (26)

Note that the mass transfer rate cancels out in this estimation; whether a few nuclear-
burning WDs accrete very quickly until reaching Mcy,, or many WDs accrete very slowly,
a certain amount of mass must be processed in the SD scenario at any instant, fixed by
the SN Ia rate. If, for a given SD progenitor scenario, the accreting component is X-ray or
UV-luminous only for some subset of its entire accretion history, we can compute the total
luminosity from eq.(Z0]), replacing the total AM with the amount of mass Am; accreted
during that phase.

Choosing a particular model for the spectra of SN Ia progenitors, we can then estimate
the energy output per unit wavelength of their entire population in any galaxy, from the
latter’s age and K-band luminosity:

o Mon L (M, M
L)\,net - NIa/ )\( - )dM (27)
M; M

The mass transfer rate M varies over the course of the WD’s accretion phase, and the
emission spectrum Ly (M, M ) generally depends on the white dwarf mass and the accretion
rate.

The case of supersoft sources (steady nuclear burning WDs) was studied extensively by
Rauch & Wernerl (M) It has been shown that, despite a number of strong atmospheric
absorption lines from various elements, the overall shape of their ionizing continuum does
not deviate too strongly from that of a blackbody whose temperature is close to the effective
SSS temperature. The latter is given by

1
. Luc i ~ 5 asrl/4 p—1/2
Teg = (m) ~53-10°0 M7 R_y" K (2.8)
where M_; is the mass accretion rate in units of 10~7 M, /yr and R_, is the white dwarf
radius in units of 1072 R.. Thus, typical SSS temperatures lie in the range ~ 2 — 7 - 10°K
(I_van_dsn_Hej.uLeLQt_alJ, |_‘L9_92).

For the optically-thick wind case however (M > MR(;), the expected observable ap-
pearance is less certain. For expected mass transfer rates (~ 107°M /yr) the effective
temperature should be ~ 2 - 10°K for WDs of mass > 0.9M, dHaghisu&m&_MzmQﬁ,
@5). One can demonstrate that for these parameters, the nuclear-burning WD should
be able to fully ionize hydrogen and helium beyond the wind’s photosphere (see appendix
[A]); therefore in the energy range of interest the spectrum should be at least roughly rep-
resented by a black body. In particular, no photoabsorption cutoff at the He II 54.4eV
edge should be expected (cf m, M) Therefore in the following calculations we as-
sume blackbodies of fixed temperatures to represent the emission spectra of SD SN Ia
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Figure 2.1: Comparison of the emitted spectrum at 3, 6, and 10 Gyr (upper to lower lines)
from the normally-evolving stellar population (red) and from a population of SD SN TIa
progenitors (blue) assuming that AM = 0.3M, of material is accreted with an effective
temperature of 7= 2 - 10° K, as described in §2.3.

progenitors. One can then test any SN Ia progenitor channel through superposition of the
appropriate results, for differing L, and Teg.

2.3.3 The ionizing radiation field in ellipticals

We can now compare the anticipated ionizing emission from normally-evolving SSPs with
that from a putative SD progenitor population. Shown in Fig. 21]is the emitted spectrum
predicted for 3, 6, and 10 Gyr-old populations, overlayed with that from a hypothetical SD
channel which processes AM = 0.3M,, at an effective temperature of ~ 2 - 10°K (near the
lower bound for observed temperatures in symbiotic SSSs, and consistent with what would
be expected during the wind phase). Above the He II-photoionizing limit, we see that
the contribution from SD progenitors dramatically hardens the spectrum, and begins to
dominate even the H-ionizing continuum for young, passively-evolving stellar populations.

This is further illustrated in Fig.2 where we plot the integrated total H- and He II-
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Figure 2.2: Comparison of the H I (dotted lines) and He II (solid lines) ionizing photon
luminosity per unit mass from pAGB stars (red lines) with that from a population of
SD progenitors (blue lines) as a function of stellar age (from initial starburst). The lat-
ter was computed assuming that AM = 0.3M of material is accreted with an effective
temperature of T'=2-10° K.

ionizing photon emission for two cases: photoionization by a SSP, and by an example SD
progenitor population. The He Il-ionizing luminosity is increased by a factor of ~ 5 at ~
10 Gyr, rising to roughly two orders of magnitude for the youngest populations. There is
an accompanying, less significant boost in the H-ionizing luminosity, though this rises to
an order of magnitude at the youngest ages. Clearly, this will have a strong impact on the
observed emission lines in any nebulae ionized by the diffuse background produced by such
a population. In particular, this suggests that a population of accreting WDs sufficient
to match the SN Ia rate should make their presence clear through the observation of He
IT recombination lines in the spectra of low-ionization emission line regions in passively-
evolving galaxies. In order to quantify this, we turn now to modeling these nebulae.
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Figure 2.3: He I 4686A (left) and HS (right) luminosity per unit mass assuming ionization
by pAGB stars alone (red), ionization by a population of SD SN Ia progenitors (blue),
and ionization by their combined luminosity (outlined in black), as a function of stellar
age (from initial starburst). Here we use the same example parameters for the SD channel
as before. In this and all further figures, the thickness of lines shows the effect of the
uncertainty in ionization parameter (Section 2.4.1]). This is negligible for the Hf line.

2.4 Constraining the characteristics of SN Ia progen-
itors

2.4.1 Modeling low-ionization emission-line regions

Typically, the luminosity in any recombination line can be estimated analytically based on
the total ionization rate and branching ratios for recombination (e.g. (Qsterbrockl, [1989).
However, the extended emission-line regions of early-type galaxies are observed to be in
a very low state of ionization (Binette et al., |l9_9_4]), such that this is not sufficient in
computing the luminosity of He II recombination lines (see appendix [Bl). Therefore, to
determine the effect on the nebular emission of introducing a previously unaccounted-for
ionizing stellar sub-population, we make use of the photoionization code MAPPINGS III
(e.g. Kewley et al., |20Q1|; Grﬁmm_aﬂ, [ZQDA])

The code allows us to model the emission lines resulting from an incident ionizing
background within a 1-D cloud (where we assume plane-parallel geometry). The incident
flux is prescribed by an input spectral shape, normalized by the ionization parameter
U= Qph /(nygc) (where Qph is the ionizing photon flux and ny is the hydrogen density at
the outer face of the slab). Previous studies (Binette et all.[1994: Stasiniska et all. 2008: Yan
& Blanton, [20_12) have found that one requires —4 < log(U) < —3.5 given photoionization
by stellar sources, in order to produce the observed LINER-like emission-line ratios.

We assume a fixed hydrogen density of ny = 100 cm ™3, consistent with the measured

ratio of S II 6717A/6731A in these nebulae (e.g. [Yan & Blantor, 2012). Metallicities
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Figure 2.4: Equivalent width of He IT 4686A assuming SSPs as computed by Bruzual &
Charlot @Dﬂﬂ) Red denotes the case for ionization by pAGBs only, blue by our standard
case SD progenitors, and outlined in black is the EW(4686A) assuming ionization by both
populations. Here we assume again our standard SD case (AM = 0.3M of material is
accreted with Teg=2-10° K).

of the warm ISM in passively-evolving galaxies have been estimated from the Oxygen

abundance, with M@ (Il)j)_d) finding a mean value of Zoxygen = Zoxygen,o i
the 7 galaxies in their sample. Therefore, in this work we assume solar metallicity (Anders

& Grevesse, 1989) for the warm phase ISM in our calculations. Annibali et all (2010)
found a broader range of 0.257, < Z < 2Z., using a much larger sample of galaxies.
However, since we focus on recombination lines of He II, the metallicity of the gas has
only a relatively small effect (IB&L‘@_@J@L M) For similar reasons, we ignore dust in
our calculations, although it has been found to accompany the warm and neutral gas in
elliptical galaxies M&M&S@amnsﬂ, 2010). The inclusion of dust in our models
however introduces only very minimal reddening (Bi , ), principally effecting
forbidden lines through depletion of the gas phase metallicity.

The gas temperature is computed self-consistently, determined primarily by the spec-
trum of ionizing radiation for a given density and composition of the nebula. Along the
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Figure 2.5: Ionization structure for a model nebula assuming plane-parallel geometry,
log(U) = —4, and photoionization by a 5 Gyr-old SSP with the contribution of the example
SD progenitor population from the text.
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spatial coordinate, calculations are run until the hydrogen ionization fraction drops below
1072, For the parameter range considered here this typically occurs at the depth corres-
ponding to Ny ~ 10%* ecm™2. The typical ionization structure for hydrogen and helium
obtained in one of the runs is shown in Fig. B.Al The typical column density of the
neutral gas observed in the 21 cm line is of roughly the same order demmﬂ, |20iﬂ)
Therefore the standard assumption that nebulae in low-ionization emission-line galaxies are
ionization-bounded remains justified, though Stromgren boundaries may overlap for relat-
ively high ionization parameter. Note that in Fig. it is clear all He II recombination
emission must principally originate from a relatively thin outer layer.

Finally, note that unless otherwise stated, we assume a covering fraction (f.) of unity in
computing the luminosity of any line. This can be scaled as appropriate given the inferred
geometry of the gas; for the case of a smoothly distributed disk (see §[23]), we would expect
the covering fraction to be ~ 1/2.

2.4.2 Recombination lines of He 11

In the context of this study, the two most important recombination lines of He II are:
1. the n = 4 — 3 transition at ~ 4686A — the strongest He II line in the optical band

2. the n = 3 — 2 transition at ~ 1640A — the strongest He II line longward of 912A
which is not capable of ionizing hydrogen in the ground state, and therefore is not
heavily absorbed by the ISM.

In the case of photoionization by the “normally-evolving” stellar population, the He II
ionization rate and luminosity in any recombination line of He II will remain small (Fig.
) due to the strong cutoff in pAGB spectra shortward of 228A (Im, ) As the
total ionizing luminosity remains relatively constant for SSPs older than ~ 1 Gyr (Fig.
2.2), the recombination line luminosities do not exhibit any strong trend with age. In
particular, the luminosity of any He II recombination line falls slowly by a factor of ~ 2
from 1 — 10 Gyr (see Fig. left for the case of 4686A emission).

With the introduction of a SD progenitor population (as given in §23)), the He II
ionization rate and the luminosity of its recombination lines is greatly enhanced over the
SSP-only case. Due to the ~ t~! dependence of the SN Ia rate, the recombination line
luminosity rises steeply with decreasing mean stellar age, from a factor of ~ 3 increase over
the SSP-only case at 10 Gyr to ~ 60 for 1 Gyr old populations. We also plot in Fig.
the expected He II 4686A luminosity given ionization by SD progenitors alone, showing
that the contribution of the SSP does not significantly affect the He II line luminosities. If
there_are far fewer pAGB stars then presently predicted by population synthesis (Brown
et al., |20Dﬁ), SD progenitors alone would still remain an important ionizing source and our
predictions hold nearly unchanged (recall Fig. above).

We can also eliminate any dependence on the total stellar mass by instead considering
the He IT 4686A equivalent width (EW(4686A)), shown in fig. 24 for f. = 1 (again, the
EW scales linearly with f. and can be adjusted accordingly).
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Note that there is a range in the predicted He IT 4686A luminosity for all ages. This is a
direct result of the range in plausible values of the ionization parameter; for low-ionization
nebulae the flux of He II recombination lines has a direct dependence on U (see appendix
B).

We find similar results for a range in photospheric temperatures spanning that expected
for (steadily) nuclear-burning WDs. Plotted in Fig. is the predicted luminosity of the
He II 4686A line per unit mass for varying source temperature, assuming a 3 Gyr-old stellar
population. With the inclusion of a SD progenitor population, the expected He II 4686A
line luminosity is enhanced by a factor of 4 (3) for Teg ~ 10°K (10°K). This boost is
much greater for all intervening temperatures, with a maximum factor of ~ 20 at T.g ~
2.5 10°K.

For low-density photoionized gases (with Ty & 10*K), the luminosity of the 1640A
line is roughly 6.15 times greater than that in 4686A emission (IQsLﬁr_bnmld, |_19&j) Given
that the FUV continuum in elliptical galaxies is nearly 2 orders of magnitude lower than in
the optical, the line should also be quite conspicuously prominent. This suggests that FUV
spectra available from GALEX may also be quite useful in constraining the hardness of
the ionizing spectrum in low-ionization emission-line regions. Unfortunately, there remains
a dearth of such galaxies with available FUV spectra (Gil de Paz et al., |ZDD_ﬂ) We leave

further discussion of constraints from the 1640A line to a future work.

2.4.3 Hp and diagnostic line ratios

As with He II, in the case of pAGB-ionization only, the total luminosity of any recombin-
ation line of hydrogen (per unit stellar mass) should remain roughly constant at = 1 Gyr.
This is illustrated in the right panel in Fig. for the case of HS. However, in the same
figure we see that with the addition of a SD progenitor population, the situation is much
different. In this case, we expect an enhancement by up to an order of magnitude in the
flux of HS line emission per unit stellar mass for starburst ages of < 4 Gyrs.

In principle one can avoid any dependence on the covering fraction if we normalize the
He II 4686A flux to any recombination line of Hydrogen, such as H3. Though not the
strongest optical recombination line of Hydrogen (Ha/HB & 3), Hf is not too faint to be
detectable in moderately nearby galaxies. At the same time, it is not too greatly separated
from the 4686A line, minimizing the importance of extinction in computing their ratio.
The predicted He II 4686A /HJ ratio as a function of age is given in Fig. Il As one can
see, the He II 4686A/H6 ratio changes from ~ 0.05 to ~ 0.4 — 0.5 between the SSP-only
and SD-only limits.

However, there are a few difficulties with using the He II 4686A /Hf ratio to constrain
the population of SD progenitors. Firstly, SD progenitors will also contribute to the ion-
ization of hydrogen, and thus to HS emission (Fig. [2Z3]). Of course, this is accounted for
self-consistently in calculations presented in Fig. 2.7, but it requires precise knowledge of
the spectral shape of the SD progenitors down to to the hydrogen ionization limit of 13.6
eV. The curves in Fig. 7] were computed assuming a black body spectrum, which may
be only approximately true for rapidly-accreting WDs (see appendix[A]). Secondly, the line
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Figure 2.6: Dependence of He II 4686A specific luminosity on the assumed WD photo-
spheric temperature, for AM = 0.3M, and an age of 3 Gyr. Blue denotes ionization by
SD progenitors alone, and outlined in black is the luminosity assuming ionization by SD
progenitors combined with a SSP at 3 Gyr. Also shown is the predicted He IT 4686A flux
without the influence of any possible SD SN Ia progenitors (red).
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Figure 2.7: The ratio He II 4686A /Hp as a function of stellar age (from initial starburst)
for ionization by pAGBs only (red), a population of SD progenitors only (blue), and their

combined luminosity (outlined in black). Here we use the same example parameters for
the SD channel (assuming Am = 0.3M, T = 2 - 10°K).

ratio is quite sensitive to ionization parameter for such low values (for the same reasons as
discussed in appendix [B]). This, however, can be estimated from the nearby [O III] 5007A
line; specifically, its ratio to HS (which increases monotonically with U for the range in U
considered, see e.g. Binette et al),[1994). Finally, there may be HS “contamination” from
other ionizing sources, such as low-luminosity AGN (LLAGN). Such objects likely provide
the dominant ionizing source in the nuclear regions of many low-ionization emission line
galaxies (Eracleous et all, 2010; [Annibali et all, [2010). Therefore, it is important that one
isolate “retired” galaxies (Cid Fernandes et all,[2011), in which the aging stellar population
plays the dominant role in photoionizing emission-line regions. Significant contamination
can occur with the inclusion of galaxies hosting LLAGN (Annibali et all, 2010), or regions
with strong shocks (Sarzi, Shields & Schawinski, 2010). Such galaxies can however be
excluded with strict selection criteria, as outlined by |Cid Fernandes et al) (2011).
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2.5 Observational prospects

2.5.1 Optical and UV observations

Spectroscopic surveys suggest that between ~ 50% — 75% (varying from those in the field
to clusters) of E/SO galaxies contain extended emission-line regions. Despite extensive
study, no detection of the He II 4686A line has yet been reported. Moreover, its presumed
intrinsic weakness in passively evolving stellar populations rendered this line uninteresting
in spectroscopic studies of these galaxies. It is therefore unsurprising that no attempt to
find weak 4686A line emission in early type galaxies has been undertaken and, consequently,
no upper limits have been reported. However, as we discuss below, detection of the He II
recombination line emission in the optical and far-UV bands should certainly be feasible
in the SD scenario. Conversely, upper limits on such emission can be used to constrain the
collective nuclear burning rate of the population of accreting white dwarfs in a galaxy, and
thus gauge the importance of the SD scenario.

For an early-type galaxy hosting M (t) solar masses in stars of age ¢ Gyrs, our calcu-
lations predict that in the SD scenario the luminosity of the He IT 4686A line is (in the
absence of any other ionizing source) roughly:

AM  M(t)
0.3M,, 101001,

Lygss ~ 1.4 10"t 7 Ty fo erg/s (2.9)
where f, is the covering fraction, and AM is the mass accreted by a typical white dwarf
with photospheric temperature 7' = T5 x 10° K. This formula approximates the numerical
results presented in Figs. & and is valid for T > 2 - 105 K. In order to obtain the
equivalent width, one can divide the specific luminosity by the specific continuum emission
at ~ 4686A, given approximately by Lssp 4686 = 5.7 - 1029t*1'lerg/s/A/M@. We then find
the EW(4686A) from SD progenitors should follow:

AM
0.3Ms

EW (4686A) ~ 2.5 t%8 TS f,

o A (2.10)

For an early type galaxy hosting a 3 Gyr-old 101°M,, stellar population, with an ac-
companying SD progenitor population (our standard case from above) and f. = 1/2, our
calculations predict a He 1T 4686A line-luminosity of ~ 3 —5-10% erg/s (for -4 < log(U) <
-3.5). In the absence of any SD progenitors, the predicted line luminosity will be at most
~ 4-10%" erg/s (assuming ionization by pAGB stars only, FiglZ3)), i.e. ~ 10 times smaller.
At a distance of 100 Mpec, the expected line flux in the He II 4686A line is ~ 4 - 10716
erg/s/cm? for the SSP+SD case. As a conservative estimate, we can assume here a limit
for a confident line detection of ~ 107'% erg/s/cm?. Thus, our example galaxy above
should be detectable out to ~ 200 Mpc (or z ~ 0.05). Ongoing integral field spectroscopic
surveys, such as CALIFA (IMMLAL M), should easily achieve comparable or better
sensitivity, and therefore will find it well within their grasp to either detect He II 4686A
emission or derive useful upper limits.
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Note however that for SDSS galaxies, such an assumption is overly optimistic, as detec-
tion is limited by the S/N in the spectra (typically S/N ~ 10 — 15 per pixel). On the positive
side, however, this is not dominated by systematic errors (e.g. in stellar continuum mod-
els; Jonas Johansson, private communication). Therefore, as noted above, stacking spectra
may allow for a confident detection of 4686A emission for much smaller AM or larger
distances. Given EW(4686A), we can estimate the signal-to-noise ratio needed in order to
barely detect the line:

S A/N V2ro (2.11)

N EW(4686A) '
as given in Sarzi et al (IZDDﬂ) Here we assume an intrinsic broadening og,s ~ 150km/s
(~ 2.3Aat 4686A) typical of the gas in the central regions of early-type galaxies hosting
extended emission-line regions. Assuming a threshold A/N = 4 is needed for detection, one
would then require S/N = 500 in order to detect an EW(4686A) ~ 0.05A. This would allow
for a nominal detection of He II 4686A from pAGBs for relatively old stellar populations,
and enable a strong detection of (or robust upper limit on) any SD progenitor population.
In the SDSS sample, such a target S/N should be possible with stacking of ~ 2000 galaxies.

Fig. illustrates how an upper limit on the He IT 4686A line can be used to constrain
the SD scenario. It shows the upper limit which can be placed on the mass AM accreted by
each successful SN Ia progenitor at the given photospheric temperature in the SD scenario,
assuming a null detection of the He IT 4686A line with an upper limit of 10716 erg/s/cm?.
For illustrative purposes, we assume a 5 - 101° M, stellar population of varying ages at a
distance of 100 Mpcﬁ, and ionization by a SD SN Ia population only. The plot demonstrates
that even a rather moderate upper limit on the He II 4686A line emission can constrain the
mass accreted by each SN Ia progenitor down to ~ few x 1072 — 107! M. Alternatively,
this can also be used to constrain the fraction of SNe Ia produced via the SD channel.
Indeed, if we assume some value of AM and 7', the upper limit on the SD fraction is given
by AMpax/AM.

In their survey of nearby LINERs, the Palomar survey did not detect He IT 4686A line
emission, but found upper limits of He IT 4686A/HB < 10% (@, ) Unfortunately,
this number can not be directly used for our purpose, as it applies only to the nuclear
regions of mostly old galaxies, where we also expect a central source to play a strong
role in the available ionization budget (section Z4.3]). However, it does characterize the
sensitivity to the He II 4686A/ Hp line ratio which can be routinely achieved. The upper
limit of ~ 0.1 on the He II 4686A/H6 line ratio is large enough not to be in conflict with
the pAGB-photoionization model for low-ionization emission-line regions. However, in the
absence of contamination by ionizing sources other than pAGB stars and SD progenitors,
we should expect to see 0.1 < He II 4686A/Hﬁ < 0.5. Therefore, an upper limit on this
ratio of ~ 0.1 in extended low-ionization emission line regions will also place meaningful
constraints on the SD scenario, as illustrated by Fig.

2Note that this is much too great a mass to be enclosed in an SDSS fiber at this distance, but would
be possible with e.g. long-slit or integral field spectroscopy.
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Figure 2.8: Maximum mass which may be accreted by the typical WD in the SD scenario
for a given photospheric temperature, given a null detection of the He IT 4686A line with
an upper limit of 1071 erg/s/cm?. Here we assume a 5 - 10190 stellar population aged

1, 3, and 6 Gyrs, a distance of 100 Mpc, with a gas covering fraction of 1/2, and log(U) =
-4.
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Figure 2.9: An example of the He II 4686A/ Hp line ratio diagnostics. The predicted line
ratio for a (1 Gyr — red, 3 Gyr — blue, 10 Gyr — green) SSP+SD population with varying
assumed AM — the mass accreted by WDs at the photospheric temperature of T ~ 2 -
10°K. Black line shows the line ratio level of 0.1, which should be routinely achievable in
spectroscopic observations.
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In the FUV, detection of (or robust upper limits on) the He II 1640A line is even more
promising. The nearby early-type galaxy NGC 3607 (d ~ 21 Mpc) has a mean stellar age
of ~ 3 — 4 Gyr (Annibali et all, M), and is known to host an extended low-ionization
emission-line region. We can compute the expected 1640A line flux from the K-band
luminosity (& 3 - 10'°Lx ¢ within 14”x14” from the 2MASS survey, Jarrett et al., |20_Qj),
and the appropriate M/Ly from [Bruzual & Charlot (2003). Assuming f. = 1/2, and our
prototypical case for the SD channel, the total luminosity reprocessed into He II 1640 A
emission is &~ 3 - 10%? erg/s. Using the GALEX Exposure Time Calculator rjﬂETC)H’ we
find that this should be detectable with S/N ~ 5 given a &~ 3 ksec observation(.

2.5.2 Possible outcomes

With the observations described above, there are 3 possible outcomes, all of great interest:

e He II 4686A/HB < few % (Lagss/M. < few x 10%7 erg/s/Mg) at high confidence:
Along with placing tight constrains on the SD scenario, this may pose a problem for our
understanding of ionization by pAGB stars, in particular, their spectra beyond the He
[I-ionization limit.

e He I1 4686A /Hp3 is detected at =~ few % (Lagss/M. ~ 10°® erg/s/My) for all t,, 2> 1
Gyr: This would provide strong evidence against a high-temperature SN Ia progenitor
population. At the same time it would strongly suggest that pAGB-ionization is the
correct model for retired galaxies, especially if there is no strong trend in Lpyg/M, with
age (cf. Fig. 23).

e The He IT 4686A line is detected, with He II 4686A /HB > 10% (Lugss /M, = few x 10?8
erg/s/Mg). This would suggest an alternative to pAGB-only ionization. A significant boost
found in He IT 4686A emission for younger stellar populations would conform comfortably

with the SD SN Ia scenario.

2.5.3 Post-starburst galaxies

Also of interest are the so-called post-starburst galaxies: early-type galaxies with regions
of relatively young mean stellar age and extended nebular emission, wherein a burst of star
formation has only recently ceased (At < 1Gyr). [Sarzi, Shields & Schawinski (2010) find
such galaxies account for roughly 10% of their sample of nearby E/S0 galaxies. Especially
puzzling, were the SD scenario to hold, is the existence of the rare class of E+A galaxies

,|19&'§; Yagi & ﬂigtd, [ZDDH; ﬂiaadmg_ej_aﬂ, |201)_ﬁ) These show evidence of a
very young population, yet are without strong emission lines. i ' inski
(Iﬁ; suggest that these galaxies are within a (possibly very) brief epoch shortly after
a sudden burst of star formation has ceased. In this phase, OB stars have left the main
sequence (t > 10® years), however there are insufficient pAGB stars to strongly ionize the
ISM (t < a few 10%years). Yet SNe Ia at the shortest delay times can already be expected

3http://sherpa.caltech.edu/gips/tools/expcalc.html
4Note that here we report 3 times the value given by the ETC, as recommended in the GALEX
Spectroscopy Primer. www.galex.caltech.edu/researcher/grl_docs/grism/primer.html
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to detonate in this age range, suggesting that given the SD channel, a large population of
accreting WDs would need to be present at this time. These galaxies are understood not
to be devoid of gas (Buyle et alJ, M), therefore the lack of emission-lines characteristic
of ionization by hot accreting WDs is certainly conspicuous.

2.6 Conclusions

We have demonstrated that, for temperatures characteristic of WDs accreting above the
steady nuclear burning limit, the SD SN Ia channel implies nuclear-burning WDs should
provide a substantial contribution to the He Il-ionizing continuum in non-star-forming
stellar populations. Their contribution rises dramatically at earlier delay-times, with the
enhancement of the He II-ionizing continuum growing to nearly 2 orders of magnitude over
that of a SSP alone at ~ 1 Gyr. This provides a unique opportunity to test for the presence
of any such population through the detection (or lack thereof) of He II recombination lines.
In particular, the luminosities predicted in He IT 1640A and He IT 4686A suggest interesting
upper limits should already be possible with GALEX and in the SDSS. Ongoing IFU
spectroscopic surveys, such as CALIFA, should also be able to improve upon this further,
being capable of isolating emission-line regions with no evidence for any contribution from
shocks or a central source.

In the absence of any ionizing sources other than the stellar population, an upper limit
on the He IT 4686A line flux of < 10% that of HB (or Lygss/M. < few x 1027 erg/s/Mg)
in the low-ionization emission-line regions of many ellipticals should tightly constrain the
possible luminosity of any population of hot nuclear-burning WDs. This may also provide
a crucial test of models of ionization by pAGB stars in galaxies hosting extended low-
ionization emission-line regions, wherein one may expect He II 4686A/Hﬁ ~ a few %.
A non-detection of the He IT 4686A line in a galaxy located within 100 Mpc from the
Sun with a rather moderate upper limit of 1071 erg/s/cm? will place an upper limit of
~ few x 1073 — 107! M, on the total mass accreted by each successful SN Ia progenitor
at photospheric temperatures in the range ~ 10° — 10° K.

In the preceeding analysis, we have primarily considered the case wherein SD progen-
itors account for all SNe Ia. However, one may see from eq. that a limit on the total
luminosity of any SD SN Ia progenitor population may also be interpreted as a limit on the
fraction of the total SN Ia rate which SD progenitors account for. This is in keeping with
recent suggestions (e.g. Maoz & Mannucci, |2Q].d) that there may be evidence for multiple
progenitor channels.
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3.1 Abstract

Once thought to be devoid of warm and cold interstellar matter, elliptical galaxies are
now commonly observed to host extended regions of neutral and ionized gas. Outside
of the innermost nuclear regions of these galaxies, the favoured candidate ionizing source
remains some component of the stellar population, with mounting evidence suggesting
post-asymptotic-giant-branch stars (pAGBs). In a recent paper, we demonstrated that
observations of recombination lines of He II (or upper limits thereof) may provide a strong
constraint on the presence of any other, higher temperature ionizing sources, in particular
nuclear-burning white dwarfs in the context of the single degenerate (SD) scenario for type
Ia supernovae. The sensitivity of the Hell test is greatest for WD effective temperatures
~ 2-10°K. Here we extend our analysis to include predictions for all of the “classical”
strong optical lines, as well as UV, optical, and infra-red lines of neutral Oxygen, Nitrogen,
and singly-ionized Carbon. This allows us to extend the temperature range over which we
can meaningfully constrain the collective luminosity of nuclear-burning WDs to 10°K < T
< 10°K. We then demonstrate how observations of nearby early-type and post-starburst
galaxies can place strong limits on the origin of type Ia supernovae.
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3.2 Introduction

It is now well-established that early-type galaxies possess substantial ISM, with neutral
hydrogen masses on the order of ~ 10% — 10°M,, (Serra. et {:Ll.|7 |2Qlﬂ) Accompanying this
neutral gas are emission-line regions extending out to several kiloparsecs, with line ratios
characteristic of gas in a relatively low state of ionization. They appear to be powered by
the diffuse galactic background, rather than being a superposition of individual H II regions
around bright compact sources. In the past, much effort has been devoted to understanding
the sources of ionizing radiation powering these nebulae. In passively-evolving (non-star-
forming) galaxies, it is the old stellar population itself which appears likely to provide the
dominant contribution to the local extreme-UV background (e.g [Yan & Blanton, M), at
least outside of their innermost nuclei. There, low-luminosity AGN had until recently been
thought to provide at least a significant contribution, at least in many cases (e.g. Annibali
et al. |2Q1d) However, increasing evidence suggests that the old stellar population may still

rovide a significant, or even dominant role in powering LINER emission (e.g. m
@) Within the stellar population, post-asymptotic giant branch stars (pAGBs) remain
the favoured candidate for powering the observed emission lines. In particular, pAGB stars
are expected to provide sufficient ionizing photons in order to account for the observed Hf
flux (ISﬁlm_ShlﬂldL&_SQhaMﬂH&kjl, |2Q1d), and the radial surface brightness profiles of the
observed emission lines are consistent with ionization by a diffuse population, rather than
a central source (e.g. |Singh et al., 2013; Papaderos et al., M)

At the same time, similar arguments have proven capable of ruling out other possible
ionizing sources. Recently, [Woods & Gilfanoy (MM) proposed that understanding the
mechanism powering the diffuse line-emission in passively-evolving galaxies may shed light
on the origin of type Ia supernovae (SNe Ia). There exist two families of models for how
these tremendous explosions come about: in the double-degenerate scenario M,

), these events result from the merger of a binary pair of white dwarfs (WDs). In
the standard model of the single-degenerate channel EMM&M, |L9_7_3), a carbon-
oxygen WD accretes matter from a main sequence or red giant companion until triggering
a thermonuclear explosion. If the latter is correct, then accreting, nuclear-burning WDs
should be an extremely luminous component of any stellar population. With temperatures
on the order of 10° — 10°K, they should provide the dominant ionizing background in
relatively young (< 4Gyr) passively-evolving stellar populations. If this is the case, it
should be readily apparent from spectroscopic observations of those ellipticals which host
low-ionization emission-line regions (Woods & Gi!fanQyL [ZQlj) This provides a unique
opportunity to constrain plausible progenitor models for SNe Ia.

In particular, the observed line flux in recombination lines of ionized Helium can provide
an excellent test for the presence of relatively high temperature sources (= 2 — 6 - 10°K),
and their total ionizing luminosity. This covers much of the temperature range we ex-
pect from accreting, nuclear-burning white dwarfs, such as supersoft sources (SSSs), or
in particular, the so-called ‘ultra-soft sources’ (those accreting white dwarfs with greatly

inflated photospheres, see [Hachisu, Kato & Nomotd, h&gﬂ) However, we expect higher

temperatures (up to ~ 10°K) for the most massive (= 1.0 M) nuclear-burning white
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dwarfs. In the past, any possible population of such objects has been severely constrained
based on the observed paucity of soft X-ray emission in early type galaxies, and the lack of
individual soft X-ray sources (e.g. |Gilfanov & Bogdan, m; Di Stgfand, M) However,
independent diagnostic tools remain extremely important.

Here we extend the work of Woods & Gilfanov (2013) to include a number of emission-
line diagnostic tests for the presence of a population of very hot sources (Tog = 5-10°K), as
well as those too cool to strongly ionize He IT (Tig ~ 10°K). In § B3] we review our model
assumptions for the ISM in early-type galaxies, as well as the possible sources of ionizing
radiation in passively-evolving stellar populations. In § [3.4] we discuss those lines which
are most sensitive to ionization by high temperature sources, in particular those of [O 1],
[N I, and [C II]. Together with observations of recombination lines of He II, this extends
the range over which emission lines can meaningfully constrain the hardness of the ionizing
background in passively-evolving galaxies to cover all temperatures expected from steadily
nuclear-burning white dwarfs, including those with inflated photospheres (1.5 - 10°K <
Ty < 10°K). In § BE we outline the even more pronounced effect of any putative SD
progenitor population (with Teg = 10°K) in young (t < 1Gyr), post-starburst populations
(such as E+A galaxies). In this case the ionizing luminosity provided by SD progenitors
would exceed that available from any other stellar source by up to two orders of magnitude,
indicating the specific luminosity in any of the classical strong optical lines (Ha, [O 1]
3727A, etc.) should be similarly enhanced. We follow this in § with estimates of the
observational prospects for producing limits using a number of instruments and surveys,
as well as how the presence of a significant population of accreting WDs may compromise
measures of the SFR in galaxies. Finally, we discuss implications for the evolution of binary
stellar populations and the progenitors of type la supernovae.

3.3 Modeling low-ionization emission line regions

3.3.1 Density, metallicity, and ionization parameter

We model the emission-line regions in early-type galaxies using the 1-D photoionization
code MAPPINGS III (see e.g. |Groves et all, |201)_4]) Our procedure follows closely that
of [Woods & Gilfanov (IZQlﬂ), here for convenience we summarize some of the essential
ingredients.

Unless otherwise stated, we assume a solar Mﬂﬂﬁﬁ;&&ﬁ, |L9§Q) metallicity for
the gas phase, and 2.5 solar for the stellar population. The former is consistent with the
mean Oxygen abundance measured in the warm ISM of nearby retired galaxies (Athey &

Bregman, 2009; |Annibali et all, |2Q1d) For the ionizing continuum from the ‘normally-

evolving’ (single star) stellar population, we use the population synthesis calculations of

Bruzual & Charlot (2003).

The most common morphology of the cold ISM in such galaxies is a disky distribution
extending from the nucleus out to several tens of kpc (Serra et alJ, lZQlj), with emission-line
nebulae typically ionized by the diffuse background of the stellar population rather than
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nearby individual sources. Therefore, we assume plane parallel geometry throughout. For
our standard case, we assume a constant hydrogen number density of 100cm ™3, consistent
with the observed [S II] 6717A/6731A ratio observed in stacked passively-evolving galaxies
from the SDSS (Yan & Blanton, M), although this may only be an approximate upper
bound (IQSL_eﬂmmk_&_Fer_laﬂ, |2£K)ﬂ) In principle, the majority of the optical emission
lines considered in this work are relatively insensitive to variations in the density.

In our photoionization calculations, we assume that the modeled nebulae are ionization-
bounded (see [Woods & QilfanQyL m, and references therein), and terminate our calcu-
lations when the ionized Hydrogen fraction falls below 1%. The ionization parameter (U
= Npn/4mr?cny) is similarly well constrained by the observed ratio of [O III] 5007 A/HB,
|@rally lying in the range -4 < log(U) < -3.5 (e.g. Binette et all, 1994 |Xa11_&_Bla.nLQ_n|,

).

Where appropriate, we normalize the line flux per unit stellar mass of the host popu-
lation, and assume a covering fraction of unity. This can of course be scaled as needed,
since the line luminosity is directly proportional to the stellar ionizing luminosity absorbed
by the ISM in ellipticals. In practice, it is often more convenient to provide line predic-
tions normalized to the nearest recombination line of Hydrogen, in order to minimize the
importance of reddening in comparison with observed values. This has the added benefit
of removing any dependence on the covering fraction of the gas, therefore we also provide
predictions for each optical line luminosity relative to the nearest Hydrogen recombination
line.

3.3.2 Available ionizing sources

In early-type galaxies, pAGBs remain favoured to be the predominant ionizing source (at
least within the stellar population). Empirically, this has been strongly supported by en-
ergetic considerations (e.g. Sarzi, Shields & Schavvinski|, |20_1d), as well as more detailed
emission-line studies (Binette et al. M) The spectral emission from these sources has
been studied in detail by m M), whose models are included in the spectral syn-
thesis calculations of Bruzual & Charlot (2003) used here. Despite mounting evidence (e.g.
Binette et all, 1994; Sarzi, Shields & Schawinski, 2010; [Yan & Blantorl, 2012), some doubt
remains about the longevity of post-AGB stars, and therefore their expected numbers and
contribution to the ionizing background (IM, M) Therefore, where appro-
priate, we will consider in our calculations the ionizing background with and without the
contribution normally expected from pAGBs.

Non-stellar sources, such as low-luminosity AGN, likely also play a role in many galaxies
(Annibali et al. uuj at least in their central regions. Fast shocks have been thought
to play a role in some cases, as well as ionization by the hot, X-ray emitting diffuse ISM

(ISﬁIZJ.,_Shlf‘Jd.S_&_SﬁhaMﬂnﬁkJ' 201(). However, such contaminating cases can be excluded
with the careful use of line diagnostics (e.g bﬂ_&maﬂd%_&t_alj |2£lll|) allowing one to

confine their attention to so-called 'retired’ galaxies where the old stellar population is the
principle source of ionizing emission.
Other stellar sources, such as low-mass X-ray binaries, have been suggested, but do
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Figure 3.1: Ionization structure of a model nebula, given photoionization by a 3 Gyr-old
stellar population (solid lines), and with the addition of our standard example SD SN
la progenitor population (dashed lines). Red lines indicate the ionized hydrogen fraction,
while blue lines follow the neutral fraction of the total Oxygen number density. We assume
in both cases log(U) = -3.5. Note that we stop our model calculations when the Hydrogen
ionization fraction reaches 1%.
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not appear to be significant in this regard dSalu_Shmﬁm&_Sghammski, |2Qld) Accreting,

nuclear-burning WDs have, however, been found to likely provide a significant contribu-
tion, and would be expected to dominate the ionizing contribution for relatively young,
passively-evolving stellar populations, at least if they exist in sufficient numbers to ac-
count for the observed SN Ia rate (Woods & Gilfanov, 2013). Even if they are not the
primary evolutionary channel for SNe Ia, accreting WDs may still account for a substantial
contribution to the ionizing background (see Chen et al. in prep).

The number of nuclear-burning WDs expected in any stellar population, assuming the
SD channel accounts for all SNe Ia, can be estimated from the SN Ia rate, the mass

accretion rate, and the characteristic mass accreted per SN Ia (as in (Gilfanov & Bogdédn,
2010; IDi Stefand, [2010):

N (3.1)

where Nsnia is SN Ia rate of the galaxy, and Amy, is the total mass accreted prior to
explosion (= 0.3 — 0.7My). This depends sensitively on our assumptions regarding the
typical accretion rate, which in turn depends on as-yet poorly understood details of bin-
ary evolution. Fortunately, we can remove any dependence on the accretion rate if we
consider instead the total bolometric luminosity of all accreting, nuclear-burning WDs,
Lot sn1ta = Lwp - Nsp. The luminosity of any individual source is simply Lwp = exM ,
with € = 6-10"erg/s the energy release from nuclear-burning of hydrogen, and x = 0.72 the
hydrogen fraction of solar metallicity gas. Therefore, the total luminosity of any putative
SD progenitor population can easily be estimated as:

Liot.sp = €aX Ay, Nnia (3.2)

independent of the assumed accretion rate (Gilfanov & Bogdan, M) For the SNIa rate
we_will use the delay time distribution derived for passively evolving galaxies by Totani et
al. (2008): Ngni = 0.57(¢/1Gyr) " "11SNIa/century /10" Lk o (assuming a Chabrier IMF
and Z = 0.05).

The spectral shape of the ionizing background in ellipticals can then be found from the
sum of two terms:

L,(t) = L5 (t) + SP . Amy, - Ny, (t) (3.3)

where L5SP(t) is the specific ionizing luminosity of the SSP (principally arising from
pAGBs), and S is the spectrum of radiation emitted by the population of nuclear burn-
ing white dwarfs per unit accreted mass. SV? describes the spectral energy distribution
of radiation emitted by the population of SN Ia progenitors, whose bolometric luminosity
is defined by eq.([3.2). It is a superposition of spectra of individual nuclear-burning white
dwarfs, each having approximately blackbody shape (Rauch & Wernex, [2010) with the
effective temperature determined by the mass accretion rate and the white dwarf mass.
Therefore, the precise shape of S!V? depends on the (poorly known) distribution of these
parameters in the population of SN Ia progenitors. For the purposes of the present study,
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Line A SSP SSP+SD relative
only channel enhancement
Ultraviolet
[C 1] 1335.3A 2.0e27 5.6e28 26
Optical
N1 5200.17A 4.9e27 2.3e29 45
N 1] 5197.82A 3.6e27 1.6e29 43
O 1] 6363.67A 1.3e28 3.0e29 20
[O1 6300.2A 4.0e28 929 20
Infra-red
[O 1] 146 pum 2.0e28 5.8e29 28
[O 1] 63pm 1.1e29 3.1e30 28
[CTI]  158um 3.9e28 9.1e29 22

Table 3.1: Predicted specific line luminosities (in units of erg/s/Mg) for those lines most
strongly effected by the introduction of a high temperature source population. We assume
ionization by a 3 Gyr-old ‘normal’ stellar population only (column 3), and with the addition
of a T,g = 10°K SD SN Ia progenitor population (column 4). In both cases, we take log(U)
= -3.5.

we will simply assume that S¥? has a blackbody shape and can be characterized by a
single photospheric temperature. In practice, any more realistic model can be constructed
out of a superposition of such templates. We will then investigate how the ionization state
of the ISM and the luminosity of the emission lines of interest depend on the assumed
value of T,g. Comparison of these results with observations can be used to constrain the
maximum amount of material Amy,(Tex) which can be accreted on average by a white
dwarf at various photospheric temperatures.

Unless otherwise stated, we will consider in our calculations a superposition of emission
from a SSP and a high temperature SD progenitor population as a source of ionizing
radiation and, when appropriate, compare obtained results with the SSP-only case. For
our standard example of a high-temperature SD progenitor population, we will assume that
for each SN Ta Am;, = 0.3M of matter is accreted with a WD effective temperature of
T.g = 10°K. In those cases where we investigate the dependence of line luminosities on the
WD effective temperature, we will typically consider the 10° — 10 K temperature range.
As discussed in (Woods & Gilfanoy 420_13 ), §2.2, this covers the temperatures expected of
steadily nuclear-burning WDs in the standard picture of SSSs (2 - 10° — 105K, van den
Heuvel et al., |l9_92), as well as the so-called “accretion-wind” binaries with somewhat
inflated photospheres (Hachisu, Kato & Nomotd, M) For the present study, we do
not consider any explicit dependence of either the temperatures of accreting WDs or the
accreted mass Amp, on the age or metallicity of the stellar population. Unless otherwise
stated, we will take a 3Gyr-old SSP as representative of the relatively young passively-
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Figure 3.2: Predicted strength of the [C II] 1335A/HS, [N I] 5200A/HB, and [O 1]
6300A /Ho ratios as a function of the effective temperature of nuclear burning WDs in
the SD scenario, given ionization by both SD progenitors and pAGB stars. We assume
a 3Gyr-old SSP, and a typical ionization parameter log(U) = -3.5 (left) and -4 (right),
roughly spanning the expected range inferred from prior observations of early-type galax-
ies. Values for each ratio given ionization by the SSP alone (without the inclusion of any
SD progenitor population) are labelled on each figure.

evolving galaxies in which we are interested, and a 500Myr SSP in our discussion of post-
starburst populations.

3.4 Emission-line diagnostics for high-temperature source
populations

In the standard picture of photoionized plasmas, the nebula exhibits a very sharp transition
at the interface between the ionized and neutral regions (Osterbrock & Ferland, [2006).
However, this picture can be expected to change for ionization by very high temperature
sources (e.g. blackbody temperatures of ~ few 10°K and higher). In this case, soft X-ray
photons penetrate much deeper into the illuminated cloud, substantially broadening the
transition region (see fig. [B.1)). As noted by e.g. [Rappaport_et. all (Ilﬂ%\]), this leads to
the paradoxical conclusion that a strong enhancement in the luminosity of forbidden lines
of neutral or low-ionized atoms (i.e. tracers of the Stromgren boundary) may be
indicative of ionization by the hottest sources.

The emission lines whose luminosities are most strongly enhanced (relative to the case
for low-temperature ionizing sources) are those originating from neutral Nitrogen and Oxy-
gen, and singly-ionized Carbon. For Nitrogen and Oxygen, the first ionization energies of
these relatively abundant elements (=~ 14.5 eV for Nitrogen, and ~ 13.6 eV for Oxygen,
respectively) are very close to that of Hydrogen (= 13.6 eV). Thus, emission from the
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Figure 3.3: Predicted specific luminosities of the [C II] 157um (red), [O I} 147pm (blue), [O
1] 63m (green), [O 1] 6300A (purple), [N I] 5200A (cyan), and [C I1] 1335A (black) emission
lines (per unit stellar mass, for a covering fraction of unity) as a function of effective temper-
ature of nuclear burning WDs for our example accreting WD population, given ionization
by both SD progenitors and pAGB stars. We assume an ionization parameter of log(U)
= -3.5 (left) and -4 (right), for a 3Gyr-old stellar population. For clarity, we omit the line
luminosities for ionization by the SSP alone from the plots. For log(U) = -3.5, and ioniza-
tion by the SSP only, the line luminosities are: L o =2.0-10%"erg/s/Mg, L

[(CI1]1335A INT/52004
8.5 - 10%7erg/s/Mg), L[OI]63001§ = 4.0 - 10%erg/s/Me, Lionesum = 1.2 - 10%erg/s/Mg,

L[OI]146um = 20 . 102gerg/s/l\/[@, L[CH]157um = 39 . 10286rg/s/M@.

forbidden transitions of [O I] and [N I] closely trace the interface of the neutral and ion-
ized regions of nebulae. Similarly, [C II] lines are well-known for their importance in the
heating balance of largely neutral ISM Q&MMM@L mﬂ_d), given the relatively
high abundance of Carbon and the low ionization potential of its valence electron. For
example, the fine structure transition P —? Py is easily excited by collisions with
neutral hydrogen for low gas temperatures and very low fractional ionizations (Dalgarno

& McCray, [1972).

The above can easily be confirmed in a systematic manner with detailed photoioniz-
ation modeling. In our calculations, we include predictions for the 50 strongest emission
lines, typically extending down to line fluxes ~ 107%Lys. As we are chiefly interested
in the possible presence of very high-temperature sources within passively-evolving stellar
populations, we compare ionization by the “normally-evolving” stellar population alone,
to the same with the inclusion of our example high temperature SD progenitor population.
Considering both observational errors, as well as the uncertainties inherent in the modelling
of photoionized nebulae, we selected only those lines whose ratio to the nearest Hydrogen
recombination line is enhanced by an order of magnitude or more. This will allow one to
meaningfully constrain the spectral hardness of the ionizing radiation in retired galaxies,
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allowing for the clearest distinction between ionization by pAGBs and accreting WDs.

Selected lines are listed in table 3.l We have considered also intermediate temperatures
of T,g ~ 5 - 10° K. While the ordering of the lines is rearranged somewhat from tableB.1], we
find that at such values for T.g the principally interesting lines remain the same (with the
[N I] 5200A doublet in particular remaining quite impressive). For still lower temperatures,
the most interesting lines are those of He II, as discussed in[Woods & Gilfanovi (2013). Note
that, while we assume a fixed density n = 100cm ™3, the optical lines quoted in table 3.1
vary only by ~ 10 — 20% for densities lem™ < n < 1000cm 3. However, the [C II] 1335A
line in the UV, and particularly the IR and FIR lines of Carbon, Oxygen, and Nitrogen,
are more sensitive to the density of the ionized gas (with [C II] 146um varying by almost
an order of magnitude, and the others by a factor of ~ 2 over the above range in density).
Therefore, our results should be used with caution outside of the density range considered
here.

By far the most strongly enhanced transition is the doublet [N I] 5197.82A /5200.17A
(hereafter we refer to their combined emission as simply [N I] 5200A). In fig. B2, we plot the
N 1] 5200A luminosity normalized to that of HB, as a function of the effective temperature
for our standard case SD progenitor population. We see that for source temperatures
on the order of 10°K, we expect a factor of ~ 25 increase in the predicted emission-line
ratio over the SSP-only case. Similarly, for [O I] 6300A/Ha, we see the predicted line
ratio rise by a factor of &~ 10 for the same conditions E' Though less impressive, the [O
I] 6300A line is intrinsically much more luminous than [N I] 5200A, and therefore more
easily (and commonly, e.g. Annibali et all, |2Qld) detected in ellipticals. However, the [N
I 5200A doublet is also frequently detected in the SAURON spectroscopic survey of low-
ionization emission-line regions in early-type galaxies (e.g. Sarzi et all, [2006; Sarzi, Shields
& Schawinski, M) We reserve further discussion of observational prospects for § 5.

In fig. B2, we also plot the luminosity predicted in the [C II] 1335A line. Note that
here we normalize our predictions to the Hf line, rather than the luminosity in the strong,
nearby Ly« transition. This is because modeling of the total emitted luminosity of the
resonant Lyman-a line of Hydrogen would require a careful treatment of the 3 dimensional
geometry of the emitting region, in order to account for the real Ly« escape fraction. How-
ever, for reference, we plot an example of the Ly« luminosities output from MAPPINGS
I1T in the following section (see fig. B3). Although the [C II] 1335A line is quite faint
compared to the strong H and He II recombination lines in the UV, it may be an attractive
target for future UV missions, such as the WSO (see § B.6.2).

As can be seen from figs. B2 B3] above Tog ~ 3 — 4-10°K, all three of these lines are
relatively insenstive to ionizing source temperature, being more or less uniformly enhanced
at these temperatures. This makes them an ideal complement to the He II diagnostic

i ,[2013). The [N 1] 5200A and [O I] 6300A lines have the added benefit
of being relatively insensitive to the ionization parameter over the range relevant to retired
galaxies.

INote that, for clarity, we omit from our plots the [O I] 6363A /Ha line ratio, as it follows that of the
[O 1] 6300A but reduced by a factor of ~ 3
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We can also quantify the effect of introducing a luminous SN Ia progenitor population in
terms of the resulting absolute specific luminosities of the nebular emission lines expected
in ellipticals. In fig. B3] we plot the specific luminosity in each of the optical and UV lines
discussed above, as well as the three IR lines predicted to be the most enhanced in the SD
scenario.

Note that the contribution of SD progenitors to the predicted ionizing continuum is
proportional to the accreted mass Amy,. In principle then, an observational constraint
on the luminosity of any of the above lines can be understood as an upper limit on the
mass Amp, which each SD progenitor accretes on average, for a given effective temperature
(more on this in the §§ 4,5).

3.5 Calorimetry of stellar ionizing sources using strong
emission lines

While the most temperature-sensitive lines may provide an obvious means to test the
hardness of the available ionizing spectrum, in practice the Oxygen, Nitrogen, and Carbon
forbidden lines discussed above are relatively weak compared to the dominant cooling lines
in photoionized nebulae. The “classical” strong emission lines in the optical include Ha
(=~ 3HB), [N 1I] 6583A, the [O I1] 3726.03A+3728.73A doublet (hereafter, we refer to their
combined emission as [O II] 3727A), and [O III] 5007A. In the UV, the strongest line is
easily the Lya transition of Hydrogen. As mentioned in the previous section, the major-
ity of these lines are relatively insensitive to the temperature of the ionizing continuum
(Osterbrock & Ferland, 2006), and therefore cannot constrain the precise temperature of
any SD progenitor population. However their brightness makes them an easily measurable
proxy for the absolute intensity of the ionizing radiation field in the galaxy, thus these lines
can be used for the calorimetry of the incident flux of ionizing photons.

Such lines are particularly useful in constraining the population of hot nuclear burning
white dwarfs in very young post-starburst galaxies. This is because, for delay times less
than ~ 1 Gyr, we expect the total ionizing emission from SD progenitors to exceed that
from the stellar population by more than an order of magnitude (see fig. 3.4). Therefore,
the observed total emission line luminosity per unit stellar mass for any strong line can
become a useful measure of the total ionizing luminosity in young stellar populations.
These lines also have the advantage of being relatively insesnsitive to the density of the
ionized gas.

Given a diffuse ionizing luminosity L, (t, Teg, Amp,) produced by the stellar population
(cf. eq. B3), we can parametrize the luminosity in any emission line in the simple form:

dv (3.4)

© Ly(t, Teg, Amy,
Lline - fC ’ fline(nga57 Teﬁy U) . / ( hﬂ = )
13.6eV v

where f; is the covering fraction of the ionized gas, and T.g is again the effective temperat-
ure of the SD source population. Note that we scale the absolute normalization of any line
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to the total ionizing photon luminosity of the stellar population. The coefficient fji, (with
dimensions of ergs per incident ionizing photon) is in principle a function of the gas dens-
ity, ionizing source temperature, and ionization parameter. In this way, we encapsulate
the physics relevant to any line luminosity within a simple fit to the output of our model
calculations (see below). We emphasize, however, that the above parameterization is an
artificial construction; for collisionally excited lines, the line luminosity is not linearly pro-
portional to the incident ionizing photon flux, and the ionization parameter, gas density,
and total ionizing photon flux are not independent quantities. Rather, this parameteriza-
tion simply makes for convenient use given the input parameters of our calculations, and
should not be seen as applicable outside of our treatment (ionization by blackbody sources
with fixed ionization parameter and gas density).

For any recombination line, fj;,. is to first approximation a trivial function of the total
recombination rate and the relevant effective recombination rate for the given electronic
transition. For example, the total luminosity of the Ha line of hydrogen can be found from
eq. B4 with
575 (Tgas)

~ 10~ *erg/photon (3.5)
ap

fHoc = hVHa
where a§,(Tys) is the effective rate of recombinations leading to the 3 — 2 transition
of hydrogen, and ag is the total recombination rate to the 1st excited state (Osterbrock
& Ferland, ). For the approximate relation above, we assume Ty ~ 10*K. Of
course in practice, the gas temperature will deviate from this value. As well, the simple
dependence on the relevant recombination coefficients alone breaks down for the Lyman-
« transition of Hydrogen (Lya) for high-temperature ionizing sources. Here again, the
difference comes about as a result of the dramatically broadened Stromgren boundary,
with ionization fraction 0 < ngy+/ny < 1. For very hot source temperatures, high-energy
photons impart significant kinetic energy to ionized electrons, which then induce secondary
collisional excitations in neutral hydrogen atoms. The Ly« luminosity is then increasingly
dominated by collisional excitations, greatly enhancing its flux over that expected from
recombinations alone , ).

For collisionally excited lines, the coefficient fj,. is a non-trivial function of the gas
temperature, the free electron density, and the elemental abundances. For this reason, we
turn again to our detailed photoionization calculations using MAPPINGS III as above.
For ionization by SD progenitors alone, in table we provide polynomial fits to the
predicted line luminosities of the form:

fiine(Teg) = (10%erg/photon) - Y ay(Tegr/10°K)" (3.6)

where T, is the accreting WD photospheric temperature. This function is valid in the
absence of any contribution from the normally-evolving stellar population, or in the limit
that their contribution is negligible compared to the total luminosity of SD progenitors
(which is the case, for example, for t < 1Gyr and Amy, ~ 0.3My). Any dependence
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Figure 3.4: H-ionizing photon luminosity for simple stellar populations, given ionization
by pAGB stars alone (red), as well as the combined emission of both pAGB stars and SD
progenitors (blue lines). Here, we assume the latter accrete Amy, = 0.3M, with effective
temperatures of 10°K (upper blue line), 5 - 10° K (middle blue line), and 10°K (lower blue
line).
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of Ljne on the age of the stellar population will then come only from the total photon
luminosity of the SD progenitor population.

It is therefore convenient to provide fits to the integrated ionizing photon luminosity
in eq. B4 and to treat the contributions from pAGBs (N;gff sev) and SD progenitors
(N D. ) seperately:

. LSSP t SWD Te .
Nors oo (f) = / ”h—y()du+ / %dy.Athla@) (3.7)

For nuclear-burning WDs; this can be found directly as a function of the delay time using
the observed SN Ia rate, together with eq. and assuming blackbody spectra. This gives
us a specific ionizing photon luminosity (photons/s/Mg) of:

) ¢ —1.37 T —1 AM
NWD o~ 1072 = o 3.8
>13.6eV yr 106[( 03M® ( )

for T,z = 2 - 10°K. Note that the power-law index for the time-dependence differs slightly
from the delay-time distribution; this is due to the evolution of the mass to K-band light
ratio with age of the stellar population.

The ionizing emission from the normally-evolving stellar population (found from Bruzual
& Charlot, |2£)_Oj), can be approximated with the polynomials:

(6.5 104122 — 8.6 - 1042 + 5.2 - 10%,
0.1 <x< 1.0
.gig?fﬁev ~ (3.9)
—4.3-10%%x +2.8 - 10,
1.0 < x < 10.

\

(for x = (t/1 Gyr) < 10) where all coefficients are in units of photons/s/My. Note that the
sum NS5+ N Do o cannot be used with the fits in table 2, as the latter were computed
assuming ionization by SD progenitors alone. In practice, one would need to conduct
additional calculations to include the contribution of the SSP population. However, if
necessary one can find a useful estimate for the Ha luminosity using eq. and eqgs.
and 3.9 Finally, in table B.2] we also provide power law fits for the spectral intensity of
the continuum:

Lot = 10 (t/1Gyr) erg/s/A /10"°M, (3.10)

This fit gives the spectral luminosity of the SSP continuum at the wavelength of each
optical line, for ease in computing their equivalent widths (EW). Note that, in the case of
the fit to the continuum beneath Ha, we include the Balmer absorption feature in stellar
atmospheres, as given in [Bruzual & Charlot (2003).

Equations B4 — provide a useful approximation for the predicted luminosity in
any of the classical strong lines. For convenience, we also list in table 2 the respective
coeflicients for the temperature sensitive lines discussed in the previous section.
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Table 3.2: Fit coefficients to the line luminosity and continuum flux at each relevant
wavelength. For the former, we assume ionization by SD Progenitors alone. Valid for
10°K < T,z < 10°K. Values a, provide the polynomial coefficients for eq. B.6], which
describe the respective line luminosities, while b, provide the coefficients for eq. at
the location of the corresponding optical lines. Note that the fits given in eqs. B.G
are valid only for 0.1Gyr <tz S 1 Gyr.

Emission Line ay as as a, ao by bo

Lya 1216A 0 -0.13 242 -037 741 / /

[O 11] 3727A 0 0.036 -0.72 5.04 -1.16 -1.14 39.67

[O IIT] 5007A  6.2¢-2  -0.64 1.91 -0.28 -1.7e-4 -0.801 39.95

Ha 6563A 0  -25e-3 5.3e-2 -0.15 141 -0.524 39.74
[N 1] 6583A 0  86e3 -0.16 136 0.14 -0.542 39.93
[C II] 1335A 0 0 0 007 -0.06 / /
[N 1] 5200A 0 0 0 033 -0.58 -0.720 40.0
[O 1] 6300A 0 0 0 085 -1.20 -0.574 39.94
[O 1] 63um 0 0 0 200 -3.15 / /
(O 1] 146m 0 0 0 037 -0.58 / /
[C 1] 158um 0 0 0 041 -0.53 / /

In figure B3, we plot the total luminosity in Lya, Ha, [N II] 6583A, [O III] 5007A
and the [O II] 3727A doublet, as a function of source temperature for ionization by SD
progenitors alone. Note that the predicted Ly« line luminosity should be only be considered
an indicative estimate, as discussed in § 3. We take a 500 Myr-old SSP as our example
of a post-starburst stellar population and assume our standard characteristic accreted
mass Amp, = 0.3My. From fig.5 one can see that the presence of a high-temperature
SD progenitor population leads to an enhancement for all lines by well over an order
of magnitude (except for the [O III] 5007A line for high source temperatures). The [N
I1] 6583A line luminosity exceeds that expected in the case of photoionization by the
“normally-evolving” stellar population (=~ 3.6 - 10** erg/s/M, for f. = 1) by a factor of ~
30—60 across the considered temperature range. The most luminous of the considered lines
is the [O I1] 3727A doublet, which lies in the near-UV on the boundary of the wavelength
range typically considered the “optical”. However, a number of ground-based surveys have
already been carried out specifically investigating this line (typically as a proxy for the

SFR, see §B.6.2]).

The total luminosity in any line is determined by the incident ionizing flux, which in
the SD scenario is proportional to the accreted (and nuclear-processed) mass (recall eq.
B.2). Therefore any measurement (or upper limit) on their luminosities associated with
a given stellar population will constrain the total ionizing luminosity of any putative SD
progenitors. This is particularly useful in the lower range of temperatures predicted for
nuclear-burning WDs (T.g ~ 10°K), where both the He II diagnostic and tracers of the
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Figure 3.5: Absolute luminosities of the strong optical emission lines Ha, [O III] 5007A,
[O 11] 3727A, and [N II] 65834, as a function of the photospheric temperature assumed for
accreting, nuclear-burning WDs. Line fluxes are given assuming ionization by SD progen-
itors alone, for a stellar population of age 500Myr. We assumed f. = 1 and an ionization
parameter of log(U) = -3.5 (left) and -4 (right). For clarity, we omit the line luminosit-
ies for ionization by the SSP alone from the plots. For log(U) = -3.5, the luminosities
given ionization by the SSP alone are Ly, = 3.2 - 10 erg/s/My, Lnmgssz = 3.6 - 10%
erg/s/ M, Lomsoor = 2.4 -10%% erg/s/ Mg, Lonsrr = 8.5-10% erg/s/ Mg, and Ly, = 2.7-
10% erg/s/ M.

Stromgren boundary fail. The significant enhancement in the line luminosity expected
given photoionization by SD progenitors should allow the total mass processed by nuclear-
burning accreting WDs to be constrained to < 0.01 — 0.001 M, /SN Ia (for example, using

the [O I1] 3727A line, see fig. B.0), should line fluxes be found to be consistent with
ionization by pAGBs alone.

3.6 Discussion

3.6.1 Constraints on the steady nuclear-burning WD population
from optical emission-line ratios

A number of optical spectroscopic surveys of extended low-ionization emission line regions
in early-type galaxies have already been conducted (e.g. lSﬁlZLl_‘iLtjiJ |2£)Dﬂ |Anmm11ﬁq1L|

), or are presently ongoing (l&.nchﬁz_e&_alj, |20_]j) Therefore, a large sample of such
galaxies already exists which can be compared with our predictions. In estimating the
feasibility of constraining the SD channel using optical forbidden lines, the most useful
quantity is not the absolute luminosity per se, but rather the EW, as it characterizes the
observability of the line. In fig. B7, we show for a 3 Gyr-old SSP the EW of [N I] 52004, [O
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Figure 3.6: Absolute luminosity of the O I 6300A line and the [O II] 3727A doublet as a
function of stellar population age. We assume f. = 1 and an ionization parameter of log(U)
= -3.5, with line fluxes given ionization by the “normally-evolving” stellar population only
(red, solid), and with the inclusion of our example SD progenitor population (blue, dashed).
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Figure 3.7: Equivalent widths of the [C II] 1335A, [N 1] 5200A, and [O I] 6300A emission
lines in the SD scenario. We assume f. = 1 and an ionization parameter of log(U) = -3.5
(left) and -4 (right), for a 3-Gyr-old stellar population. For log(U) = -3.5, the EWs given
ionization by the SSP alone are 0.15A, 0.004A, and 0.026A for [C II] 1335A, [N I] 5200A,
and [O T] 6300A respectively.

1] 6300A. and [C II] 1335A), taking the continuum emission as predicted from Bruzual &
Charlot (2003). For significantly older stellar populations (> 5Gyr) our diagnostics become
significantly less discriminating, at least for the presence of SD SN Ia progenitors, given
their much lower expected luminosity at late times (recall figs. B.4] B.6)). With the EW of
the line and its broadening o, we can estimate a minimum S/N of the spectrum needed to
detect any line at a desired amplitude-to-noise ratio A/N using the formula given by Sarzi
et al. (2006):

S A/NV2mo
N  EW

where we will take their characteristic broadening and minimum A/N (o = 120km/s, A/N
= 4). For SD source temperatures above ~ 4 - 105K, we predict for the [O I] line an EW
of ~ 1A for the realistic case f, = 0.5 (see fig. BT). Therefore, in order to barely detect
[O 1) 6300A emission, we would require a spectrum with S/N ~ 25. Such a S/N is only
just out of reach of typical SDSS spectra (S/N ~ 10 — 15), and a very robust detection
should easily be possible with stacking. Note that the [O I] line is also frequently detected
in individual galaxies in the sample of [Annibali et all dﬁ)ﬂj) Given the similar continuum
level at 6563A and the much greater intrinsic strength of the Ha line (see fig. B3], the
latter should similarly be quite easily detectable.

As discussed in § B.4l normalizing our predictions for the flux in any line to that of
the nearest hydrogen recombination line has the advantage of removing any dependence
on the covering fraction or total mass of the stellar population. In fig. B8 we plot the
predicted [O T] 6300A /Ha ratio as a function of the total mass accreted by SD progenitors

(3.11)
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Figure 3.8: Predicted [O I] 6300/Ha (left), and [N I] 5200/H/ (right) as a function of mass
accreted by a typical WD in the SD scenario, given ionization by both SD progenitors
and pAGB stars. In both figures, log(U) = -3.5, the time since initial starburst is 2 Gyr,
and we assume SD progenitors with an effective temperature T = 10°K. In both figures,
each of the three lines corresponds to the line luminosity assuming a different metallicity
of the ionized gas, but keeping the metallicity of the stellar population fixed. For the [O T]
diagram, we overplot the [O I] 6300A /Ha ratio (solid black line) with 1 sigma error bars
(shaded region) for the nucleus of NGC 3489 (Annibali et all, 2010). The [N I] 5200A

doublet was not detected in the same survey.

at an effective temperature of 10°/K. Note that, whereas we would expect a linear relation
for the total line flux as a function of Amyp,, this is not the case for diagnostic line ratios.
This is primarily due to the contribution of the ionizing luminosity from SD progenitors
to the ionization of hydrogen.

As an illustrative example, we can compare our models with the observed [O I] 6300A /Ha
ratio in the nucleus of the post-starburst galaxy NGC 3489 (Annibali et all. 2010 Sarzi,
Shields & Schawinski, 2010). As a conservative estimate (see e.g. Annibali et al, 2007),
we assume a 2 Gyr-old SSP, with the available photoionizing continuum originating from
both pAGBs and SD progenitors. We see that, for a wide range of gas phase metallicities
(0.5Z¢ < 7 < 1574 )3, the [O 1] 6300A /Ha diagnostic can in practice distinguish (at =
lo confidence) between ionization by pAGBs alone and the inclusion of a SD progenitor
population which accretes more than ~0.04M, per SN Ia at Teg = 10°K.

A similar case can be made for the [N I] 5200A /H line diagnostic (sce fig. BS). Though
the [N I] 5200A line strength is always weaker than [O I] 6300A (and, unfortunately,
not detected in the sample of Annibali et all. [2010), it is still observed with confidence
in a number of LIERs (e.g. [Sarzi et al., M) In fig. B, we see that for SD source
temperatures > 7-10°K, the [N I] 5200A EW is roughly ~ 0.5A (for f. = 0.5 and log(U)=-

2Roughly spanning the range expected in the ISM of early-type galaxies dAnniha‘li_e:LaJJ, I2Qld)
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Figure 3.9: Upper limits on the average mass Amj, which may be accreted by the typical
WD in the SD scenario at a given photospheric temperature. Upper limits are obtained
assuming an upper limit of 10% on the He II 4686A/Hf ratio (red line), and for the
measured [O 1] 6300A /Ha ratio in the nucleus of NGC 3489 (Annibali et all, 2010) (black,
solid). For the latter, we also show 1o upper limit (black, dashed line). Note that any
upper limit on the accreted mass is equivalent to an upper limit on the total luminosity

of the population of high temperature sources (right y-axis). We assume 2 Gyr-old stellar
population, log(U) = -3.5, and solar metallicity for the gas phase.
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3.5). Using eq. B.I1l above, we find that this line could then be detected in a 3 Gyr-old
stellar population in spectra with S/N = 40. This is well within what is typically achieved
in individual SAURON spectra; with stacking, very robust detections (or upper limits)
should be feasible. Stacking of SDSS spectra should allow for a confident detection with
only ~ 20 galaxies. From fig B8 we see that similar to the [O I] line, a detection or upper
limit on the [N I] 5200A /Hp ratio of ~ 10% would constrain the average mass processed
by nuclear-burning WDs in the SD channel to a few 1072M, per supernova.

Turning again to the [O 1] 6300A /Ha ratio in NGC 3489, we can extend the exercise
in fig. to investigate its dependence on WD temperature. In fig. B9l we plot the max-
imum mass which can be accreted by nuclear-burning WDs in the SD scenario for effective
temperatures 10° < Tog < 106K, should our models] remain consistent with the observed
ratio [O 1] GSOOA/ Ha. Note that the upper limit for any temperature in fig, excludes
any matter accreted at any other temperature. For example, accretion of ~ 0.02M,, of
matter at T,g = 7 - 10° K will produce an [O I] line luminosity equal to the observed
value, therefore no more material at any other temperature could additionally be accreted
without conflicting with observations. In practice, any realistic SD scenario would imply
a population of WDs in varying accretion states, with a range in temperatures. Therefore
any detailed SD scenario may be constrained considering the integrated luminosity and
the spectrum of the ionizing radiation produced by the population of SD progenitors.

For NGC 3489, given the observed value of the [O 1] 6300A /Ha ratio, no more than ~
0.015M, per supernova can be accreted and nuclear-processed by WDs with photospheric
temperatures T.g = 4 - 10° K. Taking into account the [O I] line flux error, this translates
to an upper limit of =~ 0.04M at 1o. Note that the flux errors in ‘Annibali et al GM)
are not dominated by systematics, and in principle dedicated observations should be able
to reduce the uncertainty considerably. If we compare this figure with the sensitivity of the
He 11 diagnostic in [Woods & Gilfanoyl (2013) (see their fig. 8, or the red curve in our fig.
B.9), we see that the two complement each other remarkably well; upper limits on the He
IT line luminosity (here we assume He II 4686A /HB < 10%) reach their peak effectiveness
at ~ 2.5-10°K, just as the [O I] 6300A /Ha diagnostic becomes ineffective.

An important point to consider is that, while we typically quote limits here in terms
of the average mass accreted by nuclear-burning WDs (Amy,), in principle it is rather
the total luminosity of any high-temperature sources which we constrain (see right y-axis
in fig. B9). Even if SD progenitors are not primarily responsible for the SN Ia rate,
accreting WDs may still provide a significant contribution to the ionizing background in
passively-evolving galaxies. Therefore, their consideration would be of vital importance in
any exercise in understanding the role of pAGBs in low-ionization emission line regions,
or their relative importance with respect to LLAGN (as in, e.g. [Eracleous et all, M)
Therefore, careful modeling of the evolution of WD binaries and any phases of stable mass
transfer are essential (see Chen et al, in prep).

Finally, we note that in the presence of a hot SD progenitor population, the higher

3Note that here, as in fig. .8 we include the expected contribution from pAGBs to the ionizing
background.
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Figure 3.10: Predicted strength of the ratios [O III] 5007A/HpS and [O 1] 6300A /Ha for
varying ionization parameter, assuming ionization by a 3 Gyr-old SSP alone (red), and
with the include of a SD progenitor population which accretes Amy, = 0.1M, (green) and
Amy, = 0.3M,, (blue) with an effective temperature T,g = 10°K. The ionization parameter
increases along these lines from log(U) =~ -4.5 to -3, in the direction indicated by the black
arrow. Shown in black are a subset of the results from |Annibali et al) (2010).
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Figure 3.11: Predicted strength of the ratio [Ne ITI] 3869A /[O II] 3727Aand the EW of
[O 11 3727A /H for varying ionization parameter, assuming ionization by a 3 Gyr-old SSP
alone (black), and with the inclusion of a SD progenitor population which accretes varying
Amy, with photospheric temperature Tog = 5-10°K and log(U) = -3.5 (red, solid) and T.g
= 10°K with log(U) = -3.5 (blue, solid) and log(U) = -3.0 (blue, dashed). For the tracks
which include SD progenitors, Amy, increases from 0 to 0.3M from left to right in the
figure.
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values of [O I] 6300A /Ha and [N 1] 5200A /H3 would place most passively-evolving galaxies
in the region of the BPT diagram associated strictly with shock ionization (-0.5< log([O
I11] 5007A/HB) < 0.5, and log(JO I] 6300A/Ha) > -0.5). However, this has not been
observed (e.g. Sarzi, Shields & Schawinski, 2010; [Annibali etall, 2010). In fig. BI0, we
plot the predicted values of the [O IIT] 5007A /Hf and [O I} 6300A /Ha ratios with varying
ionization parameter assuming ionization by a 3Gyr-old SSP alone, and with the inclusion
of our standard SD progenitor population. We also include a subsample of the results
from |Annibali et. all (IZQld), namely, those galaxies with stellar population ages < 4 Gyr
(from |Annibali et all, [2007), with EW(Ha) < 1.5A (Cid Fernandes et all, 2011). This
restricts us to relatively young early-type galaxies for which the “normally- evolvmg stellar
population may plausibly power the observed nebular emission. The observed sample in
fig. appears to be largely reproduceable with ionization by the SSP alone, although
any interpretation is complicated by the considerable uncertainty in the majority of the
emission line measurements.

For a number of reasons, emission-line diagnostics in the near-UV provides an attractive
alternative. As discussed in the previous section, the [O II] 3727A doublet provides a
much higher luminosity than Ha, in a waveband where the continuum is intrinsically
lower. The very nearby [Ne IIT] 3869A line is also available as a gauge of the ionization

arameter (through the [Ne III] 3869A /[0 II] 3727A ratio, e.g. LLevesque & Richardson,
m) This allows one to construct a BPT-style diagnostic diagram using a remarkably
narrow wavelength range (as shown in fig. BIIl), using the EW of the [O II] doublet to
measure the specific ionizing luminosity of the observed stellar population, and [Ne III]
3869A /[0 1I] 3727A to fix the ionization parameter. In fig, BIT], we see that the SSP-only
and SD progenitor ionizing populations occupy clearly distinct regions at t = 3Gyr. For a
young, post-starburst galaxy (t ~ 500Myr), the EW of [O II] 3727A would be enhanced by
a further order of magnitude for the same ionization parameter (see previous section). The
nearby 5—3 transition of He II (SQOSA)H would also allow one to constrain the hardness
of the ionizing source population. Together, this presents an excellent opportunity for
near-UV spectroscopy to constrain the progenitors of SNe Ia.

3.6.2 Constraints on the SD progenitor populations at early delay-
times.

The prospect of calorimetry of the ionizing background in post-starburst galaxies offers a
highly promising avenue for constraining the SD channel at the earliest delay-times. In
fig. BI2] we plot the EW of the strongest optical lines for a 500 Myr-old starburst. As
discussed in §[B.5] the most intuitive (and least model-dependent) line for this purpose may
be the Ha recombination line. In fig. .12], we see that in our standard SD case, we predict
an Ho EW ranging from ~ 3.5A at Tog = 108K to ~ 12A at Tog = 105K, assuming f, =

4Although ~ 3 times weaker than the 4 —3 transition at 4686A, the continuum is predicted to be ~4
times weaker at ~3200A. Therefore the observability and utility of this transition is comparable (see eq.

BID)



78 3. EUYV sources in old stellar populations

0.5. This may be compared with an Hoe EW of ~ 0.2A expected from the SSP alone, giving
a factor of = 20 — 60 enhancement. Thus, if observations of post-starburst galaxies gave
Ha line intensities consistent with SSP-only case, the contribution of the SD channel could
be strongly constrained to a few per cent level, or, equivalently, to Amy, < 1072 —1073M
per supernova.

The [N TI] 6583A line can provide a similar constraint (see fig. BIZ). However, the
Nitrogen abundance in the ISM of external galaxies is known to be rather uncertain (Groves
et al., M) Therefore, there is little benefit in focusing on this line for calorimetry, unless
it is unresolved from the Ha line. The [O III] 5007A specific line luminosity drops off
dramatically at the highest SD temperatures; this is because with harder spectra, Oxygen
is increasingly ionized to O3" near the illuminated face of the gas, reducing the emitting
volume for [O III]. At the same time, high-energy photons penetrate deeper into the nebula,
preferentially ionizing neutral Oxygen. Note, however, that this itself may pose a problem
for any high-temperature SD channel, as the ISM in post-starburst ellipticals are observed

to have relatively high values of the [O IIT] 5007A /Hf ratio M_Mimmmﬂ,
2010).

The [O I7] 3727A cooling line, originating in the more low-ionized regions of nebulae
(the interior, in the geometry discussed here), is expected to have an EW > 15A (for
10°K < Tog < 109K). This is a ~ 40-fold increase over that expected from the SSP alone
(= 0.41A, detectable with a minimum S/N = 40). The [O II] 3727A line (as well as Ha) has
been invoked as a proxy for the star-formation rate (more on this in the following section),
and already the volumetric [O II] 3727A luminosity function has been mapped at least to z
< 5.4 (see |Gallego et all, 2002, and references therein). Individual nearby galaxies which
have undergone recent, possibly quenched starbursts would make ideal targets for follow-up
studies. As an example, NGC 3156 is a nearby (= 22Mpc) early-type galaxy which the
SAURON survey found to host a post-starburst subpopulation (with an estimated mass of
~ 10°M,). The proposed CUBEﬂ% NUV spectrograph would be able to detect the [O II]
3727A line (given our standard SD case from above, and assuming f. = 0.5) with a S/N ~
10 arcsec™2 in just 1800 secondsﬁ

Although its specific luminosity is greatly enhanced with the presence of a high tem-
perature source population (see fig. B), the [C IT] 1335A line remains intrinsically weak
relative to the strong UV recombination lines (e.g. Lya, He II 1640A). The difficulty in
detecting this line can best be illustrated with an example. At a distance of ~ 21 Mpc,
NGC 3607 is a nearby, relatively young (mean stellar age ~ 3Gyr, e.g. mm_aﬂ,
M) elliptical galaxy which hosts an extended low-ionization emission-line region. As-
suming our standard SD population from above and a covering fraction of f. ~ 1/2, we
can expect a total integrated [C II] 1335A line flux of ~ 4.5 - 1076 erg/s/cm?, using the
K-band luminosity to estimate the mass as in Woods & Gilfanov (2013). The GALEX

FUV spectrograph (now no longer operational) would have required a prohibitive ~ 51

°For the Phase A Science report, see http://www.eso.org/sci/meetings/2013/UVAstro2013/rationale.html
SFound using the CUBES Exposure Time Calculator: http://www.eso.org/observing/
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Figure 3.12: Equivalent widths of the strongest optical emission lines given ionization by a
high temperature SD channel, assuming a 500 Myr-old stellar population. Here we assumed
f. = 1 and an ionization parameter of log(U) = -3.5 (left) and -4 (right). For log(U) = -3.5,
the EWs given ionization by the SSP alone are 0.4A, 0.29A, 0.15A, and 0.8A for Ha, N
11) 6583A, [O II1] 5007A, and [O II} 3727A respectively.

ksec in order to reach S/N ~ 5E| with 1335A lying outside the optimal response of the
instrument. However, this remains a promising target for future UV missions, such as the
planned WSO. Until such time, the aforementioned He IT 1640A line remains an extremely
promising target for observations (see Woods & Gilfanow, |2Q13), as does the Ly« trans-
ition of Hydrogen at 1216A, the latter being easily detected in any emission-line elliptical
galaxy. In the limit where SD progenitors provide the only contribution to the ionizing
continuum, the total luminosity expected in Lya exceeds that of the He II 1640A line by
1 - 2 orders of magnitude for SD source temperatures Tog ~ 10°K — 10°K.

3.6.3 A possible bias in SFR measures?

In young stellar populations, the presence of strong emission lines indicates ongoing star
formation (in particular, for low values of N II 6583A /Ha, e.g. (Osterbrock & Ferland,
), where interstellar matter is ionized by highly luminous O stars. In this case, the
total luminosity in any given line may be used as a tracer of the total ionizing photon flux,
and therefore a measure of the number of O stars, indirectly providing the SFR (for an
assumed IMF). In practice, the Ha and [O II 3727A fluxes are the most practical in the
optical, with the standard calibrations being Kgnnigutﬂ, ﬂ%ﬁ)

SFR(Mg /yr) = 8 x 10~ ** Ly, [erg/s] (3.12)

"Found using the GALEX Exposure Time Calculator (http://sherpa.caltech.edu/gips/tools/expcalc.html).
In fact, this is only a minimum, as the GALEX Spectroscopy Primer recommends three times the integ-
ration time given by the ETC.
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SFR(Mg /yr) = (1.4 £ 0.4) x 10~ Liom[erg/s] (3.13)

However, this does not account for the possibility of an additional ionizing source within
the stellar population, such as possible SD progenitors of SNe Ia. This would produce an
offset in the calibration of any such SFR indicator, which would be dependent on age
and mass of the stellar population. For example, for 10° < T.g < 10°K SD progenitor
population, a 3 Gyr-old 10'°M SSP would still appear to have an ongoing star-formation
rate of > f. - 4M /yr from the [O II] 3727A indicator. Similarly, for a T = 10°K SD
progenitor population, a 3 Gyr-old 1090, SSP would still appear to have an ongoing
star-formation rate of & f. - 1My /yr from the Ha indicator.

Because of their insensitivity to interstellar reddening, IR lines and the IR continuum
itself are extremely useful SFR indicators. As an important coolant in the neutral ISM,
the [C II] 157um line has been proposed as a useful SFR indicator, with the present best
calibration given by (IQMEEMLL mﬂ)

(Licmy [erg/s]) %

1.028 x 1040

SFR(Mg /yr) = (3.14)

Yet there remains considerable scatter in the observed relation. If there is indeed a signi-
ficant contribution from populations of accreting, nuclear-burning WDs, this should also
provide an age-dependent offset. For example, for our standard case SD scenario, a 3
Gyr-old 100, SSP would still appear to have an ongoing star-formation rate of ~ f, -
1My /yr.

The [O I] 63um and 146um IR lines would provide only a small contribution to any SFR-
indicator based on the continuum flux. However, as individual lines, both may in principle
be a useful measure of the population of accreting WDs in galaxies, in particular the 63um
line, which is ~ 5 times stronger than the [C II] 157um line for SD progenitor effective
temperatures of 10° < T.g < 10°K. With the end of the Herschel Space Observatory’s
operational lifespan, there is at present no instrument which could provide new observations
in this waveband, however ample archival data is available. The Field-Imaging Far-Infrared
Line Spectrometer (FIFI-LS), will also soon be available, observing in the 42-210 micron

band.

As a final word of caution, we recall that our results for the IR and FIR forbidden
lines discussed above are sensitive to the assumed density of the gas, which is observed
to vary radially (e.g. [Yan & Blanton|, 2012). Therefore, any quantitative assessment of
the contribution of a possible SD channel to the emission of these lines should consider
carefully the environment under study. Furthermore, these lines do not originate solely
from photoionized regions, but arise also in the neutral medium (M;Jsm_s_m,

2005; Meijerink et all, M)

8

www.sofia.usra.edu/Science/instruments /instruments_fifils. html
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3.6.4 Mixed-age stellar populations

So far, we have considered only single-age stellar populations, and assumed the same metal-
licity throughout. Although we have previously demonstrated that varying the metallicity
of the stellar population will not significantly alter the ionizing continuum expected from
SD progenitors dﬂ@xis_&ﬁilﬁmmd, |2£l1£ﬂ), we have not tested the effect of varying star-
formation histories. In a real galaxy, a much more complex superposition of populations
of differing ages should be expected. This is particularly concerning, should the presence
of a significantly older subpopulation be able to strongly dilute the observed EW in a
galaxy with an otherwise young mean stellar age. This could in turn significantly reduce
the detectability of our diagnostic lines.

In order to evaluate this possibility, we perform the following experiment. We mix spec-
tra of varying fractions of 1 Gyr-old, Z = 2.5Z and 10 Gyr-old, Z = Z, stellar populations
from Bruzual & Charlot (2003). Using the method of .Johansson et al. dﬂ)ﬁ) based on the
Lick indices (Worthey et al., |_19_%J), we find the luminosity-weighted age depending on the
relative fractions of young and old populations (Johansson, private communication, see also
Johansson et al in prep). At the same time, we compute the expected flux in any of emis-
sion lines discussed above for the composite stellar population, using the combined spectra
in our photoionization calculations. Here we assume the same gas density n = 100cm 3
with a gas phase metallicity of Z = Z, as above, and with ionization parameter log(U) =
-3.5.

The result of this experiment is shown in fig. B.I3] where we plot the EW of the [O
1] 6300A emission line for such composite stellar populations, shown as a function of the
derived “mean age.” For comparison, we also plot the [O I] EW for a single-aged SSP
with Z = 0.05. Note that the two tracks do not agree at 10 Gyrs because of the different
assumptions for the metallicity of the stellar population. As can be clearly seen, the EW
is not significantly affected in the case of composite stellar populations.

3.7 Conclusions

We have demonstrated how observations of forbidden lines of the most abundant metals,
as well as recombination lines of Hydrogen and ionized Helium, can be used to constrain
any population of sources with effective temperatures Tog = 10°K in early-type galaxies.
These sources may not be directly detectable due to local interstellar absorption, as well
as along the line of sight in the Milky Way, but may be revealed from the dramatic effect
on the emission line fluxes predicted for their host galaxies.

A confident detection, or upper limits on, any recombination line of He II in the exten-
ded, low-ionization emission line regions of passively-evolving galaxies can constrain the
total luminosity of SD progenitors with effective temperatures in the range 1.5-10°K < Tog
< 6-10°K. While this comfortably covers the range expected for symbiotics, many super-
soft sources, and the so-called ultrasoft sources, other diagnostics must be invoked in order
to constrain all possible SD progenitors. We have demonstrated that, in relatively young
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Figure 3.13:  Equivalent width of the [O I] 6300A emission line as a function of time

for single-age SSPs (blue), and for composite populations (1Gyr and 10Gyr, in red) as a
function of their "measured” age (Johansson et al, in prep).
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early-type galaxies which host significant neutral and weakly ionized ISM, forbidden lines
of [O 1], [N 1], and [CII] can be enhanced by up to ~ 50 times in the presence of a significant
(N1a(SD) &~ Np,(total), very hot (Tog = 5-10°K) population of accreting, nuclear-burning
WDs consistent with the SD progenitor scenario. In particular, past and presently ongo-
ing optical spectroscopic surveys should already be able to either detect evidence of the
SD channel or constrain its contribution to the SN Ia rate down to a few per cent of the
observed total for inferred delay-times 1 Gyr < t < 4 Gyr. Future observations with the
planned WSO (the World Space Observatory [Shustov et all, |2Ql].|) should also be capable
of making similar progress with observations of the [C II] 1335A (and He II 1640A) lines.

The possible contribution of the SD channel at the earliest delay-times (< 1 Gyr) can
also be remarkably well-constrained with measurements of the specific (per unit stellar
mass) luminosities of the “classical” strong emission lines, such as H,, [O II] 3727 A, [N
I1] 6583A. For a 500 Myr-old stellar population, the Her recombination line luminosity is
predicted to be enhanced over the SSP-only case by up to ~ two orders of magnitude for
SD progenitor temperatures T < 2-10°K. A similar enhancement is expected for the [O
1] 3727A line luminosity for SD temperatures spanning the 10° — 10° K range, suggesting
calorimetry of post-starburst galaxies may be able to constrain the SD contribution to less
than ~ 1%. Alternatively, observations of emission-line nebulae consistent with ionization
by the old SSP alone may be interpreted as a constraint on the total mass accreted in
the steady nuclear-burning regime. Assuming a hypothetical SD scenario accounted for
all SNe Ia, this would restrict the mass accreted at the 10° — 10° K range of photospheric
temperatures to < 1072 — 1073 M /yr.

Finally, if the SD scenario did indeed account for a significant fraction of the SN Ia rate,
than one might expect the resulting enhancement in the luminosities of emission-lines He,
[O 1] 3727A, and [C II] 157um to introduce an age-dependent offset in their calibration
as indicators of the SFR in galaxies. At the same time, one would expect nuclear-burning
WDs to provide a vital ingredient in calculating the ionization budget in low-ionization
emission line regions, necessitating a careful understanding of the evolution of accreting
WD populations.
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4.1 Abstract

In this chapter, we discuss the author’s role in several observational and theoretical works
which make use of the diagnostic tools presented in chapters 2 & 3. In particular, we
present the results of Johansson et all (|2Ql_4]), who produce the first detection of the He
IT 4686A recombination line in the extended emission-line regions of passively-evolving
galaxies (LIERs, recall Chapter 1). We then demonstrate how, using our He II 4686A /H/3
diagnostic from [Woods & Gilfanov (2013), this can constrain the role of any “hot-mode”
(1.2-7x10°K) single-degenerate channel to <3-10% of the observed SN Ia rate at delay
times of 1 < t4,/Gyr < 4. We then extend this emission-line constraint to Tw 10°K
using our [0 1] 6300A/Ha diagnostic from [Woods & Gilfanoy (2014), to be submitted
to Monthly Notices of the Royal Astronomical Society later this yearEl Finally, using our
results from our hybrid population synthesis code (Chen et al J, M ), we demonstrate that
our diagnostics (and the observed He I1 4686A emission in passively-evolving galaxies) pose
a considerable challenge to the presently accepted model of the evolution of accreting white
dwarf binaries (Chen et, aJJ, |2£llfz]) We conclude by discussing some possible resolutions to

this discrepancy, which we will explore in a future work.

!'Note that there will be significant text overlap between the author’s contribution to this forthcoming
paper and the body of this chapter.
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4.2 Introduction

The nature of the ionizing sources powering the emission-line regions observed in early-type
galaxies remains uncertain. As discussed in chapter 1, post-AGB stars are the favoured
candidate ionizing source population on a variety of grounds (Binette et all.[1994: Stasiriska
et al., |20£)_§; Sarzi et a1.|, |2Q1d; |X}m_&LBlamgn|, |2Qld; Eapadems&.tﬁl, Zﬂlj; lSlIlghﬁ_tle )
), however other ionizing sources should exist as well within the old, evolved stellar
population. In particular, accreting, steadily nuclear-burning white dwarfs (white dwarfs)
are expected to number in the hundreds to thousands within a typical elliptical galaxy (e.g.

, |2£ll_4]) With photospheric temperatures on the order of ~1.5-10x10°K and
spectra well-approximated by blackbodies (in particular, without any sharp cutoff at the H 1
or He IT ionization edges, see chapter 1 and references therein), accreting white dwarfs could
in principle constitute an important part of the ionizing background in early-type galaxies.
As demonstrated in the previous two chapters, if the single-degenerate channel accounted
for the majority of SNe Ia at late (>1Gyr) delay-times, accreting nuclear-burning white
dwarfs would be the dominant source of ionizing radiation in passively-evolving galaxies.

In order to evaluate the true role of accreting white dwarfs in providing the ionizing
background in early-type galaxies, we can use the method outlined in the previous chapters
to compare any measurement of any sensitive line ratio to our predictions for differing ion-
izing source population luminosities at varying temperatures. Plugging in the appropriate
values into eq. 2.6l we have

A —1.11
Lin = 4.7 x 1031( - ) ( ! ) erg/s/Li.o (4.1)

0.3M,, ) \ 1Gyr

where we have used the delay-time distribution of [Totani et all (IZQDﬁ) The stellar mass
to K-band light ratio for an old (t 2 1 Gyr) is of order 1 — a few Mg /Lk . Given an
estimate of the ionizing background supplied by post-AGB stars (Lpagr. from Bruzual &
Charlot ul)j) the ratio of Ly, (or indeed, the luminosity of any additional ionizing source
populatlon) to Lyagp can then be constrained from our photoionization models above.

From the above considerations, and using the He II and [O I] diagnostics discussed in
chapters 2 & 3 (IM&&J}JM 2013, |2Q1_4]), we can interpret any measurement (or
upper limit) on the flux of He II 4686A and [O I] 6300A (or their ratios to Hf and Ha,
respectively). Given that these lines (in particular, He II 4686A) are intrinsically weak
(even with the putative enhancement expected in the single-degenerate scenario), we must
turn to stacking analysis (as discussed in chapter 2) in order to make a robust detection.
This forms the basis of Johansson et all <|2Q1_4]), whose assumptions and selection criteria
we discuss in §4.3, before using their emission-line measurements to constrain the role of
any “hot-mode” single-degenerate scenario in §4.4. In §4.5, we then apply our constraint
on the luminosity of any heretofore unidentified high-temperature source population to
model accreting white dwarf populations, found using a modernized population synthesis
code which we have developed (Chen et all, [ZQIAI)
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4.3 Stacking analysis of passively-evolving early-type
galaxies

In order to produce a robust detection of He IT 4686A in passively-evolving galaxies, Jo-
hansson et al. (|2Q1_41) turned to stacking analysis using the largest sample of galaxy spectra
available, that of the Sloan Digital Sky Survey (http://www.sdss.org/). In particlar, spec-
tra were compiled from the SDSS-II Data Release 7 (Abazajian et all, 2009). From an
initial sample of more than 930,000 galaxies, a number of selection criteria were then
applied in order to produce a final sample of exclusively passively-evolving emission-line
galaxies. We restricted our attention to galaxies in which both Ha and [N TI] 6584A emis-
sion are detected with an amplitude-to-noise ratio A/N > 3. This ensures that we only
co-add galaxies with actually detectable emission-line regions. The S/N of all spectra in
the SDSS sample decays quickly at distances greater than that corresponding to a redshift
of z =~ 0.1. Therefore, we exclude all galaxies at z > 0.1 from our sample. It is also
important that we sample emission-line regions beyond the innermost nuclear regions of
galaxies, where contamination from a central accreting source is most possible. To do so,
we employ a minimum cut at a redshift of z = 0.04; all galaxy spectra are measured using
a multi-object spectrograph fed from fibres with a diameter of 3 arc seconds, which at our
minimum redshift corresponds to a diameter of ~2.5kpc.

Following the WHAN diagnostic diagram (recall fig. [[§]), we employ a slightly more
strict upper bound for the equivalent width of the Ha emission line, requiring an EWgy,
< 2A. This ensures the exclusion of not only nebulae ionized by low-luminosity AGN, but
also emission-line regions powered by strong shocks, which are known to contaminate the
spectra of some nearby passively-evolving early-type galaxies MMS_&_SQLM@SM,
Eh) For our analysis, it is extremely important that we also exclude any galaxies with
significant ongoing star-formation. To this end, we employ the PCA analysis of
(IZD_Oj); (Chen et. all (IZD_]_j), which reproduces galaxy spectra using a set of orthogonal " prin-
cipal components” which correspond to key diagnostic spectral features. These include the
Balmer absorption lines and the 4000A break, both of which are very sensitive measures of
the age of stellar populations, and in particular the presence of young < 1Gyr-old) stars.
Using this analysis, we exclude all galaxies for which 21% of their total stellar mass is
inferred to be younger than 1 Gyr. This provides us with a final sample of nearly 12000
passively-evolving emission-line galaxies.

As discussed in lJohansson et all (M), the effectiveness of our age selection is cor-
roborated with an alternative method, wherein we use the near-UV colours measured by
the (now-defunct) Galaxy Evolution Explorer (GALEX) in order to search for and remove
from our sample any galaxy with significant recent star formation. As demonstrated in
|Ka&iLaJ£L_alJ (IZDQ_ﬂ), galaxies which have undergone star formation in the previous billion
years are readily identified by their near-UV colour, with NUV-r < 5.5. This provides a
smaller final sample of galaxies (~=4000), but with largely consistent results for the meas-
ured emission-line fluxes (see discussion in ,|2Ql_4]) We therefore quote only
those values recovered from the PCA-analysis-selected sample in our further discussion.
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From our final sample, we can make a further classification based on the (luminosity-
weighted) mean ages of the stellar populations. To measure this, we employ the standard
Lick indices of (Worthey et all, 11994). With this, we find a broad distribution in (mean)
ages which peaks at ~5Gyrs (seelJohansson et all, M, their figure 3). We then subdivide
our sample into four bins of approximately equal S/N, with our youngest age bin (with
2740 galaxies) having ages in the range 1Gyr < tz < 4Gyr (with a mean age of ~3Gyrs).
The results of Totani et al) (IZDDE) and many others (IManmlJ, |2Q141) demonstrate clearly
that the SN Ia supernova rate appears to evolve as the inverse of the age of the stellar
population (]\'/'1a o 711 recall discussion in chapter 1). Therefore it is in this youngest
age bin where the expected SN Ia rate is highest, and where we can make our strongest
constraint. For this reason, we focus on the results for our youngest age bin in the rest
of this chapter (for analysis of all of our stacking results, please refer to L]Qh.anssgn_eiﬁﬂ,
2014, 2015).

In order to identify and measure the total flux in our stacked spectra, we use the spectral
fitting and analysis code GANDALF (Sarzi et all, [ZDDﬁI) Fitting the stacked spectrum of
our youngest mean-stellar-age bin in the spectral range 3700A — 6800AH we find the ratio
He TI 4686A/HS3 = 0.06 £ 0.02, and the ratio [O I] 6300A/Ha = 0.125 + 0.007. We will
use these measurements to constrain the role of any additional, heretofore unrecognized
component of the ionizing background (such as accreting, nuclear-burning white dwarfs)
in the following section.

4.4 Constraints on a hot-mode single degenerate scen-
ario at late delay-times

In order to place constraints on any population of single-degenerate progenitors, we may
then use the estimate given in eq. ] of their luminosity, together with some reasonable
assumption for their temperatures, in order to compare their combined spectra with that of
pAGB stars. As discussed above, we can then compare predictions for optical emission line
ratios with and without the inclusion of accreting white dwarfs to the ionizing background.

To do so, we use the detailed photoionization code MAPPINGS III (e.g. ,
M), together with the procedure outlined in chapters 2 & 3. In brief, we model the
ionizing emission from the “normally-evolving” stellar population (principally originating
from post-AGBs) using the spectral synthesis models of [Bruzual & Charlot (2003). We
assume a plane parallel geometry with an ionization parameter (as defined in the previous
chapters) log(U) = -3.5 (as inferred from the observed O III/Hf ratio in our stacked sample,
see discussion in ,12014), with a warm (T~ 10*K) gas phase density and
metallicity of n&100cm ™ and Zg.s = Zg respectively. In modelling the ionizing continuum
from combinations of pAGB stars and SN Ia progenitor populations, i

2Note that this differs from the slightly narrower spectral range (3800A — 6800A) fitted in Johansson
et al. (IZQlAI) The larger range provides not only a slightly improved fit overall, but also a measurement

of the [O I1] 3726A+3729A doublet, as outlined in Johansson et all (2015).
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(IZQIAI) & lJohansson et. all (|2Q1_4|) found that there was a negligible difference between using

a single age stellar population (SSP) or a (more realistic) combination of old and young
stellar populations with the same luminosity-weighted mean age. Therefore for simplicity
we use a 3 Gyr-old SSP in modelling the ionizing continuum for our youngest age bin.

In (Johansson et all, 2014), we demonstrated that the observed He I 4686A /HJ3 ratio
in our youngest stack excludes accreting white dwarfs with T ~ 1.5 — 6 x 10°K from
contributing significantly to the SN Ia rate. We can extend those calculations to include
our upper limits from the [O 1] 6300A /Ha ratio, as well as updating our He II constraint
based on our new fit to the stellar continuum (see lJohansson et al., M, as discussed
above). These constraints are presented as a function of photospheric temperature in fig.
@I Note that our constraints are given for 90% confidence upper limits on both the He
114686A /Hj and [O 1) 6300A /Ha ratios; the observed values of both are consistent with
ionization by pAGB stars alone.

As can be seen from fig. EZ1) the observed [O I] 6300A /Ha ratio provides a stronger or
equivalent constraint than the He II 4686A/ Hp ratio across the entire range in expected
temperatures for accreting, nuclear-burning white dwarfs. There are two reasons for this:
first, the declining sensitivity of the He II diagnostic at high temperatures (see Woods &
Gilfanov, M), and second, [O I] 6300A is an intrinsically stronger line than He IT 4686A,
as is Ha stronger than HA. Therefore the [O 1] 6300A /Ha diagnostic is built on two more
robustly detected lines.

For both diagnostics, we have expressed our upper limit as a constraint on the total
bolometric luminosity (per unit stellar mass) in excess of that provided by pAGB stars, as
a function of the photospheric temperature of the sources. Note that the upper limit at
each temperature is to the exclusion of an additional excess at any other temperature. To
convert this upper limit on the luminosity to an average accreted mass per white dwarf, we
may rearrange eq. L] together with the stellar mass to K-band light ratio for a 3 Gyr-old

stellar population from Bruzual & Charlot (2003) to find:

LIa/M*
Amyg|sce = 0.005 [ ——12 2 )y 42
sy (103Oerg/s/1\/[@> © (42)

From inspection of fig. .1l one sees that if all SN Ia are produced through some evolu-
tionary channel consistent with the single-degenerate scenario, such a channel may only
accrete &~ 0.005M, in any “hot-mode.” It is clear our constraint rules out any conventional
accreting, nuclear-burning white dwarfs as the progenitors of SNe Ia in old stellar popu-
lations, unless they account for only a fraction of the total. As a conservative estimate,
we may set Amy, = 0.3M, (recall our discussion of the maximum carbon-oxygen white
dwarf mass in chapter 2). In this case, our upper limits constrain the contribution of the
accreting, nuclear-burning white dwarfs to the total observed SN Ia rate to less than 10%

(see fig. [.T]).
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Figure 4.1: Upper limits (90% confidence) on the specific ionizing luminosity (left y-axis)
and the (corresponding) possible contribution of accreting white dwarfs to the SN Ia rate
(right y-axis) as a function of the photospheric temperature. Red denotes our upper limit
using the [O I|/Ha diagnostic (Woods & Gilfanov, 2014), while blue gives the upper limit
from He II 4686/HS (Woods & Gilfanov, M) For the contribution to the SN Ia rate,
we assume a "minimal” average accreted mass per SN Ia of AM = 0.3M, (see text). Note
that for each temperature, the upper limit is given excluding any emission at any other
temperature, save for that from the ambient stellar population.
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4.5 Confronting results from population synthesis

Our ionizing luminosity constraints are not only applicable to SN Ia progenitors. Recently,
population synthesis studies have predicted a steep evolution with time for accreting white
dwarfs regardless of the SN Ia rate thﬁnj_La.lJ, |20_14|), and for low-mass X-ray binaries
(Fragos et all, M) In both cases, accreting compact objects are then expected to provide
a strong contribution to the ionizing background in early-type galaxies of relatively young
luminosity-weighted mean stellar age. With this in mind, we have updated and modernized
a commonly-implemented population synthesis code in order to produce model accreting
white dwarf populations. This has primarily been the work of a student at the Max Planck
Institute for Astrophysics, Hai-Liang Chen, whom I have co-supervised since January, 2013.

In brief, the population synthesis method implemented in |Chen et all (lZD_l_éﬂ) uses the
now-standard binary population code BSE (Hurley, Pols & Tout. |2000: Hurley, Tout &
Pols, M) in order to rapidly generate a population of white dwarf binaries in which
the companion reaches the onset of Roche-lobe overflow (RLOF). The use of BSE is then
terminated at this point, and the initial conditions for mass-transferring binaries are fed to
the detailed binary stellar evolution code MESA (Paxton et all, mﬂ) This allows us to
drastically improve the treatment of mass transfer, particular when driven by the thermal
response of the donor star. Previous codes (including BSE, see ﬁbﬁnﬁn_e:(_aﬂ, |2Q1£1L for a
recent review and comparison of other popular codes) have used only simple prescriptions to
treat mass transfer in interacting binaries, and assumed thermal equilibrium for the donor
star throughout (even when the mass transfer is driven by the thermal disequilibrium of the
donor!). This is shown to have a significant impact on the temporal evolution of accreting
white dwarf binary populations (Chen et all, |2Q1_4]) Assuming blackbody spectra, we can
then compute the spectral evolution of an accreting white dwarf population as a whole as
a function of time, as well as for useful spectral intervals (such as the soft X-ray band or
the total ionizing flux).

If shown to be in conflict with our upper limits, these predictions would pose a strong
challenge to our present understanding of binary stellar evolution (Chen et al., ).
Therefore we turn now to a comparison of the expected ionizing background from a model
accreting white dwarf population with our constraints presented above. The spectral syn-
thesis output of [Chen et all (2014) and |(Chen et al! (2015) can be used as input for our
MAPPINGS III calculations in much the same way as the calculations of Bruzual & Char-
lot (IQDDj) for post-AGB stars, and the two combined to produce a possible ionizing back-
ground. This in turn can be used to produce predictions for diagnostic lines as done in
chapters 2 & 3, including the He II 4686A /HJ ratio, which we can compare directly with
our stacked spectra of observed passively-evolving galaxies discussed above.

Shown in figl2is a comparison of the He IT 4686A /Hp ratio for differing input spec-
tra in our MAPPINGS III calculations. In green, we have plotted the predicted He II
4686A /HJ ratio in the case of ionization by the single-stellar population alone (e.g. primar-
ily the ionizing continuum supplied by post-AGB stars). Plotted in blue is the same ratio
with the inclusion of our model accreting white dwarf population from (Chen et all (|2Q1_4|)
We see that, while in this case we predict a considerably lower He IT 4686A /Hf than in the




4.5 Confronting results from population synthesis 95

L R B B A B B
0.4 ——2025 .. _:
- -SSP N ]
o | :
= 0.3F 4
= 0.3 :
S T :
© I :
- 0.2_— N
(¢b) - A
an A ]
0.1F
[ 1 A R
0.9 8.0 5.5 9.0 9.5 0.0
log(t/yr)

Figure 4.2: Comparison between the predicted values of He II A\4686/H/5 in our starburst
models and that which is observed in (stacks of) early-type galaxies, as a function of stellar
age. The blue solid line shows the predicted values of He II A\4686/Hf for the combined
populations of post-AGB stars and accreting white dwarfs (a025) and the green dashed line
is for the single stellar population from (I.B_mmml_&ilhallo_d, |2£)Dj) The black dashed line
shows the predicted values of He II AM4686/Hp for the model combining SNe Ia progenitors
in SD-scenario and post-AGB stars (similar to the model in chapter 2). In the calculation
of the emission of SNe Ia progenitors, we assumed the initial white dwarf mass 1.1M,
white dwarf effective temperature T.g = 2 x 10°K and the delay time distribution given
by [Totani et al! (2008). The observed values (red squares) are data from
(IgM) Note that for these points the vertical bars denote the error in the observed value,

but the horizontal bars simply indicate the width of each age bin. From |Chen et all (2!!15).
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single-degenerate scenario (shown in black for the same sample calculation as in chapter 2),
there is still considerable tension with the observed value, which not only falls far below
that predicted with the inclusion of our model white dwarf population (at early delay-
times) but also shows little-to-no evolution with time (after ~ 1 Gyr). This is in stark
contrast with our model predictions, which evolve roughly in parallel with that expected
for single-degenerate progenitors (i.e. inversely with time).

What is the origin of this discrepancy? Having based our method on the BSE code, our
underlying assumptions are consistent with the majority of modern population synthesis
calculations. The use of MESA in treating RLOF shifts (somewhat) the time at which
the accreting white dwarf population peaks, but does not considerably change the total
luminosity or temporal evolution (oc t7!) of the number of accreting white dwarfs after ~
1 Gyr. As mentioned above, similar results have been found for low-mass X-ray binaries
(Fragos et al., mﬁ), and are also found to be in tension with observations.

One sensible place to look for a solution is the treatment of common envelope evolution.
This is understood to be highly uncertain (Ivanova et al., Izmi), and would affect the
formation rate of both accreting white dwarf and low-mass X-ray binary populations.
Indeed, the conditions necessary for the onset of a common envelope are already understood
to be poorly characterized by the standard prescription (|Hg_ellmmg_&_%&bb_mk|, |193j) In
fact, it is likely somewhat more difficult for many binaries to enter a common envelope phase
than previously thought, with red giant donors much more stable against run-away mass
loss than suggested by the conventional treatment (IM&&_I%M@L |20L|) If fewer red
giant donors undergoing RLOF enter a common envelope phase, the alternative is stable
mass transfer, which would likely expand rather than significantly contract the orbital
separation. This would scatter many binaries to a much wider orbit, potentially greatly
reducing the number of X-ray binaries (especially at early delay-times) by rendering RLOF
on the main sequence impossible for a greater number of systems. After identifying the
discrepancy discussed here in |Chen et all (12Q15|), we will explore this and other possible
explanations in detail in a forthcoming paper.

4.6 Conclusions

In this chapter, we have reviewed the first, highly successful investigations to make use
of the diagnostics we have developed in chapters 2 & 3. Stacking nearly 12000 spectra
of galaxies from the SDSS sample, |Johansson et al. (IZM) made the first detection of
He II 4686A emission in passively-evolving stellar populations with extended low-ionized
emission-line regions (LIERs). Using the measured ratio of He IT 4686 A /Hf in the youngest
age bin in this sample (1 < 4, /Gyr < 4, with a mean age of ~ 3Gyr), we found that this
constrains the role of any “hot mode” (~1.5-6 x 10°K) single-degenerate progenitor channel
to no more than 10% of the total observed SN Ia rate (<3% for T & 2 x 10°K). Using the
measured ratio of [O 1] 6300A /Ha (both considerably stronger, more robustly detected lines
in our sample), we can extend this constraint to < 3% for T > 1.5 x 10°K @hanssgnmﬂ,

). Conversely, if the single-degenerate channel does indeed account for the observed
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SN Ta rate, no more than ~0.005M may be accreted in any “hot mode” consistent with
steady nuclear-burning at the surface of white dwarfs (as it is presently understood).

This upper limit may also be interpreted as a generic constraint on the luminosity
of any additional, previously unaccounted-for high-temperature source population. With
this_in _mind, we have produced model populations of accreting white dwarfs (Chen et
al., |2£ll_4|), using a modified population synthesis code which incorporates MESA to treat
RLOF with white dwarf accretors. We find that, using the standard assumptions employed
in the population synthesis code BSE to compute our model populations, we predict an
accreting white dwarf population which conflicts significantly with our observed constraints
on the ionizing continuum in aging, non-star-forming stellar populations. In particular,
with the addition of our combined accreting white dwarf spectra, we find that the ionizing
background is much too hard at relatively early delay-times (=1 Gyr), evolving with the
age of the stellar population as oc 1. Conversely, our observations lie almost perfectly in
line with the hardness of the ionizing continuum predicted from ionization by post-AGB
stars alone (using the spectral templates of Bruzual & Charlot, M), as measured by the
observed ratio of He 1T 4686A /HB3. We suggest that, given the similar discrepancy observed
for low-mass X-ray binaries , 2£ll§i), the origin of the problem may be in some
prescription common to both predictions. The most immediately apparent candidate may
be the treatment of common envelope evolution, which is critically important in modelling
both populations, and also understood to be highly uncertain dhwﬂﬁﬂ, M) We
reserve a full consideration of this problem for a future paper.
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surrounding supersoft X-ray sources?
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5.1 Abstract

Accreting, steadily nuclear-burning white dwarfs are associated with so-called supersoft
X-ray sources (SSSs), observed to have temperatures of a fewx10°K and luminosities on
the order 10%erg/s. Such objects are expected to be capable of ionizing their surrounding
interstellar medium; however, to date only one such nebula was detected in the Large
Magellanic Cloud (for ~10 known Magellanic sources), surrounding Cal 83. This has led to
the conclusion that accreting white dwarfs cannot have been both luminous (2 10%erg/s)
and hot (2 few x10*K) for the majority of their past accretion history, unless the density of
the ISM surrounding most sources is much less than that inferred for the Cal 83 nebula (4~
10cm™?). Here we demonstrate that the latter is far more likely. In particular, past efforts
to detect such nebulae have not accounted for the low density of the warm-neutral /warm-
ionized & hot ISM in which the majority of these sources must be embedded. Cal 83
appears to lie in a region of ISM which is at least ten-fold overdense. We provide a
revised model for the “typical” SSS nebula, and outline the requirements of a survey of
the Magellanic clouds which could detect the majority of such objects. We then briefly
discuss some of the possible implications, should there prove to be a large population of
previously undiscovered ionizing sources. Sufficiently deep searches for nebular emission in
the vicinity of SSSs may also serve as a new probe of the conditions in the warm-ionized
medium of nearby galaxies.
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5.2 Introduction

Supersoft X-ray sources (SSSs) comprise a unique and varied class of objects, first identified
more than two decades ago by the Einstein observatory (HEAO-2). Close binary SSSs are
characterized by significant emission in the 0.3-0.7 keV spectral band resembling the Wien
tall of a blackbody, with Teg &~ 2-10 -10°K and estimated Ly, ~ 103778 erg/s
) In the classic picture (van den Heuvel et all, 1992), these sources are white dwarfs
(WDS) accreting hydrogen-rich matter from a main sequence or red giant companion, with
steady nuclear burning of the accreted hydrogen at the WD’s surface. This steady nuclear
burning is only possible for mass transfer rates within a narrow range (1 — few - 107" M, /yr,
e.g. MMLIJ, M) For accretion rates less than this, nuclear-burning proceeds only
in unsteady bursts, giving rise to novae. The upper bound is approximately given by
the accretion rate at which a WD has the same nuclear-burning luminosity as an AGB
star with the equivalent core mass. Above this threshold, the observational appearance is
extremely uncertain. One possibility is that the photosphere of the WD will once more
swell up to the thermal equilibrium radius of a giant (see e.g.|Cassisi et all, M) However,
dynamical processes, such as an optically-thick wind driven from within the photosphere,
may modulate mass transfer before this can happen, with photospheric temperatures in
the range 1-2 - 10°K (Hachisu, Kato & Nomotd, [1999) for M < 3 x 107Mg, /yr.

Apart from simply understanding their phenomenology, SSSs have come under partic-
ular scrutiny as candidates for the progenitors of thermonuclear (type Ia) supernovae (SNe
la). In the so-called single degenerate channel (Whelan & Ibeﬂ, M), a carbon-oxygen
WD accretes hydrogen-rich material as described above until reaching the Chandrasekhar
mass (Mg, ~ 1.38Mg), triggering a thermonuclear runaway (although both lower and
higher explosion masses may be possible, see Magzﬁ_alj, |20_l_41)

A considerable body of evidence has accumulated in the past several years demonstrat-
ing that such sources cannot be the progenitors of SNe Ia, or, should the SD scenario still
hold, that accreting WD progenitors Cannot manifest themselves as SSSs for the majority
of their accretion phase (Gi , 2010; IDi_Stefand, hﬂld) Such arguments
were predicated on the notion that steadily nuclear-burning sources with radii typical of
massive WDs should emit strongly in the soft X-ray band (Teg ~ 5 x 10°-10°K), producing
detectable emission where the intervening column density is low (e.g. along many lines of
sight in the Magellanic Clouds, M31, and nearby early-type galaxies).

However, for lower WD masses (M < 1M, (Wolf e, alJ, |20_13), or in case of considerable
inflation of the photosphere above that expected from the WD mass — radius relation (Panei
et al., M), the temperature may fall below ~ 5 x 10°K. This would shift the majority of
the nuclear-burning luminosity to the extreme-UV, where it could not be directly detected.
However. such objects should remain very strong sources of ionizing radiation (Rappaport
et al., [1994), with no cut-off at the H I or He II ionization edges (Rauch & Werner, 2010).
One can then demonstrate that, in the single degenerate scenario, accreting nuclear-burning
WDs must produce an enormous combined ionizing luminosity, easily sufficient to dominate
the ionizing background in many early-type galaxies dlM)iKls_&_Gllfamﬂ 2013, |2Ql_4])
Given that many early-type galaxies possess extended emission-line regions powered by the
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continuum from their old stellar populations, we should then be able to detect emission
lines characteristic of ionization by high-temperature sources, such as He II 4686A and O
1] 6300A. Following on this, lJohansson et al. (IM) produced carefully-selected stacks of
early-type galaxies with emission-lines in the SDSS, and found a He II 4686A/ Hp ratio
(~8%) consistent with < 10% contribution from any high-temperature (=~ 1.2-6 x 10°K)
sources for galaxies with luminosity-weighted mean stellar ages in the range 1Gyr < t <
4Gyr. Similar constraints from the [O I] 6300A line extend this limit up to T ~ 105K SD
progenitors (Johansson et al., in prep.). Note that at these high temperatures (exceeding
~ 5 x 10°K), the contribution of accreting WDs is also very tightly constrained in soft
X-rays (<1% Gilfanov & Bogdanl, 2010).

In order to remain consistent with the observational constraints discussed above, the
average mass accreted per WD in any “hot mode” (T2 1.5 x 10°K) by SD progenitors is
limited to 1072-1073M,. However, accreting WDs may remain viable as the progenitors
of at least some SNe Ia if they accrete principally at lower temperatures. Indeed, known
SSSs are understood to undergo considerable variability, with many interchanging between
optical-low/X-ray-on (hot) and optical-high/X-ray-off (cold) states. Searches for nebulae
surrounding SSSs in the Magellanic clouds have detected only one, Cal 83 (Remillard et
al., M), which itself has proven difficult to model (Gruyters et alJ, M) This implies
that either the density of the ISM surrounding other SSSs is much less than that in the
vicinity of Cal 83 (n ~ 4 — 10cm ™3, [Remillard et alJ, |L(l9jl), or that these sources do not
radiate at high temperatures for the majority of their accretion history, in keeping with
the possibility that accreting, nuclear-burning WDs may still be a strong candidate for the
progenitors of SNe Ia.

Here, we briefly review the physics of ionized nebulae surrounding high-temperature
and variable sources in §5.3] before discussing the apparent absence of SSS nebulae in
the Magellanic clouds in §5.41 We revisit the upper limits placed by Remillard et _all

), which do not constrain the temperature/luminosity of SSSs in low-density media
(nigy ~ 0.1 — Tem™3). We demonstrate however that such densities are typical of the
warm-neutral /warm-ionized ISM, in which most SSSs are expected to be located. We then
outline the requirements for a survey which can provide a more complete census of SSS
nebulae in the Magellanic clouds in §5.5] and place this in the context of the only observed
SSS nebula, as well as two candidate nebulae in M33. Before closing, we briefly discuss the
plausibility and implications of a large, heretofore undiscovered ionizing source population
for stellar feedback and the evolution of the ISM in §5.6

5.3 Stromgren regions surrounding accreting WDs

5.3.1 The classical picture

The notion of emission-line nebulae ionized by SSSs was first explored by E&pmmﬂjjjﬂ
). They identified several tell-tale signatures which would allow for the identification
of such objects, namely pronounced [O III] 5007A, [O 1] 6300A, and He II 4686A emission,
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Figure 5.1: lonized (dotted line) and neutral (solid line) fractions of the total hydrogen
density, as a function of the total column density in neutral hydrogen (integrated outward
from the central source). Blue and red lines denote constant ISM densities of 0.1 and 1
cm 3 respectively. In both cases, we assume ionization by a central blackbody source with
temperature 5x10°K and bolometric luminosity 103%erg/s. Note that we terminate our
calculations when the temperature of the gas falls below 3000K.

similar to the most luminous planetary nebulae (PNe). However, contrary to PNe, these
would be very extended objects, with typical Stromgren radii:

N h % nism _§
~ p
Rs ~ 35p¢ | g (1(:111—3) (5.1)

where Nph is the ionizing photon luminosity of the source, and nigy is the density of
the surrounding ISM. In practice, nebulae ionized by high-temperature sources extend
to somewhat larger radii than even this, as high energy photons penetrate deeper into
the neutral ISM, vielding a broad interface at the Stromgren boundary (see e.g. Woods
& Gilfanov, m, also fig. [B.J]). Such nebulae may be resolved even by ground-based
telescopes out to distances of a few Mpc.
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Emission-line surveys represent an attractive alternative to searching for SSSs directly
for a variety of reasons , |l9_9_4|; DLSjﬁfano_eL_alJ, |l9_945]) While soft-
band (= 0.3-0.7keV) X-ray sources may be completely obscured by relatively modest
column densities (= fewx10?'cm™2), optical emission-line nebulae typically suffer only
slight reddening. The most [O III] 5007A- and He IT 4686A-luminous nebulae should
also be those ionized by relatively low-temperature WDs (~1-5x105K), probing the SSS
population in the temperature regime least sensitive to soft X-ray observations (Di Stefano
et al., [1995).

Furthermore, if the progenitors of some SNe Ia do undergo a SSS phase, any nebula
ionized by the accreting WD will remain for

nism \ —

1
Tree = 1/(apnisnm) ~ 10° (1cm—3) years (5.2)

after the end of this phase, potentially providing a test of the progenitors of young, nearby
SN Ia remnants. Outside of the shell shocked by the supernova itself, such a “fossil nebula”

(first discussed for O stars in - ; |l9ﬂj) would remain largely
unperturbed by the light of the supernova, as neither the initial shock breakout nor ra-
diation due to °°Ni decay will appreciably ionize the surrounding ISM (see discussion in
Cumming et al., |L99_d), and the UV tail of SNe Ia spectra suffer from considerable line-
blanketing, with little flux below ~1000A (for a comparison of NLTE atmospheres with

observed spectra of supernovae, see e.g. Ea&hmh_eiﬁﬂ, |l§l9ﬂ)

5.3.2 Modeling simple SSS nebulae

In order to understand the observability of SSS nebulae, we must make an estimate of their
typical surface brightnesses, which will depend not only on their time-averaged temperat-
ures and luminosities, but also on the density of their surrounding ISM. In the following,
we model nebulae ionized by high-temperature, luminous SSSs using the photoionization
code Cloudy (v13.03, MM, w) For simplicity and ease of comparison with the
results of Rappaport et all (1994), we assume isochoric (constant density) ISM, solar gas
phase abundances, and blackbody ionizing spectra throughout. The latter is well-justified,
at least near the H I and He II ionization edges, by comparison with detailed NLTE calcu-
lations of SSS spectra (e.g. , |2Qld) At the outer boundary of our nebular
models, we terminate our calculations when the gas temperature falls below 3000K (seen
as the abrupt cutoff at an ionization fraction of ~10% in fig. []). This is easily suffi-
cient to compute the total luminosity reprocessed in the most important diagnostic lines
(particularly [O IIT] 5007A, see fig. [£.2), and allows us to avoid making any assumption
about the incident cosmic ray spectrum (which would become important in this part of
the nebula).

This allows us to compute the volume emissivity €(r) (assuming spherical symmetry)
in any emission line as a function of radius, which we may then use to find the surface
brightness in line i:
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Figure 5.2: Surface brightness profiles for four optical emission lines assuming ionization
by a central blackbody source in the LMC with temperature 5x10°K and bolometric

luminosity 1

037.5

erg/s. In each panel, the surface brightness is shown for a given emission
line for differing constant ISM densities (0.1, 1, and 10 cm™3).
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Label Name Liol Te N NMW N g
103" erg/s eV 102'em™2  10*!'em™2 10*'em™2  cm ™3
(1) (2) (3) (4) () (6) (7) (8)
LMC
A RXJ0439.8-6809 10-14 20-30  0.25-04 0.45 0.28 0.22
B RXJ0513.9-6951 0.1-6 30-40 04-09 0.84 0.70 0.55
C RXJ0527.8-6954 1-10 18-45 0.7 -1.0 0.62 0.78 0.61
D RXJ0550.0-7151 - 25-40 2.0 0.89 1.04 0.81
E CAL 83 <2 39-60 0.7 - 0.95 0.65 2.02 1.57
F CAL 87 6-20 50-84  0.7-2.1 0.75 2.90 2.26
SMC
G 1E 0035.4-7230 0.5-4 30 -50  0.2-0.8 0.65 0.30 -
H RXJ0058.6-7146 - 15-70 0.3-1.5 0.75 3.14 -

Table 5.1: Known SSSs in the Magellanic Clouds. Column 1 identifies each source with the
corresponding label/location in fig. Cols. 2 — 6 give the source name and measured
values as tabulated by (Iﬁ%ﬂ) col 3 gives the estimate of the bolometric luminosity,
col 4 the best-fit temperature, col 5 the H I column density from fitting the X-ray spectra,
and col. 6 the galactic column density in the direction of the source. Note that no
luminosities are given for those sources reported as being poorly fit or constantly declining
in the Greiner catalog. Col. 7 provides the total H I column density associated with
the MCs. as measured by integrating all H I 21em emission (from McClure-Griffiths et
al., 12009; [Kalberla et all, |2Qld) with velocities >100 km/s along the line of sight of each
source. Column 8 gives the inferred density in the midplane, assuming the H I in col 7 is
distributed in an isothermal disk as discussed in the text. No value for ng is given for the
two SMC sources, as the SMC is not a disk galaxy.
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SBi(r) = / ) g (5.3)

, Ar

where we have integrated along the line of sight 1.

Shown in figure .2 are the surface brightness profiles in four lines (He IT 4686A, [O TI1]
5007A, [O 1] 6300A, and Ha) for a nebula ionized by a SSS in the LMC as a function of
radius, for varying ISM densities (0.1, 1, and 10cm™) and fixed source temperature and
luminosity (5 x 10°K and 103"%erg/s). The most prominent signature is easily that of the
[O TIT] 5007A line (fig 52 top right), as expected dﬁamm_eijﬂ, |l9_9_4])

5.3.3 Towards a more realistic model

Past efforts to search for nebulae surrounding SSSs have found only one, that of Cal

83 (Pakull & Motch, 1989; Remillard et all, 1995; |Gruyters et all, 2012). The inferred
density for the inner region of this nebula is ~ 4-10cm~3. For the 9 other Magellanic
SSSs then known, Remillard et all (IJM) report an upper limit of < 10%*Serg/s on the
[O III] 5007A luminosity for any associated nebula. Note however, that this upper limit
was obtained specifically for an aperture with radius 7.5 pc, see the following section. In
the context of the simple model presented above, this suggests that either the ambient gas
density is much lower in the vicinity of most sources, or that perhaps most “SSSs” spend
the majority of their accretion histories at much lower effective temperatures, implying
some failure of our understanding of the radial response of WD photospheres to accretion.
Indeed, many SSSs are observed to be variable to differing degrees , ) In this
case, the detection of surrounding emission lines may trace the time-averaged behaviour

of the source, revealing the past accretion history (Ithaﬂg_&_B@p_amr_‘d, |l9_9ﬂ) Such

variability is likely to explain in part the difficulty in fitting the Cal 83 nebula with any

single-temperature model (Gruyters et alJ, 2!212).

However, the simple picture presented above does not make mention of the density
structure of the warm-neutral/warm-ionized ISM in star-forming galaxies. Furthermore,
the photoionization calculations of Rappaport et all (1994) and Remillard et al! (1995)
make the standard assumption of an initially neutral medium. This is reasonable for
classical H II regions powered by O stars, well-shielded as they are from any ambient
radiation field by the dense clouds in which they are born. However, since SSSs are a much
older population (with ages likely peaking around 1Gyr, e.g. |Chen et alJ, |20_1_41), there is no
reason to assume they should typically be associated with dense H I clouds, but are rather
immersed in the diffuse intercloud medium. A detailed treatment of the resulting nebulae
requires modeling the 3D distribution of interstellar matter and ionizing sources, which we
reserve for a future study. In the following section, we investigate the structure of the ISM
in the Magellanic clouds in order to estimate the typical densities in the vicinity of SSSs,

and compare this with the assumption made in Remillard et all (1995).
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5.4 SSS nebulae in the Magellanic clouds

5.4.1 A qualitative summary of ISM structure in the Magellanic
clouds

Ha ( %%mgm et a J, 1995) and H I 21cm maps (McClure-Griffiths et al., |2£HJ_Q; Kalberla et
al., , see fig. [1.3]) of the Magellanic clouds reveal a complex, multiphase and multiscale
ISM. Column densities in the LMC range from ~ 4.5 x 10?'cm™2 near the centre to ~
102°%cm~2 in the outer extremities (Briins et all, [2005). The distribution of the neutral
ISM with scale height above the disk may be estimated from the velocity dispersion of H I,
which [Kim et. al! (1999) give as o ~ 7.3 km/s. Assuming an isothermal disk for the LMC,

they then find a scale height of 2y &~ 0.18 kpc. From this, we can make an estimate of the
mean density of the neutral ISM along any line of sight [ from the relation:

& 2 o 7
Ny = Ndl = —— W2 (= )d A4
HI /Oo n(l) cos() /0 npsec <Z0> Vi (5.4)

where the factor cos(i) accounts for the fact that the disk is not face-on (the LMC is in
fact inclined at i ~ 30°, e.g. h&i}mlamuﬁ_alj, |2£)D_4]) From the column densities typical of
the LMC, we find a range in peak densities (i.e. in the midplane, ng) of ~ 0.1-4cm 3.

In practice, this provides only a crude picture of the interstellar medium in the Magel-
lanic clouds, and in star-forming galaxies in general, for several reasons. First, the LMC
disk appears to be flared at large radii, due to tidal interaction with the Milky Way (van
der Marel, |20_0_d) Second, we have assumed a smooth distribution, when in fact neutral
gas in the Magellanic clouds displays a complex, fragmentary structure (e.g. Stanimirovic
et al., ﬂ%ﬂ), with a significant fraction of H I being concentrated in dense cold clumps
or filaments with a correspondingly low volume filling fraction (<5% in the Milky Way,
Dickey & Lockman, |J.99ﬂ) The space between these filaments and clouds is filled with
warm-ionized /warm-neutral ISM, with densities of order ~ 0.1 cm™3, and hot supernova-
heated ISM, with densities of order ~ 0.01 cm™ (@, ) The rarefied hot interstellar
medium occupies a significant fraction of the volume of the disk (~50% in the Milky Way,
e.g. @, @g), with warm-neutral /warm-ionized ISM occupying much of the remainder.
From H I 21-cm emission alone, it is at best difficult to distinguish the contributions from
warm and cold neutral gas. However, cold H I has been estimated to account for roughly
1/3 of the total H I mass in the LMC (Dickey et all,[1994), with much of this concentrated
in the central region of the LMC associated with 30 Doradus.

5.4.2 Probability of the occurrence of a detectable SSS nebula —
qualitative consideration
The much lower densities in the bulk of the volume discussed above provide a natural

explanation for the difficulty in observing nebulae around most SSSs. Even for nebular
densities of the order of the midplane densities (~ 0.1 — 4 cm™3), a typical accreting,
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1 5 17 42 90 187 380 763 1537 3067 61

Figure 5.3: H I 21cm map of the Magellanic System -Gl 2009: Kal-
berla et al., ) Units are in K% In the optically thin case (valid for almost the
entirety of the Magellanic Clouds) this gives the total column density with the simple scal-
ing 1.82x10"®cm2(K) ! (km/s)~!. Labels denote locations of known SSSs, excluding PNe
and symbiotics; letters correspond to sources in table
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nuclear-burning WD would have a Strémgren radius of ~13pc—150pc (= 50" — 580" at the
distance of the LMC), and correspondingly very low surface brightness (fig. £.2). SSSs
embedded in hot ISM would produce no nebulae at all in their immediate vicinity.

Remillard et al. (M) do not detect [O TIT] 5007A nebular emission surrounding any
of the Magellanic SSSs other than Cal 83. Their quoted upper limit on the luminosity in
this line of 103*%erg/s is given for an aperture radius of 7.5 pc, corresponding to a limiting
surface brightness at the distance to the LMC of &~ 3 x 10~ '7erg/s/cm? /arcsec?. However,
as can be seen from fig. B.2] this is not sufficient to exclude any nebula in the low-density
ISM which must be typical of 295% of the LMC’s volume. This is further illustrated in fig.
5.4, where we plot the [O III] 5007A luminosity enclosed in an aperture with a radius of 7.5
pc as a function of ISM density, computed using our Cloudy models as above for a “typical”
SSS (T = 5 x 10°K) with differing luminosities (L, between 100 and 10%® erg/s). For
comparison, we plot the upper limit given by Remillard et all (1995). As one can see from
the plot, for the spherically symmetric case, SSS bolometric luminosities Lo < 1037%erg/s

remain consistent with [Remillard et all (1995) upper limits for nigy < 0.4 cm™2.

Furthermore, scale height of the intermediate and old stellar populations (as traced by
the radial velocity dispersions of carbon stars and old variable stars, respectively, van der
Marel, 2DDﬂ) are larger than that of the neutral ISM (and roughly consistent with the warm
ionized medium). If the peak delay-time for the production of SSSs is ~ 1 Gyr (Chen et
al., M), then many are likely to lie off of the midplane, in the lowest density neutral and
ionized interstellar medium. Given the very large Stromgren radii implied such densities, a
considerable fraction of ionizing photons originating from SSSs may then escape the galaxy
entirely. Estimates of the surface brightness, and the corresponding constraint on the [O
I17] 5007A luminosity of known sources would then change accordingly.

The nebula associated with the SSS Cal 83, which has an inferred nebular density of
~4-10cm 3 (IBﬁmﬂ]aIdM, |_L‘l9ﬂ; |G_U.];Ltﬁl:s_ej: al.|, lZD_lj), is overdense compared with
that expected in the bulk (2 90%) of the volume of the LMC. Given that the total mass
ionized by the central source is estimated at roughly 150Mg, (|B£mil].ald_€c_a.l.|, |l§l9ﬂ), this
cannot simply be the result of an outflow from the inner binary. The natural conclusion,
as discussed above, is that the unusually compact nebula surrounding Cal 83 may be the
product of a chance encounter with a dense cloud or filament of cold neutral medium (here-
after CNM). This raises the question of how likely such an encounter would be. Estimates
for the volume filling fraction of the CNM vary from ~1-5% in spiral galaxies like the
Milky Way (Dickey & Lockmanl, M; m, M) For six known SSSs in the LMC, simple
application of the binomial distribution would then suggest a probability of ~6-23% that
precisely one SSS lies inside a cold neutral cloud (=~ 97-99% for <1 SSS lying within the
CNM), assuming SSSs and the CNM are distributed equally throughout the LMC.
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Figure 5.4: Total [O TIT] 5007A luminosity enclosed within a 7.5pc radius as a function
of (constant) surrounding ISM density. Different curves correspond to nebulae ionized by
5x10°K blackbody sources with differing source luminosities. For comparison, the upper
limit given by [Remillard et al) (1995) is indicated by the dashed line.
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5.4.3 A quantitative estimate of the proximity of cold neutral
clouds

The analysis presented above only considers the likelihood that a SSS may lie inside a cold
cloud. This does not account for the presence of dense (neny ~ 30—5Ocm_3) cold clumps
of H I which may typically lie sufficiently near to SSSs so as to be ionized and produce an
associated nebula. If the number density of small cold clouds is sufficiently high, then many
SSSs may be near enough to high-density regions to produce a detectable nebula, rendering
the above argument inaccurate. In practice, what we require then is the distribution of
distances to the nearest cloud surface for a SSS located at any arbitrary position within the
volume of a galaxy. In the following, we will derive this employing a probabilistic argument
with a number of simplifying assumptions; a more realistic treatment will require a detailed
simulation of the multiphase ISM populated with SSSs, which we leave for a future study.
In particular, we will treat all CNM clouds as spherical condensations in line with the
two-phase model of [Field et al (IL%Q) In practice, the observed H I gas in the Magellanic
clouds (and in our Galaxy) is now known to consist of many filaments, shells, and sheet-like
structures, as well as clouds (IC@J, |29_05; |Kimﬁu114|, |21)Dj), however, this heuristic approach
will allow us to make a first approximation.

We begin by considering the distribution of H I cloud sizes in the Magellanic system.
Summing the total area of any contiguous H I structure connected in RA, DEC, and velocity
in the LMC, and identifying the square root of this area as the appropriate length scale,
Kim et al. (@D_ﬂ) find a distribution of H I cloud sizes which follows a roughly power-law
distribution:

AN = C17dl, 2.2 <~ < 3.0 (5.5)

from kpc scales down to the minimum resolution of their survey (&~ 15pc), and with larger
values of 7 for lower flux-limits. Similar results are found for the SMC (Stanimirovic et all,

), and observations in our own Galaxy as well as theoretical models of the formation
and destruction of cold H I clouds suggest this distribution extends down to subparsec sizes
(McKee & Qstrikeﬂ, |L9_Zﬂ; Dickey & Lockmanl, |L99_d, and references therein). In order to
solve for the coefficient C, we assume spherical clouds and integrate over the volume of all
spheres (for some reasonable choice of maximum and minimum cloud radii), and normalize
this to the volume filling fraction of the CNM (per pc?):

3(4—7v)  fan

4T Il — 120

min

O:

(5.6)

As discussed above, H I 21cm surveys alone cannot distinguish between the warm and cold
phases of the neutral [ISM, therefore both are included in the distribution given in eq.
However, both in our Galaxy and the Magellanic clouds, the total mass in H I clouds is
found to vary with their size as ~ [? (albeit with considerable scatter, Dickey & Lockman),
|199ﬂ; |Kim_eiji_.|, |201)j), suggesting that the characteristic gas density in clouds of size [
should scale roughly as ~ [~!. Observations in the solar neighbourhood suggest clouds
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of size ~0.5pc have densities ~ 30 — 50cm ™3, therefore one may infer an upper bound
of 1~50pc (and typical corresponding densities = 0.3 — 0.5cm™3) for the transition from
CNM to warm-neutral medium length scales. We set the lower bound for cloud radii at
0.4pc, the theoretical lower limit on the size of small clouds found by McKee & Ostriker
(IE%) Note however that very small (~10-100 AU) clouds have also been detected in
the Milky Way along many sightlines, which may comprise up to 15% of the total H I
column density in our galaxy (IELail_e:c_a.lJ, |19_9_4I) However, these structures are thought to
be physically unrelated to the “standard” CNM, arising instead from shocks surrounding
individual low-mass stars and other local phenomena (Stanimirovic et all, M)

We can normalize eq. to the total number in order to obtain a probability distri-
bution:

e 6.7
lmax lmm
We would then like to find the distribution of distances from an arbitrary point to
the nearest cloud surface. At first glance, this can be straightforwardly computed via
convolution of eq. .7 with the distribution of distances to the nearest cloud centre:

Imax
po(D) = /l " (D + DO + (5.8)

with D = r — [ the distance to the nearest cloud surface and p, being the standard
inter-particle spacing distribution p,(r) = 47r*ngeudse” F Ncloudst (IQh.andms&kh.a.ﬂ |19_43
However, this simple treatment is only accurate in the limit fi; — 0, as it does not account
for the overlapping of spheres (see e.g. , for a discussion of the analogous
problem in the study of concrete poros1t ). In practlce, it fails for values of the volume
filling factor as small as a ~few per cen. For example, at fan= 0.05, integration of eq.
gives a cumulative probability for D<0 (i.e. of a random point lying within a cloud) of
only ~1%, although the correct value is obviously equal to fan= 5%.

In order to improve on this, one must modify equation in order to enforce the
separation of clouds. This is a well-studied problem which arises often in materials science

and chemistry; a more precise formulation is that of [Torquato et al. (L9_9ﬂ (for mono-

sized inclusions) and Lu & Torquatd (|.19_92i (for polydisperse clouds); its main results are
summarized in Appendlx A. The correct dlfferentlal distribution of distances to the nearest

cloud surface from Appendix A is plotted in fig. B8 for fi;=0.05 and [,,;, and [, as above.
From eq. [C.1l we find a probability of ~86% that a CNM cloud surface lies within 7.5pc of
any SSS (and thus within the aperture of Remillard et all, M) This is sensible: with a
number density of ~ 4 x 10~* cloud centres per cubic parsec, a spherical volume with radius
7.5pc should contain ~1 cloud centre. However, from eq. above, it is clear that the
overwhelming majority of such clouds should be very small (<1pc). In order to estimate

IThe reason is that two spheres overlap when the distance between their centres becomes smaller than
r1+47r9. Therefore the effective filling factor in estimating the importance of overlapping is 23 x fau, which
equals 0.4 for fg; = 0.05.
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Figure 5.5: Nearest surface probability density distribution (pp) for CNM clouds in the
ISM. The three curves correspond to pp as estimated from eq. (dashed line), and using
the “hard spheres” formulation from [Lu & Torquatd (1992) (solid line). Also shown is the
nearest surface probability density distribution for only those CNM clouds with 1 > 3pc
(dotted line). In all cases, we have assumed a total volume fraction fz; = 0.05, with v =
3, lmin = 0.4pc and [, = 50pc.

the likelihood of a nebula such as that detected around Cal 83, we must then ask: what
is the likelihood of a SSS being in close proximity to the surface of a cloud which is large
enough to encompass a total mass of hydrogen which will be detectable when ionized?

For spherical clouds, the radius required to enclose a given mass for fixed density is
simply:

n -5 (M 5
l—0.69pc(300m_3) (M_@> (5.9)

The total mass of the nebula surrounding Cal 83 has been estimated at ~150M, (Remillard
et al., |L9_9j]) A CNM cloud with an initial density of 30cm™ (i.e. typical of the neutral
gas, prior to being ionized) would need to be ~3pc in size in order to supply the requisite
material. Therefore, in fig. we also plot the probability density function for the nearest
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cloud surface for clouds with radii >3pc. Once ionized, the expansion timescale of the
formerly cold cloud is roughly the length over the sound speed in the ionized cloud, or

l l ¢ !
expansion — — ~ 1 6 ’ 1
Texp G 0 (10pc> (10 km/s) years (5.10)

This is comparable to the lifetime of the SSS itself, so it is unsurprising if the observed
ionized nebula is not in hydrostatic equilibrium with the surrounding warm ISM (see also
(Chiang & Rappaport, |;L9_9ﬂ).

These larger clouds occupy much of the volume (cf. eq, (1)), therefore the cumulative
probability of landing within a cloud (D < 0) with 1 < 3pc is only slightly reduced (P(D<0)
~ 0.0473). The probability of such a CNM cloud lying within 7.5pc is ~18%. We may
then conclude that out of six SSSs, only one having a detectable associated nebula appears
entirely consistent with our crude model of the CNM; from the binomial distribution, the
likelihood of 1 out of 6 known SSSs lying near a cloud is 40%. Therefore, on the basis
of (presently very limited) published observations, one cannot make any statement of the
long term time-averaged luminosities and temperatures of known SSSs without detected
ionized nebulae.

5.5 Prospects for detecting SSS nebulae

5.5.1 Searching for previously undetected nebulae ionized by
SSSs

The question then becomes whether deeper narrow-band observations could detect nebulae
in lower density ISM, as well as possibly reveal an accreting, nuclear-burning WD popula-
tion unseen in soft X-rays (see §5.6). As an initial check, we can estimate the exposure time
needed to detect a nebula of constant density n surrounding an ionizing source of some
fixed temperature and luminosity. For a line flux Fg which, for a given nebula, is spread
over some solid angle with surface brightness Ig, the measured “signal” at a telescope on
the Earth’s surface (in electrons per second per pixel) is (see e.g. [Q’Connell, 2003):

4.86 x 10°5L ) hv pix

for a given telescope with an aperture diameter Daperture, focal length L, physical pixel
size dpix, gain G, line energy hv, and effective filter transmission (7'). Note that we make
the simplifying assumption here of a single effective mean transmission, independent of
wavelength, and a single line energy.

In an observation this flux is integrated over an exposure time t and a total number
of source pixels Npixg. The expected S/N of such a measurement may be estimated given
some background flux (to be subtracted from the measured flux), as well as the read noise
RN and the dark current DN, which characterize contributions to the uncertainty from
the CCD detector itself. We adapt the standard formula (see e.g. m, M)

2
CS ~ ( Daperture ) I—SQ(T>d2 (5.11)
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/NomsCst
> PSS (5.12)

N JOst (14 T (G G(T)t + (DNt + Nore(RN)?)

with Nprr the total number of exposures (1 unless otherwise indicated), Npix pke the number
of pixels over which the background is measured, and Cyy, the background signal assuming
some mean surface brightness Iy, (where C, is computed from Iy, in a matter analogous
gy
prove difficult for nebulae with the largest radii. Note that, in order to avoid the inclusion
of any faint nebular emission in evaluating the background, it would be best to estimate the
background far from the source, although care must be taken in selecting an appropriate
region.

For the purposes of evaluating the detectability of SSS nebulae given modern capabil-
ities, we shall assume narrow-band observations carried out with the FORSQE instrument
of the VLT. We focus on the [O II]] 5007A line, as this is the strongest optical emission
line in our calculations. Using the exposure time calculator provided by ESdﬂ, we find the
effective filter transmission (reported combined with the gain) as G(T') ~ 25% for their
“OIlI+50” narrow-band filter, with RN = 5e~, and DN = 6e~ per pixel per hour. In
order to estimate the surface brightness of a nebula, we compute the [O III] luminosities
and nebular radii for varying SSS luminosities and ISM densities, assuming a photospheric
temperature of T = 2 x 10°K. Note that we take a constant mean surface brightness as rep-
resentative of the nebular emission, with the outer radius defined by the point at which the
gas temperature falls below 3000K (recall §5.3.2). This will somewhat underestimate the
surface brightness in the bulk of most nebulae, providing a conservative estimate of their
detectability. The characteristic surface brightness of the background flux Iy, is less cer-
tain, and is not generally well-approximated by a constant value in a star-forming galaxy.
For our theoretical estimates presented here, we assume Iy, = 5x 107 %rg/s/cm? /arcsec?,
which [Pellegrini et all (2012) found to be a representative mean in their Ho images of the
Magellanic Clouds. As the optical continua of irregular galaxies are fairly flat m
Iﬁ) we take this as our estimate for the background continuum for all lines of interest
discussed in §5.41 We ignore the sky background, as this is generally minimal for optical
narrow-band observations. Note that the field of view of the E2V CCD mosaic is 6'.8x6.8;
a SSS nebula in a low density region of the ISM may easily encompass much of this. In our
estimate of the S/N, we truncate the radius over which the signal is integrated at 3.9". Note
that, for a real measurement, this may introduce difficulties in finding a suitable region to
measure the background.

For a given source luminosity and temperature, we may then ask what surrounding ISM
density would be required in order to produce a sufficiently compact nebula, such that it
may be detected at a given S/N in a reasonable exposure time. Given that theoretical
S/N estimates present only the best case scenario (with all sources of error accounted for),

to eq. BI0]). For the present estimates, we fix the ratio = 3, although this may

)

2For reference, see the Period 94 manual at http://www.eso.org/sci/facilities /paranal /instruments/fors /doc.html
3http://www.eso.org/observing/etc/
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here we define a ”confident detection” as a measurement with S/N = 50, given a signal
integrated over the entire nebula for any combination of parameters. Plotted in fig.
are the minimum surrounding ISM densities required for an [O III] nebula to be detected
around a T = 2 x 10°K SSS of a given luminosity, for differing exposure times. Also shown
for reference is the approximate limiting surface brightness inferred for the [O III] 5007A
and Ha upper limits given in Remillard et al (Il})_%l) Note that the slope is somewhat
steeper than may be expected from eq. (. and with a fixed limiting surface brightness.
This is because the total luminosity in [O III] 5007A does not depend exclusively on the
bolometric luminosity, but also (weakly) on the ambient ISM density. We see that given
modern capabilities (i.e. the 8.2m VLT, as opposed to the 1.5m aperture available to
[Remillard et all, |l§l9ﬂ), one could in a = 1000s exposure detect any SSS nebula with

Ly 2 10373 erg/s down to ambient ISM densities n 2> 0.1cm™3.

5.5.2 Identifying “orphan” high-ionization regions as possible
SSS nebulae

As an alternative strategy, one may also investigate known nebulae without identified
ionizing sources which appear to have emission-line ratios and line fluxes consistent with
ionization by a SSS. Although difficulties remain in modeling the observed optical emission-
line ratios in the Cal 83 nebula, the basic properties (He II flux, its ratio to HS, and radial
extent of the nebula, given the inferred density) appear consistent with ionization by a
SSS near its centre. From an intuitive standpoint, and informed by our estimates above,
it is unlikely this is the only object of its kind. Indeed, two extended He II nebulae have
recently been identified in M33 (Kehrig et alJ, [ZLM) which have no observed optical or
X-ray counterpart (a Wolf-Rayet star, high-mass X-ray binary, etc.). One of these, HBW
673, appears to have a He II Stromgren radius of ~ 20pc, with He II 4686A/Hﬁ = 0.55
and a He II 4686A line luminosity of > 1033erg/s. This is consistent with ionization by a
~ 10373"erg /s source with effective temperature 2-3x10°K, embedded in a surrounding
ISM with density &~ lecm™3. Such a soft source could easily have evaded prior detection
(Woods et al, in prep).

The other nebula, BCLMP 651, has a lower He I1 4686A/Hﬁ ratio of 0.11; if the ionizing
source is indeed an accreting, nuclear-burning WD, then the photospheric temperature
must either lie below & 1.5 x 10°K or above ~ 6 x 10°K (Rappaport et all, [1994: Woods &
Gilfanov, [2013). The very low value of [O 1]6300A /Ha (& 0.01) and non-detection of any
X-ray source favour the low-temperature case, however detailed photoionization modeling
(and possibly X-ray and optical follow-up) are needed in order to resolve the nature of the
sources ionizing both nebulae.

5.6 Implications for the ISM of star-forming galaxies

If there exists a large population of previously unaccounted-for ionizing sources, this may
carry important consequences for our understanding of the ISM. In particular, the SD
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Figure 5.6: ISM density required to produce a detectable nebula ionizing by a 2 x 10°K
source with bolometric luminosity L. The three curves denote a signal to noise ratio of 50
for 100, 1000, and 6000 seconds total integration times on the VLT FORS2 instrument,
respectively. For the latter, we assume the observation is carried out in 6 exposures (cf.
eq[.I2). For reference, the inferred density and time-averaged luminosity of Cal 83 is also
shown, as is the surface brightness limit inferred for the upper limits on the [O III] 5007A
line luminosity given in [Remillard et al. (IL%%I) Note that the “break” in the estimate for
the 100s exposure is artificial; this comes about due to a transition from measuring the
entire nebula to an aperture limited by the size of the FORS2 field of view (see text for
details).
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scenario predicts a minimum average total luminosity of the accreting, nuclear-burning
WD population (IGjlfaIML&_Bﬂgd.éﬂ, |2Q1d):

AM N1 erg
L, ~ 9 x 10% X 5.13
I X <O.3M@) <10—13M®1yr_1> Mgs ( )

neglecting those accreting WDs which do not explode as SNe Ia. The SN Ia rate has been
measured in the Magellanic clouds from observations of expanding supernova remnants
, |2Q1d), and found to be roughly consistent Wlth (and perhaps hlgher
than) the rate in dwarf irregular galaxies, ~ 8 x 107"3SNe yr'M_" (Mannucci et al J 2
The total stellar mass of the LMC is ~ 2.7 x 10°M, (MMM, U)Q_d ). Therefore, if SD
progenitors accrete on average 0.3Mg, per WD at high photospheric temperatures (= 10°K),
they would produce a total luminosity of 2x10%! erg/s. This would principally be in the
extreme-UV, with blackbodies in this temperature range (2 x 10°K < T < 10°K) producing
3-12x10? ionizing photons per erg. We can make an estimate of the total Ho luminosity
this may produce (if no ionizing photons escape), assuming Case B recombination in the
low-density limit, with a (typical) gas temperature of 10K (Dﬂfﬂmk_&_ﬂﬂami |24)_Oﬂ)
This gives us a predicted Ha luminosity of 1-3x10¥erg/s, roughly 10-30% of the total
diffuse Hor luminosity of the LMC (i.e., excluding that immediately associated with resolved
H II regions, M@Hﬂ_aﬂ, |19_£ﬂ) This fraction of the total non-H II region Ha emission
is comparable to the “truly diffuse” Ha luminosity found by Kennicutt et all (ILCL%I), which
is not associated with either filamentary structures, or the diffuse flux within supergiant
shells. Therefore, understanding the long-term variability of SSSs may be a question of
vital importance to the study of the structure of the ISM in star-forming galaxies.

The few observed SSSs in the LMC have a combined luminosity that is less than 1% of
the value suggested by eq. BI3] even if we (very optimistically) sum only their maximum
luminosities. The question arises: is it possible that a large number of accreting, nuclear-
burning WDs could remain undetected in the LMC? Shown in fig. [(.7is an estimate of the
minimum bolometric luminosity for accreting nuclear-burning WDs of a given temperature
required for it to be detected in soft X-rays, assuming differing column densities consistent
with that observed in the MCs. To compute this, we make a simple estimate assuming
blackbody spectra and a minimum detectable count rate of 10~ counts per second, consist-
ent with the faintest confidently detected SSSs in [Sturm et all (IZQlj In order to compute
the observed count rate, we made use of the command-line PIMMS tooﬂ using the thin
filter for the EPIC-PN instrument of XMM-Newton. Also shown are results from the 1D
steady-burning WD models of Wolf et. all (2013).

We see from fig. [B.7] that it is clear all high-mass (2 1.1Mg) nuclear-burning WDs
should now be detected in the MCs, unless during the majority of their accretion phase
their photospheric radii deviate greatly from that expected in the 1D models of @i@&l’?ﬂ
(@I)D . Note that most population synthesis models do not predict a dominant SD channel

in the production of SNe Ia (IN_eJ_emanu:c_alJ, |2£llj; @hﬁnﬁ_al., |2Q14]), however, they

4http:/ /heasarc.gsfc.nasa.gov/docs/software/tools /pimms.html
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do predict a number of low-mass accreting, nuclear-burning WDs nonetheless. In star-
forming galaxies, recent population synthesis calculations indicate the total luminosity of
all accreting, nuclear-burning WDs could provide a significant source of ionizing radiation,
although it is substantially below the estimate given above for the luminosity of a putative
SD progenitor population dﬂen_ej_aﬂ, 2014, Dﬂﬁ) By far the majority of accreting
nuclear-burning WDs should lie at lower masses (0.6M»—0.8Mg,), most of which should still
remain undetected in the MCs (see fig. [£.7). Therefore, there may yet exist a considerable
number of such low-mass, steadily nuclear-burning WDs which have not yet been detected.

The above considerations, together with the relatively low ionization state of Helium in
the ISM, suggest nuclear-burning WDs likely play a very minor role in the overall ionization
balance of diffuse interstellar gas (the “DIG”). However, if the typical ionization parameter
(ionizing photons per unit gas density) is relatively low, most hlgh—energy photons may
be lost to maintaining the ionization state of Hydrogen ; |2Q13) Recall
that the scale height of the old and intermediate age stellar populations in the Magellanic
clouds is larger than that of the neutral gas. Even if SSSs are not a major component
of the diffuse ionizing background in star-forming galaxies, they may play a role in the
high [O II1]/H ratios seen in the low-density (n<0.1cm™) ISM (Haffner et all, 2009). In
particular, it appears that some heretofore unknown mechanism is needed to account for
the additional heating (~ 10720 erg/s/cm™?) inferred in the diffuse ISM well above the
midplane (IBE;Land.Sj_LalJ, |lﬂ9_g) Nuclear-burning WDs could naturally account for such
a hardening of the ionizing continuum, should their numbers and distribution with scale
height prove appropriate. This would require considerable further investigation before any
definitive statement can be made. Given the high escape fraction, nuclear-burning WDs
may also contribute to the heating balance of the hot coronal gas (S. Cantalupo, private
communication). In particular, ionization of He II (an important coolant in the hot ISM)
by nuclear-burning WDs may keep the gas sufficiently hot so as to provide an additional
component of stellar feedback. The feasibility of such an additional mechanism should be
tested by inclusion in theoretical models (such as Damiu.mj, |2Qld; ﬂiann&uﬁﬁﬂ, |2Q1_4|),

coupled with deep observations of the ISM in the MCs (as outlined in §5.5]).

5.7 Conclusions

Two decades after the discovery of SSSs, the long-term behaviour of accreting, nuclear-
burning WDs remains poorly understood. Past efforts to search for nebulae ionized by
these objects detected only one such object, with the implication that either the SSS phase
is extremely transient in real accreting WDs, or most SSSs lie in low-density (n< lem™)
media. Here we have demonstrated that the latter is the far more likely case: for the six
known SSSs in the LMC, the likelihood that only one source lies sufficiently near to a
dense cloud to produce a nebula which could have been previously detectable is ~ 40%
(~70% for <1 detectable nebula). We then outlined the prospects for a future survey
which may be able to reveal all bright SSSs in the Magellanic clouds. The outcome of
such a study carries important consequences regardless of the outcome. If no enhancement
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Figure 5.7: Estimate of the minimum bolometric luminosity needed for an accreting,
nuclear-burning WD of a given temperature to be detected as a SSS by XMM-Newton.
Dashed lines correspond to different fixed column densities, consistent with values observed
in the MCs (from left to right, 10%!, 2 x 10!, 4 x 10?!, 8 x 10*!, and 1.6 x 10*?cm—2. Also
shown are the temperatures and luminosities of the steady-burning models computed by
Wolf et all (2013) for accreting WDs of different masses (solid lines).
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in [O IIT] 5007A emission is seen in the vicinity of known SSSs, with limiting surface
brightnesses of < 10~ 7erg/s/cm?/arcsec?, then these objects are not well-described by our
present understanding of accretion onto nuclear-burning WDs. Alternatively, the discovery
of a large population of previously undetected ionizing sources, distributed throughout the
warm-ionized ISM, may have profound implications for our understanding of the evolution
of the ISM in star-forming galaxies.
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Chapter 6

Did the progenitor of the type Ia
supernova SNN2014J ionize its
surrounding ISM?

To be submitted, with additional material
Monthly Notices of the Royal Astronomical Society
Woods, T. E.& Gilfanov, M.
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6.1 Abstract

We report upper limits on the Ha 4 [N 1I] 6548A+6583A luminosity in the vicinity of the
recent type la supernova SN2014J prior to its explosion. This is done using the continuum-
subtracted Ho map available in the ancillary data provided by the Spitzer Infrared Nearby
Galaxy Survey (SINGS, Kennicutt et al 2003). For a range in assumed densities of the
surrounding ISM (n 2 lem™3), we constrain the total luminosity of any putative source
at the location of SN2014J for effective temperatures 8 x 10'K < T < 10K. This com-
plements previous constraints in the soft X-ray band from Chandra pre-explosion images,
which cannot meaningfully constrain the progenitor luminosity for temperatures below =~
5%10°K. For an unresolved nebula (n~ 10cm ™) surrounding a T = 2x10°K source, we
exclude at 1o (30) confidence a Ly &~ 5 x 1037 erg/s (~ 1 x 10%%erg/s) source at the site
of SN2014J within the last ~ 10* years. We exclude a maximally-accreting Chandrasekhar
mass white dwarf at ~40 confidence. Progenitors which are either higher-temperature
(though <8x10°K) or embedded in low density ISM (n < 4cm™3) remain permitted by
our results. However, given that any putative nebula should extend to radii of 5-50 pc, and
be visible for 10*-10° years after the turn-off of the ionizing source, follow-up spectroscopic
study of the immediate vicinity of SN2014J will allow a resolution to this ambiguity. This
will be accomplished shortly after the publication of this thesis, using Ha and [O I11] 5007A
narrow-band observations from the Russian-Turkish 1.5m telescope on Mt. Bakyrlytepe
in southern Turkey. This is the first constraint made on the ionizing luminosity of the
progenitor of an individual type Ia supernova from measurements of the surrounding Ho
emission.



6.2 Introduction 131

6.2 Introduction

Thus far, efforts to constrain the luminosity of the progenitors of SNe Ia (as presented in this
thesis) have focused primarily on detecting or placing constraints upon entire populations,
fixing our attention on stellar populations with uniquely useful properties (Gilfanov &
Bogdan, m; Woods & glilfanQyL mﬁ, M) In particular, we have relied on the lack
of any other significant ionizing subpopulation (other than post-AGB stars) in passively-
evolving galaxies to strongly constrain the role of any hot mode single-degenerate channel
at delay times >1Gyr (recall chapters 2, 3, & 4). However, other means exist for assessing
the viability of differing SN Ia progenitor channels. One approach is to search for pre-
supernova images of nearby, very recent SNe Ia. Such studies have already been carried
out in the X-ray (e.g. Msm_aﬂ, mﬁ), making use of the great sensitivity of the
Chandra X-ray telescope and the availability of more than a decade of its archival data. A
great wealth of pre-explosion images in several wavebands are available of the immediate
vicinity of SN2011fe, which exploded in M101 on August 24th, 2011 (IN_ugﬁnIE_La.lJ, |2Qll|)
Together with observations made during the hours and days immediately followin the
explosion, this allowed unprecedented constraints on the progenitor of this event
lZQ]_]J Mlgmj.] |2Q1JJ [Blmm_el_aﬂ |2Qlﬂ |Qth1uk_e$_&lJ, |2Q]_ﬂ).

As demonstrated in the previous chapter, detecting nebulae ionized by individual ac-
creting, steadily-nuclear burning white dwarfs (SSSs) is possible, albeit more difficult than
previous thought. This presents a new opportunity to constrain the progenitors of indi-
vidual, nearby events: one may search for nebulae in the vicinity of individual SNe Ia.
Recently, |Graur et al. (IM) have provided a constraint on the He II-ionizing luminosity
of the progenitor of SN 2011fe from pre-explosion HST narrow-band images, placing an
upper limit on any putative He IT 4686A nebula ionized by the progenitor (following on
theoretical predictions from Rappaport. et all, 1994, and [Woods & Gilfanov (IZQlﬂ)) As
identified in Bisnovatyi-Kogan & Syunyaev (1970) as well as the previous chapter, the
advantage of this technique is that it may be followed-up on after the explosion, as any
surrounding “fossil” nebula will require 104-10° years in order to recombine.

SN2011fe was the nearest SN Ia in nearly 40 years prior to the explosion of SN2014J
in M82 (at a distance of only ~3.5Mpc, [Dalcanton et all, |ZDQQ) SN2014J (previously
PSN_J095542144-6940260) was discovered by S. J. Fossey on 22 January 2014 (Cao et

al. |2Q1_4]), with pre-discovery images later identifying the time of first light to be ~ 14
January, 2014 (|thmgj_t_a.l.| |20_14| Given its close proximity, this presents a remarkable
opportunity for constraining the nature of the progenitor. So far, upper limits on the soft
X-ray emission (Nielsen et all, M) have already ruled out an accreting Chandrasekhar
mass white dwarf (WD) unless the photosphere is inflated, and infrared through near-
UV photometry have ruled out a highly luminous giant companion (Kelly et al., |2Qlé\])
Here, we extend this effort to include upper limits on the Ha+[N II] 6548A+6584A flux
in the vicinity of SN2014J prior to the explosion. This allows us to make an independent
test of the plausibility of the progenitor of SN2014J having been a hot, luminous WD, by
placing upper limits on the luminosity reprocessed by any ionized nebula which would have
surrounded the source.

Qldy
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We begin by outlining some theoretical considerations in §6.3] in particular reviewing
some of the discussion from previous chapters most relevant to the present work. §
primarily serves to allow this chapter to stand on its own, and may be read quickly by the
diligent reader of this thesis. We then analyze the Ha+[N II] map of M82 available from
the Spitzer Infrared Nearby Galaxies Survey (SINGS, [Kennicutt et all, lZ_ODj), as well as our
additional data reduction and analysis, in §6.4l In §6.5 we describe our photoionization
modeling of any putative (unresolved) ionized nebula in the vicinity of SN2014J, and
present our constraints on the ionizing luminosity of its progenitor. Finally, in §6.6] we
discuss our results in a broader context, and outline prospects for future constraints on
SN2014J and other nearby SNe Ia. In particular, a follow-up campaign (presently in
progress) will allow us to constrain the luminosity of the progenitor in the case of lower-
density ISM (i.e. for extended nebulae).

6.3 Fossil stromgren regions

6.3.1 Steady nuclear-burning sources

In the canonical picture of the single-degenerate channel, a carbon-oxygen WD explodes
after accreting sufficient matter from some Hydrogen-rich companion to reach M ~ Mcy,.
This is most efficient in the so-called “stable nuclear-burning regime,” a narrow range in
accretion rates (~1 — few x107 "M, /yr, Nomoto et all, IZDD_ﬂ) for which approximately all
of the Hydrogen accreted by the WD is expected to be processed steadily in a narrow layer
on its surface. As discussed previously (recall chapter 1), these objects are associated with
observed supersoft X-ray sources, with approximately blackbody spectra, and temperatures

on the order of 10°~10°K (van den Heuvel et all, 1992). Accreting WDs such as these are
very strong sources of ionizing emission (Rappaport et all, |L9_94; Woods & giilfanQyL 2!!13),

and would ionize any surrounding ISM.

Therefore, we can look for the presence, past or present, of stable nuclear-burning
WDs by looking for their surrounding emission-line nebulae. This is particularly useful in
the search for the progenitors of nearby SNe la. Any detection (or upper limits) on line
emission in pre-supernova images of the vicinity of a SN Ia can constrain the progenitor’s
luminosity and temperature for the past 10%-10° years (i.e. the recombination timescale
of the gas, c.f. eq. £.2). If the SN Ia under consideration is sufficiently nearby so as to
allow a putative surrounding nebula to be resolved, then it becomes possible to constrain
the nature of the progenitor of the explosion long after the event, with the use of long-slit
or IFU spectroscopy (and the exclusion of the expanding supernova shell).

In the following, we will make use of a pre-supernova Ha+[N II] map of the galaxy
Messier 82. Therefore, here we focus on considerations relevant to the expected Ha emis-
sion, as well as the nearby [N II] 6548A+6584A doublet.

The total luminosity reprocessed into Ha within a radius r; of the source is:

47

1
Lyo = ?hVHa/ nH+ne043—>2(TgaS7 n,)dr (6.1)
0
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where ny+ is the density of the surrounding ionized Hydrogen, and a;_,5(Tgas, i) is the
effective recombination coefficient of the Ha transition.

However, the filter used by the SINGS survey in observing M82 also includes both
wavelengths of the [N II] doublet 6548A+6584A. These lines carry a much more complex
dependence on the incident ionizing flux and conditions in the ISM, with the ratio

LNy
LHa
typically lving in the range 0.5 < & < 2. Assuming Case B recombination (Osterbrock &
Ferland, |20_0_6), in the low-density limit this gives us a total line emission of

¢ = &(Tism, usm, Zism) = (6.2)

3
r n 2er
sy %35 x 10° (L) (1.9 (2)" 28 63)

cm—3 s
where we have taken ng+n, &~ 1.1ny for ionized, solar-metallicity gas.

In order to predict the total narrow-band flux observable in Ha + [N II], should the
progenitor of SN2014J have been a hot and luminous WD, we make use of the photoion-
ization code Cloudy v13.03 (Ferland et all, 2013). Here we model the ISM surrounding
the site of SN2014J assuming a solar metallicity gas (following the gas phase metallicity
found in M82 by [McLeod et alJ, M) with varying densities, each model being isochoric.
The surrounding ISM is assumed to be neutral in the absence of any ionizing source at
the site of SN2014J. Note that, due to the uncertain nature of the grain composition and
morphology in the immediate vicinity of SN2014J, we do not include grains in our calcu-
lations. From trial computations using Cloudy, we have determined that this has only a
minor effect on our final result.

The only remaining input that we require is the emission from the putative ionizing
source. A number of models exist for the observational characteristics of an accreting,
nuclear-burning WD (IMaQZ_eile, IZQlﬂ) However, as discussed above (c.f. chapters 1
— 3), emission from a sufficiently hot, luminous WD is reasonably well-approximated in
the extreme UV by a blackbody spectrum, neglecting numerous absorption lines (one may
compare with the NLTE models of [Rauch & Werner, M) In particular, there is no
sharp cut-off at the H I and He II absorption edges. This is expected to hold even in
the case of very inflated photospheres supported by an optically-thick wind (recall chapter
2, and particularly appendix [A]), such as that proposed by i
(ﬁ@) Predicted temperatures range from 10°K, typical of supersoft sources (SSSs),
down to temperatures as low as ~1-2x10°K or less (seen in some SSSs, and characteristic
of greatly inflated photospheres). For generality, here we assume blackbody emission with
temperatures in the range 8 x 10*/K — 10°K. The luminosity expected for a stable nuclear-
burning Chandrasekhar-mass WD is roughly ~ 0.8-2 x 103%erg/s.

6.3.2 The “accretion-wind” regime

In the so-called “stable-burning” regime, the luminosity of an accreting WD is proportional
to the mass transfer rate from the donor star. However, for accretion rates of order Myrg ~
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1075My /yr, the WD luminosity reaches that expected from the core-mass — luminosity
relation for a typical AGB star. While it is understood that the WD mass cannot grow
faster than this limit (Nomoto et all, M), the fate of the WD (and any excess matter) at
such high accretion rates remains unclear. Should the WD photosphere swell to giant-like
dimensions, its spectral emission would peak in the near-IR. However, such a configuration
is ruled out at the time of explosion by existing constraints on the ambient density of
the circumstellar matter (see discussion in §6.5)), and is in any case unlikely to produce a
Chandrasekhar mass WD (Cassisi et all, 1998).

Alternatively, it has been proposed that for M > Mgg, any excess material will be
expelled in the form of an optically-thick wind, driven by the peak in the iron opacity at
T ~ 10°2K. This would inflate the photospheric radius by an order of magnitude, cor-
respondingly shifting the photospheric temperature of the WD to ~ 1-2x10°K (Hachisu,
Kato & Nomoto, M) However, in this case the WD would remain a strong source of
ionizing radiation MMM: QOﬁ)

With a velocity of order ~1000km /s, any such wind would easily excavate a cavity in the
surrounding ISM. Such a region would have an inner particle density of only ~ 10 3cm ™3,
with a shock interface at the boundary (rimme &~ 1-40pc) with typical densities of n ~ 10
~ 100 cm~® (Badenes et al., M) Such a boundary layer would be photoionized by the
central source, with line emission detectable for 7., after the source turns off (c.f. eq. [(.2).

6.4 Data reduction

6.4.1 The SINGS survey Ha+ [N II] map of M82

The updated coordinates for SN2014J are given as RA = 09:55:42.121, DEC = 469:40:25.88
in J2000 coordinates (ATel #5821, Smith et al, on behalf of STSci). In order to search for
Ha+[N II] emission from any putative ionized nebula in the vicinity of the progenitor of
SN2014J, we make use of the fifth data release of SINGS (Kennicutt et al., QOQﬂ) Included
in its ancillary data are narrow-band Ha+[N II] images of the majority of the galaxies in
their studyE'. As part of this survey, M82 was observed using the Kitt Peak 2.1m telescope
on 2002-03-06T08:02:35 using the KP1563 filter (with central wavelength Acw = 6573A,
FWHM = 67A). This band encloses the Ho line as well as both wavelengths of the [N
1] 6548A+6584A doublet. The image of M82 consists of a single pointing 200 second
exposure, carried out under photometric conditions. The Kitt Peak 2.1m telescope has a
field of view of ~ 10/, with a pixel scale of ~ 0.”305. At the distance of M82 (x3.5Mpc),
this corresponds to a physical distance of ~5.2pc (1” ~ 17pc). The image is calibrated
from observations made of standard stars; the flux conversion is given a

LSINGS Spitzer and ancillary data are available for download from:
http://sings.stsci.edu/proposal/CoreScience.htm
2From the SINGS fifth data delivery user’s guide, available at

http://irsa.ipac.caltech.edu/data/SPITZER /SINGS/



6.4 Data reduction

135

-10

11 F

Flux [erg/s/cm'z]
- N -
IS w N

N
al
T

@
°
°
°
oe
°
.°.o. * o o :
... ....‘
l}.’ ° ¢
.o:o. : . .o. o.. °
° ® e

-16
0.1

FWHM [arc seconds]

Figure 6.1: FWHM assuming a Gaussian profile and fluxes as measured for all sources
identified by SEXTRACTOR in the SINGS Ha+[N II] image of M82. The two vertical
lines denote the angular sizes corresponding to 2 and 3 pixels on the Kitt Peak CCD,
respectively. All objects with FWHM <1” are identified as point sources, providing a

measure of the seeing.
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Flerg cm™2s7) = 6 x 1071°Cg x FWHM /Ay (6.4)

or &~ 9.3 x 107 *%rg/cm~2/count, with Cg the measured counts per second.

Prior to the delivery of all optical data, all images were bias subtracted, flat-fielded, and
suspected cosmic rays removed by the SINGS Legacy Project. The continuum-subtracted
Ha+[N IT] image which we use in this study was similarly made available by SINGS, pro-
duced by scaling and subtracting the associated R-band image. However, no prior back-
ground subtraction was carried out. We reserve discussion of our background subtraction
for the following subsection.

In order to estimate the seeing, we perform a search for all sources in the SINGS Ha+[N
1| image of M82 using the publicly availabld] software SEXTRACTOR (IB_eI_tin_&_AmmmEJ,

). We perform a scan for all sources in which a minimum of 6 pixels are found with
fluxes exceeding 50 above the measured background level. The latter is found iteratively
by averaging over a 64 pixel mesh, computing the mean and standard deviation, and
rejecting the greatest outlying pixel, until all remaining pixels are within +3¢ of the mean
value. Prior to measuring the background, each region is first smoothed using a 4 pixel
background filter. Approximating each source with a gaussian profile, the FWHM derived
for all 85 sources thus detected are plotted in fig. [6.1 as well as their respective fluxes.
Note that our estimate of the seeing is robust for a range of background and detection
criteria; varying these only significantly changes our results for those “objects” found in
the crowded central starburst of M&2.

The objects detected by SEXTRACTOR here fall into three broad categories. In the
lower right of fig. [6.I] a number of extended sources are found with FWHM ranging from
~ 1”7 — 10" and fluxes ~ 10715107 erg/cm?/s. This includes a number of background
galaxies, as well as several nebular regions on the outskirts of the central starburst of M82.
In the upper right of fig. [6.1l we see that SEXTRACTOR identifies a number of extended,
very bright “objects” which are produced in trying to fit multiple sources in the central
starburst of M82, as well as two over-exposed objects in the south-east of the SINGS image.
Finally, another family of sources, with measured fluxes spanning 4 orders of magnitude,
have FWHM which in almost all cases lie between ~ 0.61” and 0.92” (the horizontal lines
in fig. [6.1]), with none exceeding =~ 1”. This corresponds to &~ 2-3 pixels on the Kitt Peak
CCD. All are clearly point sources, providing a measure of the seeing on the night of the
observation. Taking the mean of their FWHM, we estimate the seeing as ~0.74”. Note
that no source is detected in the vicinity of the progenitor of SN2014J using our automated
procedure, although we have chosen a somewhat high threshold for detection.

6.4.2 The warm ionized ISM of M82 in the vicinity of SN2014J

The location of SN2014J lies along the line of sight of an extended faint excess of Ha
emission (see fig. [6.2)). In order to evaluate the significance of any detection or upper limit,
we require an estimate of the noise in the vicinity of the progenitor of SN2014J. Estimating

3http://www.astromatic.net /software/sextractor
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Figure 6.2: Pre-supernova Ha+[N II] image of M82 in the vicinity of SN2014J (/30" x20",
progenitor location marked with an ‘¢’). The innermost circular aperture has a radius of
0.74”, while the outermost annulus has inner and outer radii of 5” and 7", respectively,
with the inner radius corresponding to the maximum radius used in comparison with our
predictions in §4. This is the region we use in our local background subtraction. The
inner annulus, with inner and outer radii of 3” and 5” respectively corresponds to a modest
excess seen in most prominently in the lower-right. This will be investigated in a future
work (see discussion). Units are counts/s. Note that in producing the above image, we
have smoothed the SINGS data for display purposes using a Gaussian with FWHM of 2
pixels.
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the noise from line projections in the vicinity of the site of SN2014J, we find a (per-pixel)
variance of 02 & 0.0017 counts®/s?>. This appears to be roughly consistent with the noise
N per pixel expected from simple poissonian noise together with read noise from the CCD,
as estimated from:

U|expected ~ \/6S:Pixgtexp + (RN)2 (65)

where ﬁs,pix ~ 0.144 counts/s is the mean flux per pixel in the source aperture (including
the background), tey, is the exposure time, and the read noise RN = 4e™ and gain (G =
3.6e7) are taken from the observation documentation. Note that we have neglected other
instrumental contributions to the total noise, such as the dark current.

SN2014J also roughly coincides with the center of an observed soft X-ray excess as-
sociated with a possible superbubble in Nielsen et all (IM) In order to measure the
Ha~+[N II] flux which may be associated with the progenitor of SN2014J alone, we require
an estimate of the background flux, including any Ha emission within or surrounding this
bubble.

In order to make an estimate of the background Ha+[N II] flux in the vicinity of
SN2014J, we take the average (per pixel) count rate in an annulus with inner and outer
radii of 5” and 7, respectively. This excludes the bright feature 7.5” to the north-west, as
well as the ring and any other flux from a possible nebula ionized by the progenitor. We
take this as our estimate of the background (Cyke = 0.138 counts/s/pixel, measured over
Nike,pix=818 pixels) in the vicinity of SN2014.J.

6.4.3 Upper limits on the Ha+[N II] line flux in the vicinity of
SN2014J

In order to constrain the ionizing luminosity of the progenitor of SN2014J, we first re-
quire an appropriate estimate for the plausible extent of any putative photoionized nebula
centered at the location of the explosion. Unfortunately, this depends on the as-yet uncer-
tain density of the local ISM (though see discussion in § [£.5.2]), as well as the temperature
and luminosity of the progenitor (both of which we hope to constrain). We begin by meas-
uring the flux under the assumption that any putative nebula is unresolved. For a simple
Gaussian point-spread function, the aperture which maximizes the S/N of a point source
has radius ~2/3 that of the FWHM. However, this is only the optimum S/N for a “true”
point source, such as a star, and not a nebula of some finite, but not quite resolved, extent.
In practice the S/N only varies slowly up to at least r ~ FWHM, even for a true Gaus-
sian point source. Therefore, we take as our minimum aperture radius r = 0.74”. Within
such an aperture, centered on the location of SN2014J, we measure a total flux of ~2.7
counts/sec. Note that, here and throughout, we use circular (or annular) regions as found
in SAO dsdfl to measure count rates.

4http://ds9.si.edu/site/Home.html
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After subtracting the appropriate background, we find an excess of ~0.1 counts/sec
within 0.74” of the eventual site of SN2014J (a total of Nyis = 19 pixels). Adding the
error on the source measurement and the background subtraction in quadrature, we arrive
at an effective 1o error of:

N2
Oeft = {02 Npixs + o2 PS8 0.19counts/s (6.6)

pix,bkg

From eq. [6.4] this corresponds to a flux of (1 £ 2) x 10~ '%erg/cm?/s within our minimum
aperture. However, over the same range in temperatures and luminosities, we can expect
much more extended nebulae for lower mean ISM densities. We address this in the following
section.

SN2014J has been observed to suffer significant reddening, with E(B-V) 2> 1 as inferred
from the Na I D equivalent width (Cox et all,2014), although [Kotak (EZQ_MI) found the light
curve to be consistent with E(B-V) < 1. |Goobar et all (|2Q1_4]) found a best fit reddening
model following that of |Cardelli et al. GL%Q) with a remarkably low Ry = 1.4 £ 0.15
and E(B-V) = 1.22 £ 0.05 mag. In addition to this, we must also correct for absorption
within the Milky Way along the line of sight. In the direction of SN2014J, Schlafly &
Finkbeiner (2011) find a visual extinction of Ay ~ 0.43 assuming Ay /E(B - V) = 3.1. For
A = 6563A, the combined Milky Way and M82 reddening amounts to a total correction of
Fops/Fine 20.22.

6.5 Constraints on any nebula surrounding the pro-
genitor of SN2014J

6.5.1 Unresolved nebulae

Eq. B indicates that for densities nigy = 4cm™3, we should expect any putative nebula
ionized by the progenitor of SN2014J to be unresolved (i.e. Rg < 12.6pc = 0.74” (recall
discussion in § B.3]). However for nebulae ionized by very high temperature sources (T 2
5 x 10°K), the Stromgren boundary region can be significantly broadened (see Rappaport
et al., [1994; Woods & Gilfanovl, M) Using the photoionization code Cloudy, we find that
Rg < 12.6pc for ISM densities n &~ 4-10 cm ™3, source temperatures 8 x 10*K-10°K, and
bolometric source luminosities < 10%%?°erg/s. The latter two span temperatures and lumin-
osities characteristic of accreting, nuclear-burning white dwarfs near the Chandrasekhar
mass. Therefore, the physical extent of such nebulae would be within the minimum resol-
ution of the image of M&82 provided by the SINGS survey.

For a range of temperatures, we then find the source bolometric luminosities corres-
ponding to our upper limit on the narrow-band emission derived in § [6.4.3l Shown in fig.
are our 1, 2, & 30 upper limits assuming n = 10cm 3. For comparison, we also plot the
30 upper limits on the bolometric luminosity of the progenitor from soft X-ray constraints

(Nielsen et all, [2014).
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log, Bolometric Luminosity [erg/s]

Figure 6.3: Upper limits on the bolometric luminosity of the progenitor of SN2014J as a
function of the progenitor’s possible temperature (solid lines, lower: 1o middle: 20 upper:
30), from limits on the pre-supernova Ha+[N II] flux from a 0.74” (~13pc) radius sur-
rounding the site of the later explosion. Here we have assumed a constant density in the sur-
rounding ISM of 10cm 3 and blackbody emission from the source. The gray-shaded region
denotes the expected range in bolometric luminosities of an accreting Chandrasekhar-mass

40.5

40

39.5

39

38.5

38

37.5

37

Ha + [N 11] X-ray
)‘\/
1 \\\
10

Temperature [lO5 K]

WD in the stable nuclear-burning regime.




6.5 Constraints on any nebula surrounding the progenitor of SN2014J 141

From our photoionization calculations, this places an upper limit at 1o (30) confidence
on the bolometric luminosity of a 2x10° K progenitor to be ~ 5x 1037 erg/s (=~ 103® erg/s),
for unresolved nebulae (corresponding to densities nigy &~ 10cm™3). Note the region de-
noted by the gray lines in fig. [6.3} this marks the minimum and maximum luminosities
of a Chandrasekhar mass (Mq, ~ 1.4My) WD in the stable burning regime, following the
calculations of Nomoto et all (lZDQ_ﬂ) Therefore, our results do not entirely exclude a stably
nuclear-burning WD with a photospheric temperature > 2 x 10°K having been present at
the site of the explosion of SN2014J within the last ~ 10*-10° years (i.e. the recombination
timescale in the local ISM).

6.5.2 Limits on extended sources?

If the progenitor of SN2014J was a sufficiently hot, luminous source embedded in a lower
density environment (nigy < 4em™3) Lyg = 10%¥erg/s, Teg = 10°K), its surrounding
emission-line region would be visible as a resolved, extended source in the Kitt Peak obser-
vation. This complicates our effort to relate the observed Ha+[N II} flux in the vicinity of
SN2014J to an upper limit on the progenitor’s ionizing luminosity, as the Strémgren radius
of the nebulae (and thus the relevant aperture for our analysis) varies with the ionizing
luminosity itself (recall eq. [B.]). At greater aperture radii, we may include an ever greater
volume of the ambient warm-ionized ISM typical of star-forming galaxies, considerably
contaminating our Ha measurements. For this reason, other diagnostic lines become much
more useful in the search for extended nebulae, such as [O III] 5007A, which is not partic-
ularly luminous in normal warm-ionized ISM but is highly luminous in SSS nebulae (recall
the discussion in chapter 5). Fortunately, low-density nebulae will extend well beyond the
shock radius of the expanding supernova remnant, allowing us to observe any extended
nebula well after the explosion. To this end, we have initiated deep narrow-band observa-
tions of the vicinity of SN 2014J using the Russian-Turkish 1.5m telescope. These results
will be analyzed after the publication of this thesis.

Until then, the actual density of the ISM surrounding the site of SN2014J unfortunately
remains uncertain. If the progenitor of SN2014J was indeed located within the tentative
superbubble identified in Nielsen et al) (IZM), then pressure equilibrium with the hot ISM
would require densities of order ~100cm ™. On the other hand, this does not hold in the
solar neighbourhood, where typical warm ISM densities are of order ~ lem ™. From their
non-detection of X-ray emission at the site of SN2014J at 6t ~ 20 days after the explosion,
Margutti et al. (IZM) place an upper limit on the density of the surrounding circumstellar
matter (CSM) of ncgy < 3.5cm™ within &~ 10'%cm of the progenitor. Accounting for
uncertainties in the bolometric luminosity of SN2014J itself, as well as the column density
toward SN2014J associated with M82, Mﬂgﬁlﬁﬁﬂ (|2£ll_4]) quote an upper bound which
may lie in the range ncgy & (1.5 — 8.0)em™3. In the radio, the non-detection of any interac-
tion between the expanding supernova shell and the circumstellar medium by Perez-Torres
et al. (IM) limits the CSM density to ncgy < lem™3. Again, however, this constraint ap-
plies only to the inner ~ 10*%cm; the surrounding ISM density remains unknown. We note
that in the discussion above, we have begun our photoionization calculations at an inner
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radius of 107cm. Certainly, there is gas traced by dust in the environment surrounding
SN2014J (e.g. [Foley et all, |2Q1_41) The total absorbing column density measured along the
line of sight toward SN2014J is Ng &~ 4.2 x 10*'cm ™3 (Goobar et al., M), nowhere in our
calculations do we imply a column density exceeding this.

6.5.3 Wind-blown bubbles

The low upper limits on the density inferred for the CSM surrounding SN2014J exclude
a WD undergoing a rapidly-accreting phase at the time of the explosion. However, at the
same time such a result would not be surprising if a fast wind was driven from the progen-
itor WD long before the explosion, excavating a cavity within the ISM in the vicinity of
SN2014J. This would leave a surrounding shell of swept-up material which would be ionized
by the progenitor. For a Chandrasekhar-mass WD, the luminosity in such a regime would
be fixed by the maximum burning rate (Nomoto et all, 2007), at ~ 1.8 x 10%erg/s, with
|j_g%fotospheric temperature on the order of &~ (1 — 2)x10°K (Hachisu, Kato & Nomotg,
).

An assessment of the detectability of any ionized shell surrounding such a source de-
pends on the inner radius of the shell, and the density of the gas swept up by it. For
unresolved inner cavities (Tinne: < 13pc) and sufficiently high shell densities (n = 4em™3),
the situation is entirely analogous to that of the “classical” unresolved SSS nebulae dis-
cussed above, except with a fixed source luminosity. In this case, we rule out a maximally
accreting, T = 2 x 105K WD with M = Mg, at ~40 confidence. For resolved (larger)
shells, the situation is analogous to that discussed in the previous subsection for extended
sources. Therefore, we leave any constraint on such progenitors to our forthcoming study.

6.6 Discussion

For modest ISM densities (n~10cm™2), our upper limit for the bolometric luminosity of
an accreting white dwarf with a strongly inflated photosphere (T~ 2 x 10°K, assuming a
blackbody spectrum) excludes (with ~20 confidence, cf. fig. [£.3) almost the entire range in
luminosities consistent with stable nuclear-burning on the surface of a Chandrasekhar mass
WD. Unlike X-ray constraints, this holds not only at the time of observation (<12 years
prior to the explosion of SN2014J), but for the past trecombination ~ 10* years (assuming
somewhat high ISM densities consistent with an unresolved source). Our results allow
for a higher temperature (T2 5x10°K) Chandrasekhar mass white dwarf accreting in the
stable nuclear-burning regime of Nomoto et. all dZDD_’Zl), but this is partly ruled out by X-ray
constraints (Nielsen 11, 12014).

Note however that if the inflated photosphere was supported by optically-thick winds,
one would expect the ISM surrounding the site of SN2014J to be swept up in a wind-blown
bubble. This would not significantly effect the luminosity predicted to be reprocessed
as Ha+|[N II] emission for any given source, although this would obviously change the
morphology and therefore the appropriate aperture. For SN2014J, we exclude many of
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the models for the shell structure explored in Badenes et all (IZQD_ﬂ), assuming a source
temperature of 2 x 10°K typical of WDs in the accretion-wind regime (Hachisu, Kato &
Nomoto, M) In particular, we exclude an unresolved shell (Tipner S 12PC, Dpoundary 2
S5cm~3) at > 4o.

Follow-up observations of the surrounding medium, excluding the shock emission from
the expanding supernova shell, will be able to greatly improve upon the constraints presen-
ted here. In particular, the forbidden transition at [O ITI] 5007A is relatively weak in diffuse,
warm-ionized ISM, but should be very strong (i.e. relative to Hf3) in nebulae ionized by
high-temperature sources. Also useful would be deep observations in search of [O I] 6300A
and [N ] 5200A, two lines whose peak emission should lie at the Stromgren radius (recall
discussion in chapter 5). This would provide strong constraints in precisely the temperat-
ure range which remains allowed by both Ha+[N II] and X-ray constraints (3 x 10°K <
T < 5 x 10°K). To this end, shortly after the publication of this thesis we will analyse [O
I11] 5007A and He narrow-band observations made by the Russian-Turkish 1.5m telescope
after the explosion of SN2014J. The [O II1] 5007A observations in particular will allow us
to resolve any ambiguity in interpreting the extended emission in the vicinity (/5" radius)
of SN2014J.
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Chapter 7

Conclusions

In this dissertation, we have introduced an entirely new means to search for and, as has
been the case so far, strongly constrain the nature of the progenitors of SNe [a. In the
classical form of the long-favoured single-degenerate scenario, a white dwarf composed of
carbon and oxygen (with a maximum initial mass of ~1.07M,) reaches the Chandrasekhar
mass after accreting sufficient mass from some companion, having grown through nuclear-
burning of this material at its surface prior to explosion. This implies that any single-
degenerate progenitor population should be extraordinarily luminous. Such sources should
also be remarkably hot, with typical massive white dwarf radii implying photospheric
temperatures of ~ 10°K. For this reason, past efforts to detect any signature of such a large
implied population of accreting, nuclear-burning white dwarfs have focused on searching
for these objects in the soft X-ray (0.3-0.7keV) band (either on an individual basis, or
their cumulative luminosity in the integrated emission of galaxies).

However, while straightforward, this approach does not account for any one of the
several ways (outlined in chapter 1) in which the typical photospheric temperatures of
accreting white dwarfs may differ from that predicted assuming typical radii for massive
(M> 1M) white dwarfs. In particular, if growth through steady nuclear-burning occurs
primarily for less massive white dwarfs (as expected in recent, popular sub-Chandrasekhar
mass explosion models), or if a fast wind inflates the photosphere by up to an order of mag-
nitude (both frequently suggested solutions), then the typical photospheric temperatures
of single-degenerate progenitors would lie < 5 x 10°K, with most or all of their emission at
somewhat lower energies (peaking in the extreme UV). A more unlikely, but still plausible
possibility, is that some process in the prior evolution of single-degenerate progenitor sys-
tems may leave sufficient ejected stellar material in the immediate circumstellar medium
so as to enshroud the binary, absorbing much of the high-energy emission of any accreting
white dwarf photosphere. These considerations necessitated the development of an altern-
ative means to constrain the total luminosity of a possible high-temperature progenitor
channel for SNe Ia.

In this thesis, we demonstrated such a method, in which we identify any putative
single-degenerate accreting white dwarf binary population as a powerful contribution to
the total ionizing radiation of many galaxies. In chapter 2, we showed that in the single-
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degenerate scenario, accreting, nuclear-burning white dwarfs should easily dominate the
ionizing background in early-type galaxies without an accreting, compact central source or
significant ongoing star formation (so-called “passively-evolving” stellar populations). This
should be particularly true for relatively young galaxies with low mean stellar ages, where
star formation only recently stopped (within the last 1-5 Gyrs). Accreting, nuclear-burning
white dwarfs have a much harder spectrum than any other, more conventional source of
ionizing radiation in old stellar populations (such as post-AGB stars), and should reveal
themselves in the extended nebulae of these galaxies from the detection of emission lines
characteristic of ionization by the highest-temperature sources.

In this work, we have identified diagnostic emission-line ratios to test for this, including
He IT 4686A /HJ3 (chapter 2), [O 1] 6300A /Ha, and [N 1] 5200A /Hp (chapter 3). Our He IT
diagnostic is shown to be most effective for temperatures 1.5 < Tog/10°K < 6, where He
IT is ionized most efficiently. Meanwhile, our [O I] and [N I] diagnostics are most effective
for higher temperatures, where these forbidden lines of neutral Oxygen and Nitrogen (with
valence electron ionization energies close to that of Hydrogen) trace the volume of the
Stromgren boundary, which grows considerably for ionization by the highest temperature
sources (Teg > 5 x 10°K). This is simply because high-energy photons penetrate deeper
into the neutral gas, broadening the interface between ionized and neutral media in any
nebula.

We then summarize in chapter 4 several collaborative works which successfully make use
of our diagnostics. In particular, using a measurement of the He II 4686A J/Hp ratio from
the stacked spectra of thousands of passively-evolving early-type galaxies, we constrain the
role of any “hot mode” single-degenerate channel with 1.5 < Teg/10°K < 6 to less than 3—
10% of the observed SN Ta rate for delay-times 1 < t,,/Gyr < 4. Using our [O 1] 6300A /Ha
diagnostic from chapter 3, we extend this constraint to accreting white dwarf populations
with photospheric temperatures up to ~ 10°K. Conversely, if SNe Ia do originate primarily
through the single-degenerate channel, our constraints limit the role of any “hot mode”
phase to accreting < 0.005M, prior to explosion. Taking this as a generic constraint on
the luminosity of any accreting white dwarf population (not necessarily single-degenerate
progenitors), we then demonstrate that the standard assumptions employed in modern
population synthesis studies of accreting white dwarfs produce model populations which
grossly violate our constraints at relatively early delay-times (= 1 to a few Gyrs).

Finally, in chapters 5 & 6 we consider nebulae ionized by individual accreting, stead-
ily nuclear-burning white dwarfs (rather than the extended, galaxy-spanning emission line
regions of previous chapters). In chapter 5, we revisit the standard model for such emission-
line regions, and revise previous overestimates of the typical ISM densities in which accret-
ing white dwarfs are likely to be immersed. We then demonstrate that, due to the rather
low ISM densities expected, it is unsurprising that only one confidently detected SSS neb-
ula has been reported in the literature to date. This includes a rigorous treatment of the
distribution of distances from an arbitrary point in a galaxy to the nearest surface of any
dense cloud of cold neutral ISM. We then outline prospects for a search which can detect
many more such objects, and justify such an investigation further by demonstrating the
possible importance of accreting, nuclear-burning white dwarfs in providing an additional
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contribution to the heating of warm interstellar matter. We then close with a constraint
on the ionizing luminosity of the progenitor of the recent, very nearby SN Ia (in the galaxy
M 82), SN 2014J, using a pre-supernova narrow-band Ha+[N II] image. For our present
discussion, we confine our attention in this case to compact, unresolved nebulae (i.e. for
relatively high ISM densities), in which case we rule out a maximally-accreting nuclear
burning white dwarf as the progenitor at ~4¢ confidence. Our restriction to unresolved
nebulae is purely due to the limitations of the available pre-supernova image. Thankfully,
the existence of any extended nebula ionized by the progenitor of SN2014J can be assessed
a posteriori using deep narrow-band images centered on strong cooling lines, such as [O
I11] 5007A. Such a follow-up campaign has already begun at the Russian Turkish 1.5m
telescope, and will be completed after the publication of this thesis.

Given the strong constraints placed by the work presented here (as well as past efforts
cited within), we may conclude that no “classical,” hot-mode single-degenerate channel
plays a significant role in producing SNe la at delay-times greater than ~ 1 Gyr. We have
proposed means for extending this to earlier delay-times, as well as placing constraints on
individual objects, with a demonstration of the latter for the recent, very nearby SN 2014.J.
This would appear to leave the double-degenerate scenario (or perhaps some very unusual
single-degenerate model) as the only remaining possibilities, however this is far from a
proof. Although there has been significant recent observational and theoretical progress
in demonstrating the viability of the double-degenerate model, a rigorous proof of its role
as the primary channel for the production of SNe Ia must await a well-observed SN Ia in
our galaxy, or perhaps gravitational-wave observations using proposed space-based laser
interferometers such as eLISA.
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Appendix A

Do We Expect H/He II Absorption
Edges in the Emergent Spectra of
Rapidly Accreting WDs?

An accurate treatment of the radiative transfer physics is necessary in order to build a tem-
plate of the spectral output of rapidly-accreting WDs, should they undergo an accretion-
wind phase i , ). However, for the purpose of this paper, we
are principally concerned with whether or not there is a strong He II ionization edge in the
emergent spectrum. As a simple check, we can estimate the number of photons needed to
wholly ionize H and He above the photospheric radius of the wind and compare this with
the expected ionizing photon luminosity produced by the nuclear-burning WD.
The total rate of hydrogen recombinations above the wind photosphere is:

Qr = /nenHaA(T, H%)dV = (A1)

. 2
Te M /oo aA(T,HO) AV
47 \ Empv Rybor r?

assuming spherical symmetry. Here { = Myq/My ~ 1.44 for solar abundance, x, =
ne/ny ~ 1.2 for a fully ionized gas of solar composition, my is the mass of hydrogen,
aa(T, H%) is the Case A recombination rate for hydrogen, Ry is the radius of the wind’s
photosphere (~ 0.1 — 1 Ry in the accretion wind phase), M is the wind mass loss rate,
and v is the wind speed (v ~ 1000km/s). Such an approach is similar to that taken by
Cumiming et al. dL9_9_d), with the wind originating at the WD surface rather than a red
giant companion. As the wind density is always < a few 10*cm™3, the coronal /nebular
approximation is justified.

As a photoionized gas, the wind temperature at infinity can be expected to approach ~
10*K so long as there is a flux of ionizing photons. For an extremely conservative estimate
of the photon flux needed to ionize the wind, we may assume simply that Ty,s = 10*K for
Rohot S 1 < 00. In a more careful treatment, the gas temperature falls quickly from that
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Figure A.1: Tonizing photon luminosity (solid line, blue in the color version of the plot)
and an upper limit on the recombination rate (red dashed line) for hydrogen (7op) and He
IT (Bottom) in a wind-supported extended photosphere of a WD.

at the photosphere before leveling off at Ty.s &~ 10*K. This only lowers the recombination
rate ap, thereby raising the ionization fraction, where the density is highest.

Taking the model of [Hachisu, K Nom (Imgd), any quantity of interest in the
wind can then be determined from the WD’s mass and the mass loss rate of the envelope (M
= Mwind + Mnuc). From their Fig. 3, we take their result for the photospheric temperature
as a function of M for a 1 Mo WD, and set Ly, = eHxMR(;. From the latter two quantities
we can compute the ionizing photon flux at the photospheric radius. In fig. [Adl we plot
the H-ionizing photon luminosity and the total recombination rate in the envelope versus
M. We find that the accreting WD’s photosphere easily maintains H-ionization in the

wind for log(M) < —5.3 [Mg/yr].

Given full ionization of hydrogen, a similar equation applies for He T[] Tn the lower
panel of fig. [A1] we compare the expected recombination rate of He II in the accretion-
wind atmosphere with the expected He Il-ionizing photon luminosity from the wind’s
photosphere. Similar to hydrogen, we find that for log(M ) < —5.5, the ionizing photon
rate exceeds that necessary to maintain full He II ionization. Therefore, no significant
break should be present at 54.4 eV in the emergent spectra of such WDs.

Such a mass transfer rate is well within the range relevant to the case of SN Ia pro-
genitors in ellipticals. Indeed, as the mass transfer rate approaches 107> M, /yr, accretion
becomes increasingly inefficient, and required donor masses exceed that available in old
populations (Gilfanov & Bogdén, M) For example, M,,./M < 0.1 for M > 1075

Mg /yr (IH&thSl.L,_IiaLLL&_Mlm@d, |l9_9$i), therefore a donor star more massive that ~ 3 —5

! Note that we ignore He I in this check. However, this should not significantly effect the ionization
balance, as the He number density is roughly 1/10 that of H, and in the high-density limit more than ~
1/2 of all He I recombinations produce H-ionizing photons (see|Qsterbrock € Ferland, 12006).
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Mg is needed in order to provide AM,,. ~ 0.3 — 0.5 M. Such donors are unavailable in
the stellar population older that 1(3) Gyrs, where the main sequence turn-off mass is ~ 2.5
(~ 1.6) M.

In practice, the wind is not expected to be spherically symmetric, increasing the like-
lihood that much of the radiation escapes. Note also that, were the ionizing radiation
absorbed near the source, one should expect strong emission lines similar to WR stars

@ﬁm&m&rmnﬁ, |2Q13).
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Appendix B

He 1II recombination lines in low
ionization nebulae

Under the circumstances typically encountered in photoionized nebulae, the flux in any
recombination line of X' can be computed easily from the incident flux of X'-ionizing
photons, and the ratio of the relevant transition’s recombination rate to the total rate of

recombinations (Osterbrock & Ferland, 2006). For the He IT 4686A line, this gives us:

aeff T s 00 L
L4686 max = hV4686M<g> / —dv (B.1)
Vs4.4eV

CYB(TgaS) hv

However, this assumes that hydrogen is completely ionized, and therefore no He 11—
ionizing photons are lost in maintaining the ionization of Hydrogen. As pointed out by
Stasiriska & Tylenda (1986) (see also Raiter, Schaerer & Fosbury, 2010; Magei, [2011), this
is no longer valid for high T,,u.ce and low U, in which case He II-ionizing photons are lost
in ionizing H I.

In ionization equilibrium, we require that the number of recombinations at any point be
equal to the photoionization rate. Ignoring for the moment elements other than hydrogen,
we can express the different densities in terms of the particle density using the ionization
fraction z(r) = ne(r)/n(r) at a depth r within a nebula. We can then find a quadratic

expression for x(r):
IQ(T) o ay Qph v
= = ’ d B.2
1 —xz(r) /VO a(T) (47rr2nH v (B.2)

where a, is the ionization cross-section, and ny is the density of hydrogen. The final
bracketed term may be recognized as proportional to the ionization parameter U (when
the integration over v is carried out). For an incident 54.4 eV photon, the H cross-section is
~ 1/10 that of He™, however ng ~ 10ng.. Therefore, for relatively low-ionization nebulae,
high-energy photons capable of ionizing He II are lost in maintaining the ionization of H I
(and He I), greatly diminishing the expected flux of any He II recombination line.
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Figure B.1: The discrepancy between the predicted He II 4686A flux computed analytically
assuming Case B recombination for Ty = 10*K (Osterbrock & Ferland, 2006), and the
result of an accurate consideration of the ionization structure of the gas using MAPPINGS
[T (with gas temperature computed self-consistently, assuming n = 100 cm~3). Curves are
labeled by temperature of the ionizing source.

From the above, we expect the efficiency in producing He II 4686A emission to fall
off dramatically at low U. It is clear from eq. that at low ionization fraction x(r) ~
VU. As He Il-ionizing photons are lost to ionizing Hydrogen, the luminosity of any He II
line should fall accordingly (therefore at sufficiently low U, Lygsg ~ U%°). Inspecting the
results for varying U in Fig. [B.Il we see that this holds for log(U) < -4, above which it
levels off and saturates. For high source temperatures, we see that the line luminosity falls
short of that predicted by eq. Bl even for log(U) ~ 0. This deficiency grows roughly
linearly with increasing Qs sev/Q<1agev. This is precisely the effect found by Stasiriska
& Tylenda (Il%ﬂ), in its original context. As the ratio Q>54.4ev / Q>13,6€v grows with source
temperature, an increasing fraction of photons are lost in maintaining H-ionization. Note
that at the same time, the equilibrium temperature for the gas rises, slightly decreasing
oSl i3 (Taas) /ap (Hell, Tyas), while increasing ap(Hell, Tyas)/an(HI, Tyas) (~ 6 at 107K).

The competition between H- and He-ionization makes it rather difficult to constrain the
emission from very high temperature sources, or where the ionization parameter is quite
low. At such temperatures there should be a significant enhancement in lines characteristic
of ionization by very hard spectra, such as [O I] 6300A and [N I] 5200A (see e.g. Rappaport
et al., M), both of which trace the width of the Stromgren boundary. The ability to
make a robust statement based on such diagnostics would however be far more susceptible
to the uncertainties in our knowledge of the warm gas in ellipticals, such as the metallicity
and ionization state. As discussed above, measurements of the soft X-ray emission have
already placed strong limits in this temperature range, therefore we focus our attention on
sources with T < 6 - 10°K; this includes the USSs and most SSSs.
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Lu & Torquato treatment of the
distribution of nearest surfaces

In order to find the probability distribution of distances to the nearest surface for an
arbitrary system, Lu & Torquato developed an approximation using n-point correlation
functions and obtaining exact expansions for mono-sized spheres of arbitrary dimension

(mzmaiwi_al], |l9_9ﬂ) This was then extended to the case of “polydisperse” sphere radii

(Lu & Torquatd, [1992). For hard (impenetrable) spheres (i.c. with an interaction potential
which is infinite within any given sphere and zero elsewhere), [Lu & Torquatd (ILBQ) give

the cumulative distribution function for distances to the nearest “particle” (cloud) surface
pp(D) = —dey(D)/dD, where ey (D) is given by:

1-— 4?’Tn((D +1)%0(D + 1)) D <0
ev(D) = (1)
(1 — fan) exp[—mn(aD +bD* +¢D*)] D >0
where:
lrnax
(D + 10(D + 1)) = / (D +1*0(D + Dpudl (C.2)
lmin
and the coefficients a,b, and ¢ defined as:
4(12)
a = C3
T fan (©3)
A1) 126
b= + l C4
T (1—62)2< ) (C.4)
4 882

c =

 3(1— fan) * (1-— fﬁu)2<l> (C.5)

with
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&;:gnf_%ﬁ) (C.6)

where (I*) is the expectation value of [*:

my—/mﬁ%ﬂmz (C.7)

lmin

with p; given by egs. &
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