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Summary

Because of their well known observational properties Type Ia, or thermonuclear,
supernovae are used as standard candles, and have allowed the discovery of the
accelerating expansion of the Universe. Yet, despite their importance, we still do
not know exactly which stellar systems produce them. However, we do know the
physical mechanism that powers the explosion. Type la supernovae originate from
the explosion of carbon-oxygen white dwarfs. It has long been suggested that a white
dwarf in a binary system — with either another white dwarf, through the so-called
double-degenerate channel, or a main-sequence or red giant companion through the
single-degenerate channel — could give rise to a Type Ia supernova event. Yet,
despite the recent breakthrough detections of relatively nearby SNe Ia, including
2011fe and 2014J, no normal stellar progenitor has ever been directly identified.
Overall, the challenging, unsolved stellar progenitor problem for SNe Ia stands in
marked contrast to the case of core-collapse supernovae, whose stellar progenitors are
highly-luminous, massive stars. Observational evidence favors the double-degenerate
channel, but significant discrepancies exist between observations and theory. There
are approximately a few hundred million double white dwarf systems in the Milky
Way alone and their study would help to establish whether one can produce sufficient
type la supernovae via this route. Nevertheless, even if a white dwarf merger does
not succeed in exploding, other interesting phenomena might result. R Coronae
Borealis, magnetars and high-field magnetic white dwarfs, could be the product of
white dwarf mergers.

In this work we simulate and study several scenarios which involve interacting
white dwarfs. One of the classical scenarios is the double-degenerate one, in which the
merger of both white dwarfs in the binary system occurs after gravitational radiation
has brought the stars close enough to overflow the Roche lobe. In this case a circular
orbit with synchronized stars is the expected initial configuration of the interaction.
However, other mechanisms that make two white dwarfs interact exist that have not
been carefully studied. We first consider the so-called core-degenerate scenario, in
which both white dwarfs merge just at the end of the common envelope phase. In this
case the merger is driven by the interaction with the circumbinary disk resulting from
previous evolution. Within this scenario the transfer of angular momentum from the
binary to the disk decreases the separation of the pair whilst the eccentricity of
the system increases. This results in an eccentric binary system in which the core
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of the AGB star is hot. Secondly, we study close encounters of two white dwarfs
in dense stellar environments, like the cores of old globular clusters or the central
regions of galaxies. In some cases these close encounters lead to collisions. We
analyze how the different initial conditions change the type of interaction obtained,
the outcome of such interactions and the characteristics of the remnants. We also
study the observational imprints of these interactions. These include the emission of
gravitational waves, the X-ray luminosities, the thermal neutrino emission and the
bolometric light curves. Finally, we analyze two possible outcomes of the merger
of white dwarfs. Namely, we study if a merger of two white dwarfs can produce
high-field magnetic white dwarfs or anomalous X-ray pulsars.
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Chapter 1

Introduction

A large fraction of stars belong to binary systems or, more generally, to multiple
systems. A substantial number of these binary systems are so close that at a given
time of their lifes a mass transfer episode will occur. This process influences the
structure of both stars and their subsequent evolution. While the exact numbers are
still somewhat uncertain, large surveys suggest that the percentage of interacting
binaries ranges between 30% and 50%. Besides, in triple star systems the inner binary
orbit can be perturbed in such an extent that detached binaries may eventually
become interacting. Moreover, in dense stellar systems single stars pass very close
each other. This occurs, for instance, in old globular clusters and galactic nuclei.
In globular clusters, where the density of stars is roughly a million times that of
the Solar neighborhood, stellar collisions are rather frequent (Hills & Day, 1976).
Actually, it has been predicted that up to 10% of the stars in the core of typical
globular clusters have undergone a collision at some point during the lifetime of the
cluster (Davies, 2002). Also galactic nuclei, which harbor massive black holes, like
that of our own Galaxy, have stellar densities at least as large as those found in the
center of the densest globular clusters. In these environments the frequency of stellar
collisions is largely enhanced, since, due to the strong attraction of their central black
holes, stars have much larger velocities.

The study of the interactions between two white dwarfs has received consid-
erable interest in the last 30 years, since it has been shown that, under certain
circumstances, the result of such interactions could be a Type Ia supernova outburst
(Webbink, 1984; Iben & Tutukov, 1984). Supernovae are stellar explosions that radi-
ate as much energy as any ordinary star is expected to emit over its entire life span,
outshining briefly the whole hosting galaxy. They enrich the interstellar medium
with higher mass elements and the resulting expanding shock triggers the formation
of new stars. Additionally, Type Ia supernovae have been successfully used as stan-
dardizable distance candles, providing solid evidence for an accelerating Universe.
Observational findings are consistent with the assumption that supernovae la are
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the result of thermonuclear disruptions of carbon-oxygen white dwarfs (Hillebrandt
et al., 2013). However, the many uncertainties remain still unsolved. The most im-
portant ones are the exact explosion mechanism, and the formation channels leading
up to the explosion. The fact that peculiar sub-classes of Type la supernovae have
been discovered in recent years, suggests that different progenitors and/or explo-
sion mechanisms are able to trigger them. Generally speaking there are two main
progenitor scenarios. Either the carbon-oxygen white dwarf accretes material from
a non-degenerate companion, known as the single degenerate scenario, or from an
other white dwarf, the double degenerate scenario. The white dwarf might accrete
mass until reaching the Chandrasekhar mass limit, or a sub-Chandrasekhar system
might result in a supernovae by the double detonation mechanism, which involves
accretion of helium-rich material (Livne, 1990; Fink et al., 2007). When confronted
by observation, the relatively well-explored single degenerate scenario faces several
challenges, as the absence of a stellar ex-companion, whilst some constraints, as the
delay-time distribution, favor the double degenerate scenario. Furthermore, sub-
Chandrasekhar double degenerate scenarios are needed to fit the supernovae Type
Ia rate from white dwarf mergers in the Milky Way-like Sbc galaxies (Badenes &
Maoz, 2012).

Up to the moment, the effort of producing Type Ia supernovae in white dwarf in-
teractions has been only partially successful, and only under certain circumstances a
powerful detonation ensues. This depends on the properties of the dynamical merg-
ing phase in prompt explosions or on the subsequent evolution of the final remnant,
in the rest of the cases. Even if dynamical interactions fail in producing a super-
nova outburst, they can still be responsible of some other interesting phenomena.
For instance, since the temperatures achieved in some interactions is substantially
high, and some material could be ejected from the binary system, the nuclearly
processed material ejected during the interaction could pollute the surrounding en-
vironment. Besides, double white dwarfs with non-zero eccentricities, are powerful
sources of gravitational waves (Willems et al., 2007), and could be eventually de-
tected by spaceborne observatories (Lorén-Aguilar et al., 2005). The detection of
gravitational waves from coalescing binaries at cosmological distances is important
not only because it would provide a major new corroboration of Einstein’s theory
of General Relativity, but also because accurate independent measurements of the
Hubble constant and mean density of the Universe could be obtained. Finally, the
remnant of the interaction could lead to the formation of magnetars (King et al.,
2001), hydrogen-defficient carbon-rich stars and R Coronae Borealis stars (Izzard
et al., 2007; Clayton et al., 2007; Longland et al., 2011), could also be at the origin
of high-field magnetic white dwarfs (Wickramasinghe & Ferrario, 2000; Garcia-Berro
et al., 2012), and could explain some of the characteristics of soft ~y-ray repeaters
(SGRs) and of anomalous X-ray pulsars (AXPs) (Malheiro et al., 2012). Also, some
hot and massive white dwarfs members of the Galactic halo could be the result of the
coalescence of a double white dwarf binary system (Schmidt et al., 1992; Segretain
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et al., 1997).

All in all, it seems clear that for multiple reasons the interactions of two white
dwarfs is a subject that deserves to be studied in detail. In this work we study
two scenarios that differ from the classical double-degenerate one. We first consider
the core-degenerate scenario, where both white dwarfs merge just at the end of the
common envelope phase, due to the interaction with the circumbinary disk formed
during the previous evolution of the system. In a second step we perform a deep
study of the close encounters of two white dwarfs in dense stellar environments,
like the cores of old globular clusters or the central regions of galaxies. In some
cases these close encounters lead to collisions. We analyze how the different initial
conditions change the type of interaction obtained, the outcome of such interactions
and the characteristics of the remnants. We also study the observational imprints
of these interactions. These include the emission of gravitational waves, the X-ray
luminosities, the thermal neutrino emission and the bolometric light curves. Finally,
we analyze two possible outcomes of the merger of white dwarfs. Namely, we study
if a merger of two white dwarfs can produce high-field magnetic white dwarfs or
anomalous X-ray pulsars. The calculations presented in this work have been done
using Smoothed Particle Hydrodynamics. Our code has been used previously to
simulate similar scenarios, has proven to be well suited for our purposes. The main
characteristics of this code can be found in Appendix A.

1.1 The core-degenerate scenario

In a low-mass or intermediate-mass binary system, typically the more massive (pri-
mary) component fills its Roche lobe while traversing the Hertzsprung gap in the
Hertzsprung-Russell diagram and mass transfer is stable to the companion. The
primary star then evolves into a carbon-oxygen white dwarf. Later, the initially
secondary star fills its Roche lobe when it is an evolved star. This time the combi-
nation of a deep convective envelope and an extreme mass ratio causes an unstable
mass transfer to the white dwarf and a common envelope ensues. When the common
envelope is dispersed, a final binary system made of two white dwarfs is obtained.
Normally, in this case the second white dwarf formed is the more massive one (Web-
bink, 1984). Gravitational wave radiation finally brings both white dwarfs closer and
a merger starts. All this sequence of events is known as the the double-degenerate
scenario. However, it might be also possible that at the final stages of the common
envelope phase, ~ 1 — 10% of the ejected envelope remains bound to the post-AGB
core and the companion white dwarf, forming a circumbinary disk (Sandquist et al.,
1998; De Marco et al., 2011; Kashi & Soker, 2011). The interaction of the circumbi-
nary disk with the binary system will reduce the orbital separation, favoring a merger
at the end of the common envelope phase, or a short time after, during the plane-
tary nebula phase, while the core is still hot. This is known as the core-degenerate
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scenario (Livio & Riess, 2003; Kashi & Soker, 2011; Ilkov & Soker, 2012, 2013).

Note, however, that there are two significant differences between the double- and
the core-degenerate scenarios. In a double-degenerate merger both white dwarfs
are brought together by gravitational wave radiation, a process which lasts for long
timescales. Consequently, it is expected that both components of the binary system
are cool, and have nearly circular orbits. Moreover, it is also foreseen that both
white dwarfs will be synchronized. In contrast, in the core-degenerate scenario the
merger of both stars is triggered by the interaction with the circumbinary disk.
Consequently, it turns out that in a sizable number of cases as the binary system
transfers angular momentum to the circumbinary disk, the separation of the pair
decreases and the eccentricity of the system increases (Artymowicz et al., 1991)
while the core is still hot (Kashi & Soker, 2011). However, it might be also possible
that, if the circumbinary disk is not massive enough, the merger takes place after the
circumbinary disk has been already ejected. In this case the driver of the merger is
again the emission of gravitational waves, so the orbits will have a small eccentricity
and the temperature of the core of the post-AGB star will be low. In summary, in
the core-degenerate scenario a considerably large range of eccentricities of the binary
system and of temperatures of the naked core of the AGB star are expected, at odds
with what it is foreseen for the double-degenerate channel.

None of the scenarios described so far specifies at which evolutionary stage the
explosion takes place. In violent mergers, while the merger is still ongoing, a prompt
thermonuclear explosion might occur (Pakmor et al., 2010; Dan et al., 2014; Moll
et al., 2014). However, for double-degenerate mergers powerful explosions only occur
when both white dwarfs are relatively massive (M = 0.8 M), and the mass ratio is
close to one. In the rest of the cases, very long delays from merger to explosion are
expected, if it finally occurs. For instance, it has been proposed that rapid rotation
keeps the remnant structure overstable (Tornambé & Piersanti, 2013). Also, it has
been shown that in some cases accretion induced collapse cannot be avoided (Saio
& Nomoto, 1985). Finally, it is worth mentioning that in general the remnant of the
white dwarf merger can have a mass larger that the Chandrasekhar limiting mass
(Webbink, 1984; Iben & Tutukov, 1984), leading to a normal Type Ia supernovae,
whereas in other cases sub-Chandrasekhar mergers can also lead to a delayed Type
Ia supernovae (van Kerkwijk et al., 2010).

All this results hold for the double-degenerate scenario. To this regard, it is
important to realize that while several simulations of the double degenerate progen-
itor channel have been already performed over the last two decades, no full three-
dimensional simulation of the core degenerate scenario has been done so far. One of
the aims of the present work is to study the merger events within the core-degenerate
scenario. More specifically, it would be desirable to study how the initial conditions
affect the evolution of the merger process and the final characteristics of the merger
remnant. All this is examined in the second chapter of this work.
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1.2 White dwarf collisions

In contrast to the classical double-degenerate scenario and the core-degenerate sce-
nario, a collision of two white dwarfs may be at the origin of some Type Ia super-
novae. This type of interactions can be the result of either a serendipitous approach
due to the high stellar density of the considered stellar system or the result of the
interaction of a binary system containing two white dwarfs and a third star in a
triple or multiple system. For example, the so-called Kozai-Lidov mechanism in
triple systems can increase the eccentricities of the orbits. This caused by the per-
turbation from highly inclined tertiaries (perturbers) in hierarchical triple systems
(Kozai, 1962). The details of how the intervening stars are brought close enough to
experience such dynamical encounters do not play an important role in the result
of the interaction, so the outcome of the interaction is independent of these details,
and the gross features of the hydrodynamical evolution are totally general.

In most cases stellar interactions change the characteristics of the colliding stars.
This is true not only for the masses of the interacting stars, but also the dynamical
interaction affects the evolutionary state of the intervening stars, hence its type
(Colgate, 1967). In addition, large amounts of energy can be released directly or
indirectly during and after the collision. Thus, stellar collisions are important for
understanding the evolution of both the total luminosity and the luminosity function
of dense stellar clusters (Shara & Shaviv, 1977). Shara & Shaviv (1977) were the
first to simulate a collision involving a white dwarf. Specifically, they studied the
interaction of a white dwarf and a main-sequence star. They simulated head-on
collisions in two dimensions using a grid-based method and modelling the white
dwarf as a point mass. Later, Soker et al. (1987) improved and extended these
preliminary calculations performing full three-dimensional off-axis collisions using a
pseudo-particle method. They showed that a wide range of encounters resulted in
the formation of a massive disk around the white dwarf. This was the same result
obtained by Benz et al. (1989), who studied the case of collisions between two white
dwarfs. Benz et al. (1989) used a Smoothed Particle Hydrodynamics code with a
resolution of only 5,000 particles. The increased numerical resolution available by
Rosswog et al. (2009) and the advanced techniques used in their work showed that the
head-on collisions of Benz et al. (1989) were explosive. They obtained no bounded
remnant and lightcurves and spectra that resemble Type Ia supernovae. Since then,
the study of white dwarf collisions has received a renewed interest.

In the present work we perform simulations of a post-capture scenario of a white
dwarf system. Therefore, our orbits are always elliptical, in contrast to the most
simulated cases, for which parabolic or hyperbolic trajectories (Raskin et al., 2009,
2010) were adopted. Besides, most authors have studied the collision of two white
dwarfs with fixed masses. This, for instance, was also the approach adopted by Lorén-
Aguilar et al. (2010), where the masses of the intervening white dwarfs (0.6 M and
0.8 M) were kept fixed, while their initial relative velocity and distance were varied.
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They found that the outcome of the interaction could be either a direct collision, a
lateral one, or could be the formation of an eccentric binary system. Nevertheless,
these outcomes depend on the masses (and on the core chemical composition) of
the interacting white dwarfs. Here, we pay more attention to study the effects of
the masses of the interacting stars, covering a broad range of masses and initial
conditions. The results of our study are explained in chapter 3.

Chapter 4 of the present thesis is devoted to study the observational signatures
of the dynamical interactions presented in chapter 3. This is a sorely needed study
that, besides of its intrinsic importance, it has never been undertaken before. This
is in contrast with the case in which two neutron stars merge or collide — see, for
instance, (Rosswog et al., 2013), and references therein — for which a considerable
deal of work has been done on describing the observational outcomes. It is worth
pointing out that, quite naturally, large efforts have been invested in modelling the
dynamical evolution of white dwarf mergers, while little attention has been paid
to scrutinize its observational manifestations. In this thesis we aim at filling this
gap by computing the gravitational waveforms, the corresponding light curves for
those events in which some %°Ni is synthesized, the associated emission of neutrinos,
and the X-ray luminosity of the fallback material. All of them individually, or used
in combination, would hopefully allow us to obtain useful information about these
events.

The emission of gravitational waves in these iteractions should be quite apparent,
given that the two interacting white dwarfs are subject to large accelerations, and
that in most of the situations there is no symmetry. Although gravitational waves
have not been yet detected, with the advent of the current generation of terrestrial
gravitational wave detectors and of space-borne interferometers, it is expected that
the first direct detections will be possible in a future. In particular, much hope has
been placed on the space-based interferometer eLISA, a rescoped version of LISA,
which will survey for the first time the low-frequency gravitational wave band (from
~0.1 mHz to ~1 Hz). The timescales of the close encounters of two white dwarfs
correspond precisely to this frequency interval. Also, for those events in which an
explosive behavior is found it is clear that some information about the dynamical
interactions could be derived from the analysis of the light curves. On the other
hand, neutrino emission in these events should be noticeable, given the relatively high
temperatures achieved during the most violent phases of the interaction (~ 10° K),
and an assessment of their detectability is lacking. Finally, the X-ray luminosity
of the fallback material interacting with the disk resulting in the aftermath of the
interactions would also eventually help in identifying these events.
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1.3 Remnants of the interactions

In those interactions which result in the merger of both white dwarfs and a bounded
remnant is obtained, its subsequent evolution might end up in different observed
astrophysical objects.

1.3.1 High-field magnetic white dwarfs

GRW+70 8247 was the first magnetic white dwarf ever discovered. First, it was
determined to be a white dwarf by Kuiper (1934), turning out to be the fifth or
sixth white dwarf identified. Four years later Minkowski (1938) was the first to
point out its peculiar nature, when he noted the presence of broad shallow absorption
features in its blue spectrum which could not be identified with known atomic or
molecular transitions, the strongest occurring at 4,135 A. It was not until 1970 that
Kemp et al. (1970) discovered that the continuum radiation was strong circularly
polarized, at an unprecedent level in any known astronomical object at that time,
thereby establishing its magnetic nature. By the year 2000, there were some 65
isolated white dwarfs classified as magnetic and a roughly equal number found in
the close interacting binaries known as the magnetic cataclysmic variables. Hitherto,
the Sloan Digital Sky Survey in the northern hemisphere and the SN Ia Supernova
Progenitor Survey collaboration in the southern hemisphere have largely expanded
the number of white dwarfs to more than 20,000. Kleinman et al. (2013) have found
hundreds of stars with Zeeman splittings indicating magnetic fields above 3 x 106 G.
Specifically, they have classified 628 DAHs, 10 DBHs and 91 with mixed atmosphere
high-field magnetic white dwarfs. In the local population, within 20 pc of the Sun,
there are 122 white dwarfs (Holberg et al., 2008), 14 of them magnetic and 8 with
magnetic fields in excess of 107 G. White dwarfs with moderate magnetic fields have
been detected in close, detached binary systems in which the primary is a white
dwarf and the companion is a low-mass main-sequence star. In fact, ~ 10% of all
isolated white dwarfs have high magnetic fields and a larger fraction, ~ 25%, are
found in cataclysmic variables. Another observed important feature of high-field
magnetic white dwarfs is that they are usually massive. The average mass of white
dwarfs is ~ 0.6 M, whereas high-field magnetic white dwarfs have an average mass
of ~ 0.8 My (Kawka et al., 2007). Moreover, magnetic white dwarfs are not rapid
rotators. Their periods lay in the range of days to weeks, though in some cases
periods of hours are found.

The origin of high-field magnetic white dwarfs is not yet well known. Angel et al.
(1981) suggested that magnetic white dwarfs descend from Ap/Bp stars following
the fossil field hypothesis. However, detailed population synthesis studies show that
the observed number of Ap/Bp stars is insufficient to explain the number of magnetic
white dwarfs, and the contribution of an unseen population of weakly magnetized
A /B stars needs to be invoked (Wickramasinghe & Ferrario, 2000). Therefore, other
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possible evolutionary channel should also exist. The high mass, high rotation rate
and age discrepancy with the close DA white dwarf companion of REJ 0317—855
suggested that this white dwarf could be the result of a double degenerate merger
(Ferrario et al., 1997). But this is not the only magnetic white dwarf for which the
merger hypothesis has been proposed (Wickramasinghe & Ferrario, 2000). Actually
the merger hypothesis is favored because magnetism could influence the initial-final
mass relationship, and may also favor the formation of more massive double degen-
erates in close binary evolution, hence leading more easily to Type Ia supernovae.
Additionally, there are other possible evolutionary scenarios that could explain the
existence of high-field magnetic white dwarfs. Most of them claim that magnetism
is naturally related to binary evolution, and are mainly aimed at explaining the
higher incidende of magnetic white dwarfs in cataclysmic variables. For instance,
Tout et al. (2008) and Nordhaus et al. (2011) discussed the possibility that tur-
bulence during a common envelope episode could generate strong magnetic fields.
Nevertheless, Potter & Tout (2010) showed that the magnetic fields generated in
this way are not durable in the resulting white dwarf. In chapter 5 we propose that
in the corona of the merger product of two white dwarfs, magnetic fields of the re-
quired strength that do not decay for long timescales can be produced through an
aw dynamo. These conditions are produced because of the simultaneous exitence
of convection and differential rotation in those layers. This preliminary finding has
been later corroborated by Schwab et al. (2012), who presented multi-dimensional
hydrodynamic simulations of the evolution of white dwarf merger remnants using
an « prescription for the viscosity. Finally, we also argue that long rotation periods
found in most magnetic white dwarfs are the result of magnetic braking caused by
magneto-dipole radiation.

1.3.2 Anomalous X-ray pulsars

The first hard X-ray burst was detected in 1976 (Grindlay et al., 1976). Two years
later, when the first fully imaging X-ray telescope, the High Energy Astronomy Ob-
servatory Einstein of NASA, was launched, an enterirely new sky was discovered.
Most of the brightest stars to human eye resulted dim in X-rays, whilst an entire
new set of X-ray stars were shining with unexpected power. Bright X-ray stars come
in many types. Most of them are tight binaries containing a compact star and an
ordinary star. The high gravity of the compact star attracts gas from its compan-
ion, which interacts with the searing, turbulent disk surrounding the compact star.
Additionally, the surface of the compact star is heated by the material raining down
from the disk. These accretion processes release copious amounts of gravitational
energy as X-rays, often with luminosities larger than 10* L. or more. There are
also isolated neutron stars that emit strong X-rays. These X-rays are powered by
the rotational energy that is released by magnetized young and very fast-spinning
neutron stars that spin out a flow of plasma and radio waves. However, by 1994
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five strange high X-ray pulsars had been detected that seemed not to be powered by
neither rotation, since the rotational energy loss seemed insuficient, nor gravitational
accretion, because no companion star was detected. Two years earlier, Duncan &
Thompson (1992) had introduced the concept of magnetar, which consists of a neu-
tron star whose extremely strong magnetic field decay provides an electromagnetic
power, and this seemed a possible explanation for these enigmatic stars. Now these
stars are classified as Anomalous X-ray pulsars (AXPs).

AXPs have spin periods clustered in a narrow range, between 2 and 12 s, and
are all spinning down with spin-period derivatives in the 1071% to 1071° s s~! range.
These properties are shared with Soft Gamma-ray Repeaters (SGRs). SGRs are
sporadic, intense flares of soft (low-energy) 7-rays and hard X-rays. SGRs were the
first stars to be classified as possible magnetars. Given their similarity to SGRs,
AXPs are believed to be also magnetars. The reason for this is that the energy
balance of the pulsar spin down by magneto-dipole radiation can account for the
super-Eddington soft ~-ray bursts and because, if this is the case, to reproduce
the values of the period P and its derivative P large magnetic dipole strengths are
needed. Nowadays, about a dozen of pulsars have been classified as AXPs or SGRs,
but the relation between these sources and other classes of astrophysical objects
different than magnetars is still a matter of a heated debate.

In order to explain the observed X-ray luminosity of the super-Eddington bursts
of SGRs, the magnetar model needs a magnetic field larger than the critical field for
vacuum polarization B, = m2c®/(eh) = 4.4 x 10'® G (Duncan & Thompson, 1992;
Thompson & Duncan, 1995). However, the quantitative explanation of the persistent
soft X-ray luminosity by magnetic field decay, the optical and infra-red properties
during persistent states, the X-ray and the accompanying infra-red enhancements,
and the period clustering of AXP and SGRs all seem to meet difficulties within
the original frame of the magnetar model (Triimper et al., 2010). In the literature
there exist other models based on neutron stars of ordinary fields B ~ 10'2 G. These
models involve the accretion of fallback material from fossil disks (van Paradijs et al.,
1995; Marsden et al., 2001; Triimper et al., 2010), or the generation of drift waves
in the magnetosphere (Malov, 2010). Alternatively, it has been recently suggested
(Malheiro et al., 2012) that SGR 041845729 could be a massive white dwarf, instead
of a neutron star, as the pioneering works of Morini et al. (1988) and Paczynski
(1990) on the AXP of 1E 22594586 proposed. Moreover, it has been hypothesized
that this explanation can be extended to all SGRs and AXPs. Actually three of
the remaining AXPs — 1E 22594586, 1E 041845729, and Swift J1822.3—1606 —
are supposed to be low magnetic field magnetars and have been recently studied by
Boshkayev et al. (2013a) as prototypes of massive, fast-rotating, highly magnetized
white dwarfs. In Chapter 6 we study the case of 4U 0142+61. Initial optical images
of this pulsar were given to dismiss the possibility of a large surrounding disk and
to support the magnetar model (Kern & Martin, 2002), but the discovery of mid-
infrared emission from a cool disk around this isolated young X-ray pulsar (Wang
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et al., 2006) encouraged the search for an alternative progenitor model. In this work
we show that the properties of this AXP can be well explained by a model in which
the star is the remnant of a merger of two ordinary white dwarfs. Within this model,
the central compact object is a massive magnetized white dwarf surrounded by the
heavy accretion disk. This is done in chapter 6.



Chapter 2

Smoothed Particle
Hydrodynamics simulations of
the core degenerate scenario for
Type Ia supernovae

The core degenerate scenario for type la supernovae involves the merger of the hot
core of an asymptotic giant branch (AGB) star and a white dwarf, and might con-
tribute a non-negligible fraction of all thermonuclear supernovae. Despite its poten-
tial interest, very few studies, and based on only crude simplifications, have been
devoted to investigate this possible scenario, compared with the large efforts invested
to study some other scenarios. Here we perform the first three-dimensional simu-
lations of the merger phase, and find that this process can lead to the formation
of a massive white dwarf, as required by this scenario. We consider two situations,
according to the mass of the circumbinary disk formed around the system during
the final stages of the common envelope phase. If the disk is massive enough, the
stars merge on a highly eccentric orbit. Otherwise, the merger occurs after the cir-
cumbinary disk has been ejected and gravitational wave radiation has brought the
stars close to the Roche lobe radius on a nearly circular orbit.

2.1 Introduction

It has long been suggested that a white dwarf in a binary system — with either
another white dwarf — through the so-called double-degenerate scenario (Webbink,
1984; Iben & Tutukov, 1984) — or a main-sequence or red giant companion —
through the single degenerate scenario (Whelan & Iben, 1973; Nomoto, 1982; Han
& Podsiadlowski, 2004) — could give rise to a SN Ia event. More recent scenarios
— see the reviews of Wang & Han (2012) and Maoz et al. (2014) — include the
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double-detonation scenario, where helium-rich material is accreted by the carbon-
oxygen white dwarf (e.g., Shen & Bildsten 2009; Ruiter et al. 2011), the double white
dwarf collision scenario (Raskin et al., 2009; Rosswog et al., 2009; Thompson, 2011;
Kushnir et al., 2013), and the core degenerate scenario (Sparks & Stecher, 1974; Livio
& Riess, 2003; Kashi & Soker, 2011; Ilkov & Soker, 2012, 2013; Soker et al., 2013) to
be studied here. Within the core degenerate scenario the white dwarf merges with
the hot core of a massive asymptotic giant branch (AGB) star (Livio & Riess, 2003;
Kashi & Soker, 2011; Ilkov & Soker, 2012, 2013). In a recent paper Tsebrenko &
Soker (2015a) argue that approximately 20%, and likely many more, of all Type Ia
supernovae come from the core degenerate scenario. Moreover, a recent population
synthesis study suggests that the merger of the core of an AGB star and a white
dwarf can indeed be very common (Briggs et al., 2015). A table summarizing these
scenarios with their main advantages and drawbacks can be found in Tsebrenko &
Soker (2015a).

While several simulations of the double-degenerate progenitor channel have been
already performed over the last two decades (Benz et al., 1990; Segretain et al., 1997;
Guerrero et al., 2004; Yoon et al., 2007; Lorén-Aguilar et al., 2009; Pakmor et al.,
2010; Dan et al., 2011; Raskin et al., 2013), no full three-dimensional simulation of
the core degenerate scenario has been done so far. The present work aims at filling
this gap, and it is organized as follows. In section 2.2 we discuss the initial conditions
considered to simulate the core degenerate scenario. It follows section 2.3, where we
briefly explain the numerical techniques used. In section 4.3 we describe in depth the
results of our simulations. Finally, in section 2.5 we summarize our main findings,
and we draw our conclusions.

2.2 Initial conditions

2.2.1 The final phase of the common envelope

Kashi & Soker (2011) estimated that during the last stages of the common envelope
phase, between ~ 1% and 10% of the ejected envelope remains bound to the binary
system composed of the cold white dwarf and the hot core of the AGB star. They
furthermore suggested that, due to angular momentum conservation and further
interaction of the remaining common envelope with the binary system, the fallback
material forms a circumbinary disk around the binary. This newly formed disk would
later interact with the binary system, thus reducing the orbital separation of the pair
much more than what it was reduced during the dynamical phase where the common
envelope is ejected, while the eccentricity of the binary system would increase. Using
the results of Artymowicz et al. (1991), Kashi & Soker (2011) obtained the rate at
which the semimajor axis decreases and the rate at which the eccentricity of the orbit
increases. In addition, they also took into account the rate at which the circumbinary
disk losses mass during the interaction.
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Kashi & Soker (2011) found that the final values of the orbital parameters criti-
cally depend on the amount of matter ejected from the system through disk winds.
Specifically, they found that for disks with masses Mgk 2 0.12(Meore + Mwp) —
where Myjsk, Mcore, and Mywyp are, respectively, the masses of the disk, the core of
the AGB star and the white dwarf — the circumbinary disk-binary interaction leads
to a merger if the speed of the disk wind is the escape velocity. For the particular
case studied by Kashi & Soker (2011), where Mwp = 0.6 Mg, Mcoe = 0.77 M,
and Mep, = 4.23 My, the mass of the disk amounts to ~ 4% of the mass of the
envelope. They also found that for less massive circumbinary disks the separation
is not reduced enough to result in a merger during the interaction. In these cases,
gravitational wave radiation will reduce the orbital separation and the eccentricity
further. Consequently, the final merger would occur when the orbit of the binary
system is almost circular. Hence, in these cases it turns out that the orbital sepa-
ration, a, and the distance at closest approach are very similar, and the Roche lobe
overflow occurs when a ~ Ry, being Ry, the Roche lobe radius of the white dwarf.
Moreover, since the timescale for gravitational wave emission is long the core of the
AGB star would be cold (Kashi & Soker, 2011).

2.2.2 Orbital parameters

We compute the evolution of the orbital parameters of the binary system before the
merger occurs following closely the procedure of Kashi & Soker (2011). In particular,
we consider the same binary as Kashi & Soker (2011) and we adopt two different
disk masses. Writing

Maisk = qaisk(Mcore + Mwp), (2.1)

we adopt as reference cases qqisk = 0.12 — a disk with a mass just over the critical
one — and ¢gisk = 0.10 — a low-mass one. When ggjsk = 0.12 the merger occurs just
before the disk is totally ejected from the system. Hence, the merger would occur
when the orbit of the binary system is still highly eccentric, and moreover the core
of the AGB star would still be hot.

The time evolution of the orbital parameters for ggqisx = 0.12 is displayed in the
left panel of Fig. 2.1, where we show the evolution of both the orbital separation
(solid line, left scale), and of the eccentricity (dashed line, right scale). The large,
hollow circles correspond to the time instant at which the periastron distance equals
the Roche-lobe radius (rpi, = Ry,) of the white dwarf, while the solid, blue circles
show the point at which the mass transfer episode begins — see below for details
about the mass transfer episode. Note that both times are almost coincidential. For
this disk, the merger occurs at ¢t ~ 270 days after the common envelope is ejected.

The equivalent diagram for the case in which ggiqc = 0.10 is shown in the right
panel of Fig. 2.1. In this case, the disk has been totally ejected at early times (the
time at which this occurs is represented using black, solid circles in this figure). For
a relatively long time interval the orbital separation and the eccentricity of the pair
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Figure 2.1: Evolution of the orbital parameters of the binary system formed by an AGB star
and a white dwarf during its interaction with the circumbinary disk, once a large fraction
of the envelope of the AGB star has been ejected. The left panel shows the case in which a
massive circumbinary disk with qgisk = 0.12 is adopted, whereas the right panel the case in
which gqgisk = 0.10 is considered — see text for details. The solid lines and left scale show
the evolution of the semimajor axis (a), and the dashed lines and the right scale display that
of the eccentricity (e). The hollow, large circles indicate when the Roche-lobe radius of the
white dwarf equals the periastron of the orbit, and the blue solid symbols show the point at
which mass transfer begins. Finally, for the right panel, the point where the semimajor axis
equals the Roche-lobe radius is indicated by a triangle. Also in this panel the time at which
the circumbinary disk has been totally ejected is indicated by the solid black circles.

remain almost constant, but as time goes on the emission of gravitational waves
progressively decreases the orbital distance and the eccentricity of the pair, being
faster for times just before the merger begins. Eventually, at approximately 6 x 10°
years after the common envelope of the system is ejected both stars merge. As in
the previous case we also show in this panel the points where ry,;,, = Ry and the
points at which the merger starts. Additionally, in this panel we also show the times
for which the orbital separation equals the Roche lobe radius of the white dwarf
(black triangles). Note that in this case the eccentricity is small (e ~ 0.1) and
that we expect that, given the very long timescale of gravitational wave emission,
the post-AGB star will have a cold core. In cases where merger takes place within
several x10° yr, the SN Ia ejecta might catch up with the ejected common envelope,
that once was a planetary nebula. This “SN Ia Inside a PN” is termed a SNIP

(Tsebrenko & Soker, 2015a,b).
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2.2.3 The temperature of the AGB core

For the sake of completeness for each of the cases described earlier we perform two
simulations. For the first of these simulations we adopt a low temperature for the
isothermal core of the AGB star (7' = 10° K), while for the second we adopt a hot
core (T = 108 K). The white dwarf is always cold, and for it we adopt T' = 10°
K. The adopted temperature has an effect on the initial configuration of the core
of the AGB star (of mass Moo = 0.77 M). The radii are Reore =~ 1.02 x 1072 Ry,
and Reore ~ 9.33 x 1073 Rq), and the central densities are pg®° ~ 6.83 x 106 g cm™3
and p<°® ~ 7.07 x 105 g em™3, for the hot and cold cores, respectively. Note that
these differences are significant, of the order of a few percents, and thus may have
non-negligible effects on the dynamical evolution of the merger, and on the question
of whether there is an ignition upon merger (Yoon et al., 2007).

2.3 Numerical setup

The characteristics of the SPH code used for these simulations are explained in ap-
pendix A. As mentioned before, the mass transfer episode begins once the distance
between the two binary members at passage through the periastron is smaller than
the Roche-lobe radius. To obtain reliable configurations when both stars are at clos-
est approach we proceeded as follows. We first relaxed independent configurations
for each of the stars of the binary system and we placed them at the apastron in
a counterclockwise orbit. We then evolved the system in the corotating frame to
obtain equilibrium configurations at this distance. Once this relaxation process was
finished, we started the simulations in the inertial reference frame. In a first set
of preliminary simulations we explored at which distance the mass transfer episode
ensues. This is done employing a reduced number of particles (~ 2 x 10* for each
star). Once we know which are the orbital separation and the eccentricity of the orbit
for which we obtain a Roche-lobe overflow we computed a second set of simulations
with enhanced resolution. Since for highly eccentric orbits both stars are initially
separated by very large distance, to save computing time in this second set of simula-
tions we first followed the evolution of the system employing the reduced resolution
and, once the stars had completed one quarter of the orbit, these low-resolution
simulations were stopped and both stars were remapped using a large number of
SPH particles (a factor of 10 larger). We then resumed the simulations with this
enhanced resolution. This was done because for systems with large eccentricities the
computing load required to follow an uninteresting phase of the orbital evolution of
the pair is exceedingly large.
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2.4 Results

As discussed earlier, in this chapter we simulate four different configurations for the
binary system. In all cases the mass of the core of the AGB star and the white
dwarf are, respectively, 0.77 My and 0.60 M. The first configuration corresponds
to a binary system that has a disk with a mass ratio equal to the critical one of
qaisk = 0.12 (see equation 2.1), while for the second one we have chosen a disk with
a mass ratio of ggisx = 0.1, which is below the critical value. For each one of these
cases we have studied the coalescence when the temperature of the core of the AGB
star is high (T = 108 K) and low (T = 10° K).

For the highly eccentric orbit that results when qqiqc = 0.12 is adopted, the first
mass transfer from the white dwarf to the core occurs when the distance at closest
approach is rmin = 0.9 Ry, where Ry, is the Roche lobe radius of the white dwarf. In
this expression Ry, is computed using the classical analytical expression of Eggleton
(1983), which does not take into account tidal deformations, and is only valid for
circular orbits. Hence, this difference is natural. At this time the semimajor axis
is a = 1.12 Ry and the eccentricity is e = 0.97. For the less massive disk with
qaisk = 0.10 the merger begins when the eccentricity of the orbit is small e = 0.095.
Accordingly, the periastron distance is very similar to the radius of the Roche lobe of
the white dwarf. Specifically, we obtain that the merger occurs when rpy;, = 0.98 Ry,
and a = 0.038 Rs. The orbital parameters at these times are represented by the
blue dots in Fig 2.1. Particularly relevant for the discussion of our results are the
values of the respective initial periods. For the case of the system with gqiq = 0.12
the initial orbital period is Ty ~ 10,126 s, while for the case in which ggjsx = 0.10 is
used the initial period is significantly shorter, Ty ~ 65 s.

2.4.1 Evolution of the merger

Fig. 2.2 shows the time evolution of the binary system during the merger for the
case in which the temperature of the AGB core is 10® K and for ggisx = 0.12. Shown
are the positions of the SPH particles and their color-coded temperatures. The
left column shows the evolution in the orbital plane and the right column in the
meridional plane, respectively. In Fig. 2.3 we present the results in the same setting
for the case in which qqiqc = 0.10 is adopted. The white dwarf is the object located
initially at the right, and later is destroyed, while the core of the AGB star is initially
located at the left.

The top panels of Figs. 2.2 and 2.3 are at the initial stages of the merger, at times
t/Ty ~ 0.501 for qqisk = 0.12, and t/Ty ~ 0.640 for ggisx = 0.10, respectively. We
remind that the orbital periods are Ty = 10,126 s for qgisx = 0.12, and Ty = 65 s for
qaisk = 0.10, respectively. As can be seen the white dwarf is significantly deformed,
due to tidal interactions, being the deformation larger for the case of an eccentric
orbit (Fig. 2.2). For the second row of panels we have chosen slightly larger times,
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Figure 2.2: Evolution of the binary system for selected stages of the merger, as described in
the main text, in the equatorial (left) and meridional (right) planes, for the case in which a
hot core of the AGB star is adopted and for gaisk = 0.12. The color scale shows the logarithm
of the temperature, whereas the z, y and z axes are in units of 0.1 Rg. The arrows show the
direction of the velocity field, but not its magnitude, in the corresponding plane. Each panel
is labelled with the corresponding time in units of the initial binary period, Ty = 10,126 s.
The white dwarf is the object located initially at the right, and later is destroyed. These
figures have been done using the visualization tool SPLASH (Price, 2007).

t/To ~ 0.502 and t/Ty ~ 0.74, respectively, and show that tidal deformations close
to periastron are much larger for eccentric mergers. This leads to a faster heating
of the external layers of the secondary star. The third rows show the systems when
the system has evolved trough several passages trhough the periastron. For qgisx =
0.12 (Fig. 2.2) we have chosen the sixth mass transfer episode and for ggisx = 0.10
(Fig. 2.3) the twenty-third one. These correspond to times t/Ty ~ 1.599 and t /T ~
22.2, respectively. As can be seen, at these evolutionary stages in both cases the
secondary (the white dwarf) has increased its temperature, and more mass has been
accumulated on the primary core.
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Figure 2.3: Same as Fig. 2.2, but for ggisk = 0.10. In this case the initial orbital period is
Ty = 65 s.

The fourth rows of Figs. 2.2 and 2.3, at times t/Ty ~ 1.788 and t/Ty ~ 36.5
respectively, display the situation during the last orbit, just before the secondary
white dwarfs are completely disrupted by the cores of the AGB stars. At this point,
for ggisk = 0.12 the white dwarf still keeps ~ 80% of its initial mass, while for
g = 0.10 this percentage is somewhat larger, ~ 90%. The fifth rows correspond to a
time close to that at which the peak temperature is reached, which happens during
the final infall of the secondary star onto the core of the AGB star. Specifically, we
have chosen ¢/Tp ~ 1.801 and ¢/Ty ~ 38.1, respectively. As it will be discussed in
more detail later, for ggisk = 0.12 these temperatures are higher than for ggisx = 0.10.
The reason for this is twofold. First, the material of the white dwarf is hotter for
qaisk = 0.12, a consequence of the previous evolution. The second reason is that in
this case the matter of the disrupted white dwarf falls onto the primary star with a
much larger radial velocity than for ggqisk = 0.10. Consequently, matter is compressed
more violently in this case. Finally, the last rows show the systems at late times.
We have chosen times t/Ty ~ 1.802 and /Ty ~ 38.5, respectively. As can be seen,
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the material of the completely disrupted secondary white dwarf is spiralling around
the primary star.

A general feature of our simulations is that the secondary star, the white dwarf,
is totally disrupted after several periastron passages. In each of these periastron
passages mass is transferred in a relatively gentle way. Accordingly, in all cases the
density and temperature conditions for a detonation to develop are not met. As can
be seen in Figs. 2.2 and 2.3, in none of the cases the peak temperature reaches 10° K,
and hence, although nuclear reactions are important, a powerful explosion does not
occur.

We emphasize that when qqiqc = 0.12 is adopted — that is, for those mergers for
which the eccentricity is high — the successive mass transfer episodes only happen
when both stars are very close. Actually, it turns out that when both stars are at
closest approach the secondary white dwarf is substantially tidally deformed, and
the mass transfer episode occurs just after the passage through the periastron. How-
ever, soon after this, tidal deformations become smaller, so the mass transfer episode
stops, and both components of the binary system recover their initial spherical sym-
metry for the rest of the orbit. On the contrary, when ggisx = 0.10 is employed —
corresponding to mergers driven by the emission of gravitational waves — the orbits
are almost circular, and although the mass transfer episodes take place also at perias-
tron, when the secondary is significantly distorted by tidal forces, the secondary star
remains tidally deformed for the entire orbit, and thus the merger process proceeds
in a smoother way.

In all four cases the successive mass transfer episodes modify the mass ratio of
both components of the binary system, and this in turn changes the respective orbits.
Fig. 2.4 displays the trajectories of the center of mass of both components of the
binary system. The left panels of this figure depict the trajectories of the centers
of mass of the white dwarf components. The blue lines correspond to the cases in
which the core of the AGB star is cold (labelled as CC), while the red ones show the
cases in which we adopt a high temperature for the core of the AGB star (labelled
as HC). In the right panels the trajectories of the center of mass of the AGB cores
are displayed, using the same color coding. The top panels of this figure display
the case in which ggisx = 0.12. As can be seen, in this case the orbits are eccentric,
while in the bottom panels, corresponding to ggisk = 0.10, the orbits are initially
nearly circular. As mentioned earlier, for both cases it turns out that during the
first periastron passage the white dwarf transfers mass to the heavier AGB core and
its radius increases. This radius increase starts a series of successive mass transfer
episodes that ultimately lead to a merger.

We stress that the number of mass transfer episodes depends not only on the
physical characteristics of the binary system but also on the number of SPH parti-
cles employed in the simulations, that is, on the spatial resolution. Although our
resolution is enough for studying the overall properties of the dynamical interaction
and the gross properties of the merged remnants, it is clear as well that our simu-
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Figure 2.4: Trajectories of the centers of mass of the white dwarfs (left panel) and cores of
the AGB stars (right panel) for the case in which gqisx = 0.12 is adopted (top panels) and
that in which gqisk = 0.10 is employed (bottom panels). The blue dashed lines correspond
to the case in which a cold AGB core is adopted, and the red solid lines to that in which a
hot core is assumed. The solid black circles indicate the initial positions of both stars for
each of the panels.
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Figure 2.5: Mass accreted by the AGB core as a function of time, expressed in terms of the
initial orbital period. The left panel corresponds to gaisx = 0.12, while the right displays the
case in which gq;sx = 0.10. Each step in these panels corresponds to a periastron passage.
The total time span is ~ 25,315 s for the left panel, and ~ 2,925 s for the right one.

lations provide only a lower limit to the number of mass transfer episodes. For this
reason we do not quote the number of mass transfer episodes. Note as well that for
the case in which gg;c = 0.10 it is quite apparent that the last orbits are not circular,
but instead during the final stages of the merger the orbit becomes quite eccentric.
This final infall phase also takes place in the case of eccentric mergers. However,
due to the difference of scales of the axis, it cannot be well seen in the top panels of
Fig. 2.4. Finally, it is also worth noting that the trajectories of the centers of mass
for the case in which cold AGB cores are considered are only slightly different of
those obtained in the case of hot AGB cores. Hence, the effects of the temperature
of the AGB core on the overall dynamical evolution are very minor.

Figure 2.5 shows the mass accreted by the core of the AGB star (Myce), in units
of the initial white dwarf mass (Mwp), as a function of time in units of the initial
period of the binary system, Tp. As in Fig. 2.4, the blue lines correspond to the case
in which a cold merger is considered, while the red ones show the evolution for the
hot merger. Again, the left panel displays the evolution for ggiqx = 0.12, whereas the
right panel shows the same for ggisk = 0.10. The mass accreted by the core of the
AGB star corresponds to the total mass of those SPH particles originally belonging
to the disrupted secondary for which the gravitational attraction of the core of the
AGB star is larger than that of the white dwarf.

Inspecting Fig. 2.5 we find that the mass accreted during the first mass transfer
episode does not depend on the temperature of the AGB core, but depends critically
on the adopted eccentricity. It is also interesting to point out that for the case in
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which a hot AGB core is adopted, mass is transferred faster than during the first mass
transfer episode in successive passages through the periastron, for both ¢giq = 0.12
and 0.10. This is more noticeable for ggisx = 0.12 — i.e., a merger in which the
eccentricity is high. Also, it is important to realize that for the cases in which a hot
AGB core is adopted the amount of mass transferred in each one of the episodes is
always larger than for the cases in which a cold AGB core is considered. All this
stems from the fact that for a hot AGB core the degeneracy of the material of the
outer layers is smaller than that of a cold core, and thus the core of the AGB star
can accommodate more accreted mass.

In all the four cases studied here the mass transferred during the second mass
transfer episode is larger than that transferred during the first periastron passage.
This is a consequence of the substantial change of the orbital period after the first
periastron passage, especially for gqiqc = 0.12. Specifically, for this case the period
decreases by =~ 50% as seen in Fig. 2.6. This is less evident for the case in which
qaisk = 0.10 is adopted because in this case the period decreases by a modest ~ 0.2%.
All this translates into a smoother evolution, also for the successive mass transfer
episodes, for the ggisk = 0.10 cases. Thus, it turns out that the duration of the
mergers is shorter for the cases in which a hot AGB is adopted, being this feature
more pronnounced for the case in which eccentric orbits are considered. Finally, note
as well that in each accretion episode there is a small decline in the accreted mass.
These declines correspond to matter, that although being initially accreted by the
core of the AGB star, is bounced back to the debris region shortly after.

To better illustrate the dynamical evolution of the mergers, Fig. 2.6 displays
the evolution of the periods (left panels) and eccentricities (right panels) of the
binary systems studied here. As before, the top panels depict the evolution of the
orbital parameters for ggisk = 0.12, whilst the bottom ones show that for the case
in which ggisk = 0.10 is adopted. As can be clearly seen, in all four simulations
after each mass transfer episode the periods of the binary systems decrease and the
orbits become circularized. These general trends become more accentuated as the
evolution proceeds. Although for ¢gisc = 0.10 initially the period decreases smoothly
in an almost linearly way with a shallow slope, after ¢ ~ 35T the white dwarf almost
plunges on top of the core of the AGB star. This is in contrast with what occurs
for qqisk = 0.12, for which the decrease in the orbital periods occurs faster during
the initial stages of the dynamical evolution, in marked steps, and the white dwarf
merges with the core of the AGB star in very few orbital periods, ~ 2Ty. The right
panels of this figure show that the eccentricity also decreases for increasing times.
For ggisk = 0.12 this occurs in marked steps, as it occurs with the orbital periods, a
consequence of the succesive passages through the periastron, while for ggisx = 0.10
the eccentricity also decreases but oscillates arroung a mean (decreasing) value. This
is caused by tidal forces.

Figure 2.7 shows the average temperature of the core for the different cases
considered here. To compute this temperature we averaged the temperature of those
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Figure 2.6: The evolution of the periods (left panels) and of the eccentricities (right panels)

during the merger process.

The top panels represent the case in which ggisx = 0.12 is
considered, and the bottom ones those in which ¢qisk = 0.10 is adopted.
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Figure 2.7: Average temperature of the core of the AGB star during the merger, for the
case in which gqisx = 0.12 is considered (left panel), and for that in which gqisk = 0.10 (right
panel).

particles which were originally used to model the core, and thus we did not take into
account the accreted material from the disrupted white dwarf. This is an important
detail, since the maximum temperatures during the evolution of the simulated cases
of coalescence are not reached in the core of the merged remnant but in the hot corona
formed during the interaction — see below. As before, the left panel and right panels
represent, respectively, the cases for which ggisxk = 0.12 and gqiqx = 0.10 are adopted.
As can be seen, since for eccentric orbits the amount of mass transferred during
each dynamical episode is larger, the temperatures are increased more noticeably.
Actually, the temperature is not raised homogenously in the entire core. Specifically,
the temperature of the outer layers of the core is notably increased after every mass
transfer episode, while the temperature of the very deep interior of the core remains
nearly constant. As it should be expected, the final temperatures of the hot cores are
much larger than their cold counterparts. Nonetheless, in both cases temperatures
in excess of 108 K are reached, but these temperatures are far from those necessary
to power a detonation.

Table 2.1 shows some relevant characteristics of the stellar interactions studied
in this work. In columns three to five of this table we list, respectively, the maxi-
mum temperature reached during the dynamical interaction, Tpeak, the total nuclear
energy released, Fn,., and the total duration of the merger, At. The maximum
temperature always is reached at the base of the accreted layer. The nuclear energy
is essentially released by carbon burning reactions and the « chains. Most of the nu-
clear reactions occur on top of the almost rigid surface of the core of the AGB star, as
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Table 2.1: Some relevant characteristics of the merged remnants. By columns: (1) value
of quisk from equation 2.1, (2) type of run, hot (HC) or cold (CC) core of the AGB star,
(3) maximum temperature attained during the dynamical interaction, (4) nuclear energy
released, (5) duration of the merger, (6) Mass of the merged remnant at the end of the
simulations, (7) mass of Keplerian disk at the end of the simulations, (8) mass of the extended
shroud at the end of the simulations, (9) mass of fall-back material, (10) ejected mass, (11)
maximum temperature of the merged remnant, (12) maximaum angular speed of the hot
corona at the end of the simulations.

qaisk Run Tpeak Erue At M Maisx Mghroud M, ]\'Iej Tnax Wmax
(X) (erg) () (Mg) (Mg)  (Mo) (Mo) (Mo) (X) 71

0.12 HC 9.23x10% 1.13x10%° 18343 0.88 0.36  9.08x1072 2.19x1072 1.74x1072 3.56x10% 0.23
CC  8.55x10° 3.54x10%7 24784 0.88 0.35  9.84x1072 2.02x1072 1.80x1072 3.53x10%® 0.25

0.10 HC 8.74x10% 1.12x10% 2599 0.93 0.39 4.86x1072 2.43x10~3 7.37x10~% 2.97x10% 0.30
CC  8.18x108 4.77x10%7 2710 091 041 4.59x1072 2.56x107% 8.70x10~* 3.10x10% 0.32

the material of the disrupted white dwarf is accreted, compressed and heated. Again,
we emphasize that the duration of the merger not only depends on the physical char-
acteristics of the coalescing stars, but also on the adopted resolution. The reason
for this is that, as it occurs with double-degenerate mergers, the durations of the
mass transfer episodes depend on the extent to which the outer layers of the donor
star can be resolved. In most practical situations the particle masses are such that
the resolvable mass transfer rate is already a substantial fraction of the total system
mass — see Dan et al. (2011) for a detailed discussion of this issue. Hence, these
durations should be regarded as indicative, and can be only used to compare the
different cases studied here, which were computed with the same spatial resolution
and input physics.

Figs. 2.2, 2.3 and 2.5 reveal that the peak temperature is reached at t = 1.8T
and t = 2.4Ty for the hot and cold cores of the AGB star when qqg;qx = 0.12 and
at t = 38.17y and ¢t = 40.3T} for the case in which ggisx = 0.10. When this occurs
the fraction of the secondary white dwarf that has been accreted onto the core of
the AGB star is = 20% for qqisk = 0.12, whereas for gqic = 0.10 it is < 10%. All
this has a direct effect on the thermonuclear reaction rates, and consequently on the
total nuclear energy released during the interactions. In particular, while for the
case of hot cores the total nuclear energy released is ~ 10%? erg, for the cold ones it
is much smaller, ~ 1037 erg. The nuclear energy released is similar for the eccentric
orbits and the non-eccentric ones for a fixed temperature of the AGB core, despite
the difference in the peak temperatures achieved during the interaction.

Finally, we note that eccentric orbits (gaisk = 0.12) result in mergers with dura-
tions of a few hours, much longer than those of mergers with ggisk = 0.10, for which
the durations are smaller than ~ 1 hour. However, we remind that for the case of
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eccentric orbits the coalescence occurs in just a couple of initial orbital periods, while
for circular ones the merger lasts for several initial orbital periods.

2.4.2 The remnants of the interaction

The general appearance of the remnants resulting from the interaction is similar for
all the cases studied in this chapter, and moreover is similar to that found in previous
simulations of the double-degenerate scenario for similar masses — see, for instance,
Lorén-Aguilar et al. (2009), and references therein. The remnants of the interactions
when simulations were stopped consist of a central degenerate object which contains
all the mass of the core of the AGB star and some accreted mass. This central
object spins as a rigid body and its angular momentum arises from the conversion
of the orbital angular momentum of the binary system to rotational one. This core
is surrounded by a corona, which contains a sizable fraction, ~ 18% for eccentric
mergers and ~ 27% for circular ones, of the mass of the disrupted secondary (the
white dwarf). The material of the corona is hot — a consequence of the material of
the disrupted secondary being compressed on top of the almost rigid surface of the
core of the AGB star — and rotates differentially — a consequence of the several
mass transfer episodes occurring in the dynamical interaction. Finally, the rest of
the material of the secondary (~ 82% and =~ 73%, respectively, for eccentric and
circular mergers) that is not accreted on the central object goes to form a thick
accretion disk, with a Keplerian velocity profile, and an extended shroud made of
particles that have orbits with large inclinations with respect to the orbital plane,
while some SPH particles have highly eccentric orbits and will ultimately fall back
onto the primary, and very little mass is ejected from the system.

Table 2.1 lists also some of the characteristics of the merged remnant. In column
6 we list the mass of the central merged object (Mp,) — that is, the sum of the
mass of the undisturbed AGB core and of the hot corona — while in column 7 the
mass of the Keplerian disk (Mygis) is listed. The precise location of the inner edge
of the hot corona is defined as the (spherical) mass coordinate for which the angular
velocity is no longer constant, while the outer boundary of this region is defined as
the point where the profile of angular velocities of the remnants is the Keplerian.
In this table we also show the mass of the extended shroud (Mghoud), that of the
fallback material (Mp,), as well as the mass ejected from the system (Me;) — columns
8, 9 and 10, respectively. As mentioned, the shroud is composed of material coming
from the disrupted secondary that has approximately a spherical distribution. The
fallback material is composed of particles belonging to the debris region that have
very eccentric orbits as a result of the extreme conditions found during the very first
stages of the dynamical interaction, but are still gravitationally bound to the merged
remnant. Thus, it is expected that this material will ultimately fall back onto the
central remnant at some later time (Rosswog, 2007). To compute the amount of
mass in the debris region that will eventually fall back on the central object we
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followed the same procedure described in Aznar-Sigudn et al. (2014). Note that
there is as well some material that is not gravitationally bound to the remnant and
might escape, but the merger episodes are essentially conservative. We would like to
remark that we do not look for a possible formation of jets and disk winds which, in
the double-degenerate scenario, influece the appearance of an explosion if it occurs
shortly after the merger (Levanon et al., 2015). Finally, for the sake of completeness
we also list the maximum temperature (Tiax) and the maximum angular velocities
(wWmax) of the hot corona, columns 11 and 12, respectively.

The central compact object

As can be seen in Table 2.1, the angular velocities of the remnants do not depend
appreciably on the adopted temperature of the core of the AGB star, although
there are significant differences depending on the value of ggisk. The reason for
this is that in the coalescence studied here the rigid rotation of the core of the
AGB star arises from the conservation of angular momentum. That is, the orbital
angular momentum of the pair is basically invested in spinning up the primary and
the previously described corona, and to form the Keplerian disk. Nevertheless, the
angular velocity of the remnants of the mergers in which a cold AGB core is involved
are somewhat larger in both cases. This is due to the slightly smaller radii of these
configurations (see Fig. 2.8 below), which in turn is a consequence of their larger
degeneracies.

We now compare the angular velocities obtained for different values of qqisk. As
shown in Table 2.1, when ggisx = 0.10 is adopted the angular velocities are larger.
In particular, we find that for this case the inner regions of the merged remnant
rotate uniformly at a speed w ~ 0.22 s~!, whereas in the corona a maximum angular
velocity of wmax ~ 0.31 s~ is reached. For the case in which ggisx = 0.12 these
angular velocities are, respectively, w ~ 0.18 s™1, and wpayx ~ 0.24 s~1, somewhat
smaller than those of the case in which gqiqx = 0.10 is employed. The orbital angular
momentum of the binary systems studied here is J = 5.96 x 10°° erg s for gqisx = 0.12,
and J = 4.63 x 10%° erg s when qgisk = 0.10. Since the merger is almost conservative
(very few particles acquire energies large enough to escape from the merged remnant)
this angular momentum is distributed essentially in spinning up the core of the AGB
star, in the differential rotation of the hot corona and in the Keplerian disk.

For a hot merger their respective angular momenta are Jyore ~ 1.4 x 104 erg s,
Jeorona =~ 4.4 x 10 erg s and Jgiek ~ 2.8 x 10%° erg s for qgisk = 0.12, and Jeore ™~
1.5 % 10% erg s, Jeorona ~ 6.7 x 10% erg s and Jgis ~ 3.2 x 107 erg s for qgisx = 0.10,
respectively. For the case of a cold merger these values do not differ much. Hence, the
orbital angular momentum of the eccentric merger is larger than that of the circular
one, and moreover the angular momenta are distributed in a different way in both
cases. Specifically, the angular momentum of the corona for ggisx = 0.12 is noticeably
smaller than that of the merger in which gqisx = 0.10 is adopted, but the mass of
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Figure 2.8: Density (thin lines) and temperature (thick lines) profiles of the central part of
the remnants, at times ¢ /T = 1.8115 and 2.4476 for the hot (solid red lines) and cold (dashed
blue lines) AGB cores of the simulation in which ggisx = 0.12, and t /Ty = 40.2378 and 41.9690
for the case in which gqisx = 0.10 is adopted, respectively. These times correspond to our
last computed models. As before, in the left panel we represent the profiles for ggisk = 0.12,
while the right one corresponds to gqqgisk = 0.10. The abscissa is the spherical radius in solar
units. Note that for large distances the spherical radius is not a valid representation of the
merged configuration, as the assumption of spherical symmetry is only fulfilled to a good
approximation in the innermost regions of the merged remnant. The leftmost solid vertical
lines show the outer boundaries of the respective coronae. The rightmost vertical lines mark
the outer edges of the respective Keplerian disks.

their respective coronae do not differ that much. Also the angular momentum of
the newly formed disk of the eccentric merger is significantly smaller than that of
the circular one. Consequently, more angular momentum is stored in these (outer)
regions for the case in which ggisx = 0.10 is adopted when compared to the case in
which qqiqx = 0.12. Finally, for the the simulations in which gqisx = 0.12 is employed
the ejected mass is considerably larger than that of the case in which ¢gisx = 0.10
is used. This mass carries some angular momentum. All this explains why the
merged remnant spins at a slower rate for ggisk = 0.12. All this is a consequence
of the dynamical evolution during the merger. We remind that for ggqisx = 0.12 the
evolution proceeds in abrupt steps, while for ggisx = 0.10 mass is accreted in a more
gentle way.

Figure 2.8 shows the density (dashed lines) and temperature (solid lines) profiles,
for the case in which ggisx = 0.12 (left panel) and the for the case in which gqisx = 0.10
(right panel). The maximum temperature (Tnax) in all the remnants is very similar,
close to 3x 108 K, being slightly higher for the remnants of the eccentric mergers. This
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can be easily understood in terms of the evolution during the last merger episode. In
particular, it has been already mentioned that for eccentric mergers the mass transfer
episodes are more dramatic than for the case of nearly circular orbits. Hence, the
matter of the disrupted secondary white dwarf acquires larger accelerations and,
consequently, is compressed more violently on the surface of the primary star. Thus,
the temperatures of the external layers of the merged configuration are larger, and
a hotter corona is obtained.

The stronger interaction of the accreted matter with the primary during the
successive mass transfer episodes leaves also clear imprints on the structure of the
internal regions of the merged remnant. Specifically, for the case of eccentric mergers
in which a cold core of the AGB star is considered, the temperature of the outermost
regions of the initially isothermal core begins to increase at earlier times during the
coalescence, when compared to those in which a circular orbit is involved. Con-
sequently, by the end of the merger process the core of this remnant is no longer
isothermal. On the contrary, the core in the case of a circular orbit remains nearly
isothermal — see Fig. 2.8. Finally, owing to the substantial degeneracy of the ma-
terial of the core of the AGB star, the density profiles obtained in all the four
simulations presented here are very similar.

The debris region

It has been already discussed that the temperature of the AGB core barely plays
a role in the dynamical evolution of the merger process, and in determining the
structure of the merged remnant. Instead, the most important parameter is the
eccentricity of the initial orbits of both components of the binary system. This is
true as well for the debris region formed around the merged remnants. The masses
of the fallback and of the ejected material are, respectively, Mg, ~ 2.1 x 1072 M, and
My ~ 1.8 102 M, for eccentric mergers, while for circular orbits the masses are
much smaller, Mg, ~ 2.5 x 1073 M, and Mg ~ 8.1 x 10~% M. The larger fallback
and ejected masses in the case of eccentric mergers are a consequence of the longer
durations (or, equivalently, larger orbital separations) of the mass transfer episodes
— see Figs. 2.5 and 2.6.

As well, the masses of the respective shrouds are relatively different, Mg, oud =
9.2 x 1072 My, for qgisk = 0.12 and Mgyoud =~ 4.7 x 1072 My for qgigc = 0.10.
This is again a consequence of the very different number of mass transfer episodes
occurring in both simulations. Actually, for gqix = 0.12 we find that some mass of
the disrupted white dwarf flows around the region located in the opposite direction
of the line connecting both stars of the system, and acquires high velocities when
colliding with the primary star, forming this extended shroud. The size of this
extended region does not depend much on the temperature adopted for the core
of the AGB star. This can be seen in Fig. 2.9, where the density (left panel) and
temperature (right panel) contours of the merged remnant in the meridional plane
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Figure 2.9: Left panel: density contour lines of the remnants across the meridional plane.
Right panel: temperature contour lines across the same section. These density and tempera-
ture maps correspond to our last computed models, and the evolutionary times are the same
of Fig. 2.8. The remnants represented with negative = coordinates correspond to the case
in which ggisk = 0.12, while for positive values of = the case in which gqisx = 0.10 is repre-
sented. For both cases the outermost contour of the density profile corresponds to a density
of 1 g cm™3 and the successive contours increase logarithmically inwards in constant steps
of log p = 0.62. The contour of maximum density corresponds to ~ 3.8 x 10° g cm™3. For
the temperature the outermost contour corresponds to ~ 3 x 10° K and the successive con-
tours increase inwards logarithmically in steps of logT = 0.33. The maximum temperature
contour corresponds to ~ 1.4 x 10® K. This temperature is reached in the hot corona, while
the innermost regions of the merged remnant in the case of a core with small temperature
merger are colder — see Fig. 2.7.

are displayed. In this figure the sub-panel with negative values of the z-coordinate
corresponds to the case qgisk = 0.12, whereas that with positive values shows the
same contours for the case in which gq;sx = 0.10 is adopted.

As can be seen in Fig. 2.9, both the density and the temperature decrease as
the distance to the central compact object increases, independently if we consider
the remnants of eccentric or circular mergers. However the decline rate of both the
density and the temperature for eccentric mergers is smaller than for circular orbits,
resulting in a more extended debris region, which moreover is hotter. Additionally,
the density and temperature profiles also have a different behavior near the polar
regions of the central remnant. For mergers arising from circular orbits there is
a region near the z-axis (the vertical axis in this figure) where the density and the
temperature contour lines converge towards the poles, in contrast with what happens
for the case of eccentric mergers, for which this region is absent, and the contour



2.5 Summary and conclusions 31

lines are perpendicular to this axis. These differences between both profiles are a
consequence of how the material of the disrupted secondary white dwarf is distributed
on top of the primary (the core of the AGB star) during the dynamical interaction.

The final infall of the disrupted secondary onto the unaltered primary for ggisk =
0.10 seen in Figs. 2.3 and 2.4, does not allow matter to be redistributed on the
primary, but instead concentrates it in the orbital plane. Besides, the circular density
contours that appear at the right of the remnant correspond to a spiral arm of matter
infalling to the primary. Since SPH codes are not able to follow properly angular
momentum transport, we stopped the simulations at a reasonable time after the
complete disruption of the secondary. In particular, for ggisx = 0.12 we stopped
the simulations at ¢/Ty = 1.8115 and /Ty = 2.4476 for the hot and cold merger,
respectively. For ggisk = 0.10 these times are, respectively, t/Tp = 40.2378 and
t/To = 41.9690. In this case, the secondary had no time to be totally distributed
over the primary and the spiral arm formed during the infalling phase is still present.
The more flat structure for ggisx = 0.10, which is more similar to that usually found in
the simulations of the double-degenerate scenario, might lead to jets and disk winds
that might alter the observations if explosion occurs shortly after merger (Levanon
et al., 2015). Finally, the outer edges of the Keplerian disks formed during the
merger process are located where the density distribution in the equatorial plane has
no longer axial symmetry. In all cases this occurs at ~ 0.06 R,.

2.5 Summary and conclusions

In this chapter we have simulated the coalescence of a white dwarf with the core of a
massive AGB star, in the context of the so-called core-degenerate scenario for Type
Ia supernovae. Specifically, we have computed the merger of an otherwise typical
white dwarf of mass 0.6 Mg with the core of an AGB star of mass 0.77 M, which is
a typical case (Kashi & Soker, 2011). This has been done for two temperatures of the
AGB core, T = 10° K and 108 K, and for two assumptions about the mass of the disk
formed during the common envelope phase. In particular, we have studied a first
case in which the mass of the disk is Mgjsk = 0.12(Mcore + Mwp ), which corresponds
to the critical mass ratio for which a merger is guaranteed as a consequence of the
interaction with the disk formed during the common envelope phase. The second
case studied here corresponds to a binary system surviving the common envelope
phase with a mass ratio 0.10, which is below the critical one, and for which the
merger is driven by the emission of gravitational waves. The first of these cases
results in a pair with a highly eccentric orbit, whereas for the second one the orbits
of the members of the binary system are circular, and similar to those expected for
the double-degenerate scenario for SNe Ia.

Our SPH simulations show that temperature of the core of the AGB star has
little influence on the overall dynamical evolution of the merging process and on
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the characteristics of the merger remnant, but the initial eccentricity of the binary
system has a large impact on both the dynamical evolution of the merger and on
the properties of the merged object. In particular, in both cases the white dwarf
is totally disrupted in a series of mass transfer episodes, which occur at closest
approach. However, the duration of the coalescence is notably different in both
cases. Specifically, we found that for the case of an eccentric merger the disruption
of the secondary white dwarf occurs in very few orbital periods, whereas for the case
of the mergers in which circular orbits are adopted this process lasts for many orbital
periods. Nevertheless, the initial orbital periods in both cases are very different —
10,126 s and 65 s, respectively — so the total time required to disrupt the secondary
white dwarf turns out to be larger for the case of eccentric orbits.

In all the four cases studied in this chapter the coalescence process is almost
conservative, and little mass is ejected from the system, ~ 2 x 1072 M at most.
Nevertheless, eccentric mergers eject ~ 25 times more mass than that ejected by
binary systems with circular orbits. The peak temperatures achieved during the
merging process are rather high, of the order of 8 x 108 K, but not enough to
power a prompt detonation upon merger. As for the final temperature of the merger
remnant it is interesting to realize that for the cases studied here the temperature
profile peaks off-center. The possibility that carbon is ignited in the remnant, thus
producing a rapidly spinning oxygen-neon white dwarf, has been discussed by Saio
& Nomoto (2004), Yoon & Langer (2004), and Yoon & Langer (2005). Our results
do not support this possibility, since the peak temperature obtained at the end of
our simulations is too low, and moreover the temperature peaks in a region where
the densities are relatively small.

The structure of the merged remnant consists of a central compact object con-
taining all the mass of the core of the AGB star and some mass from the disrupted
secondary star, which is surrounded by a hot, differentially rotating corona. This
corona is made of about 18% of the mass of the disrupted white dwarf, for the case
of eccentric mergers, and somewhat larger (~ 27%) for circular ones. Finally, sur-
rounding this central compact object there is a heavy, rapidly-rotating Keplerian
disk, and an extended shroud of material which are formed by the rest of the mass
of the disrupted white dwarf that has approximately ellipsoidal shape. This config-
uration is essentially the same found for double-degenerate mergers. However, the
structure of the debris region is different depending on the initial eccentricity of the
merger. For mergers with initially circular orbits the matter of the disrupted white
dwarf concentrates in regions near the orbital plane, and little mass is found in the
polar regions, whereas for eccentric mergers part of the mass of the disrupted white
dwarf is distributed along the central compact object, and the merged configuration
adopts an ellipsoidal shape. In the debris region there is also some fraction of SPH
particles with highly eccentric orbits. This material will ultimately interact with
matter in the Keplerian disk and will fall back onto the central compact remnant.
The mass of this fallback material is typically or the order of 2 x 1072 M, for the
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case of the binary systems with eccentric orbit, and ten times smaller for those with
circular ones. In all cases, this central object rotates as a rigid body, with typical
angular velocities ~ 0.18 s~! for the case of eccentric mergers and ~ 0.22 s~! for
circular ones. These rotation velocities arise from the conversion of orbital angular
momentum to rotational one, as it happens for double-degenerate mergers.

We would like to emphasize that if the disk, fallback material, and the material
of the extended shroud are finally accreted, as it is commonly thought, the mass of
the remnant would be ~ 1.35 M. If this is the case, after cooling and losing an-
gular momentum this remnant might eventually explode. Of course, assessing such
possibility requires modelling the viscous phase of the merger, which transports disk
mass inwards and angular momentum outwards. This phase has typical timescales
ranging from 10% s to 10* s, during which the disk might launch jets and winds (Lev-
anon et al., 2015), and it cannot be followed using SPH techniques. If, nonetheless,
all this mass is accreted and the remnant explodes the delay would be very long, up
to millions of years (e.g. Piersanti et al. 2014), or even longer (Ilkov & Soker, 2012).

In summary, this first set of simulations of the core-degenerate scenario for SNe Ia
demonstrates the need of exploring in more detail the effects of the eccentricity (and
possibly of the temperature) on the overall dynamical evolution of the merger and on
the properties of the merged configurations obtained in this scenario, especially when
more massive stars are involved. The simulations presented here are a first important
step in this direction. Future works will undoubtely allow us to characterize and place
tight constraints on the most salient features of this scenario, and may possibly help
in quantifying the fraction of these mergers that contributes to the total SNe Ia rate,
thus filling a gap and complementing what we already learned from the existing
simulations of the double degenerate scenario.






Chapter 3

Detonations in white dwarf
dynamical interactions

In old, dense stellar systems collisions of white dwarfs are a rather frequent phe-
nomenon. Here we present the results of a comprehensive set of Smoothed Particle
Hydrodynamics simulations of close encounters of white dwarfs aimed to explore the
outcome of the interaction and the nature of the final remnants for different initial
conditions. Depending on the initial conditions and the white dwarf masses, three
different outcomes are possible. Specifically, the outcome of the interaction can be
either a direct or a lateral collision or the interaction can result in the formation of
an eccentric binary system. In those cases in which a collision occurs, the infalling
material is compressed and heated such that the physical conditions for a detonation
may be reached during the most violent phases of the merger. While we find that
detonations occur in a significant number of our simulations, in some of them the
temperature increase in the shocked region rapidly lifts degeneracy, leading to the
quenching of the burning. We thus characterize under which circumstances a deto-
nation is likely to occur as a result of the impact of the disrupted star on the surface
of the more massive white dwarf. Finally, we also study which interactions result in
bound systems, and in which ones the more massive white dwarf is also disrupted
as a consequence of the dynamical interaction. The sizable number of simulations
performed in this work allows to find how the outcome of the interaction depends on
the distance at closest approach, and on the masses of the colliding white dwarfs, and
which is the chemical pattern of the nuclearly processed material. Finally, we also
discuss the influence of the masses and core chemical compositions of the interacting
white dwarfs and the different kinds of impact in the properties of the remnants.
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3.1 Introduction

Globular clusters and galactic nuclei are dense and old stellar systems. In these envi-
ronments the most probable collisions are those in which at least one of the colliding
stars has a large cross-section — a red giant or an AGB star — and those in which
at least one of the stars is common (Shara & Regev, 1986). Since white dwarfs are
the most usual end-point of stellar evolution, and because both globular clusters and
galactic nuclei are rather old, these stellar systems contain many degenerate stars.
Therefore, collisions in which one of the colliding stars is a white dwarf should be
rather common (Lorén-Aguilar et al., 2010). Additionally, it has been recently shown
that close encounters of two white dwarfs could be more frequent than previously
thought (Katz & Dong, 2012).

Recently, the study of the collisions of two white dwarfs has received consider-
able interest, since it has been shown that, under certain circumstances, the result of
such interactions could be a Type Ia supernova outburst (Raskin et al., 2009, 2010;
Rosswog et al., 2009). However, there are very few simulations of this phenomenon.
In fact, the small number of simulations of white dwarf collisions is noticeable when
compared to the number of simulations in which two white dwarfs belonging to a
binary system merge. Specifically, the first simulations of colliding white dwarfs
(Benz et al., 1989) were done using an SPH method, but employing a rather small
number of particles in the calculations, a consequence of the severe computational
limitations. Other recent calculations (Rosswog et al., 2009) also employed SPH
techniques, but due to the large parameter space to be studied, the calculations
were mostly restricted to head-on collisions, this time using a large number of par-
ticles. The reason for this choice was that these simulations were primarily aimed
at obtaining a thermonuclear explosion, and it was foreseen that very high tem-
peratures were most likely to be obtained in these kind of interactions. This was
also the aim of subsequent calculations (Raskin et al., 2009, 2010), which indepently
confirmed the results of Rosswog et al. (2009) using an independent SPH code. Fi-
nally, the collisions of two white dwarfs have also been studied recently using the
Eulerian adaptive grid code FLASH (Hawley et al., 2012). However, these authors
only computed zero impact parameter collisions for two equal-mass white dwarfs, a
0.64 M +0.64 M, pair and a 0.81 Mg +0.81 Mg system. As in most of the previous
studies of this kind, the primary goal of this work was again to study an independent
channel for producing Type Ia supernovae.

In summary, most authors have studied the collision of two white dwarfs with
fixed masses, and have varied the total energy and angular momentum of the colliding
white dwarfs, while little attention has been paid up to now to study the effects of
the masses of the interacting stars. This was also the approach adopted by Lorén-
Aguilar et al. (2010), where the masses of the intervening white dwarfs (0.6 M, and
0.8 M) were kept fixed, while their initial relative velocity and distance were varied.
They found that the outcome of the interaction could be either a direct collision, a
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lateral one, or could be the formation of an eccentric binary system. Nevertheless,
the outcome of the dynamical interaction depends on the masses (and on the core
chemical composition) of the interacting white dwarfs. Thus, a comprehensive study
of the interactions of two white dwarfs covering a broad range of masses and initial
conditions is still lacking. The present work aims precisely at filling this gap.

The SPH code used for these simulations is explained in appendix A. In section 3.2
of this chapter we present the initial conditions considered in our simulations. It
follows section 3.3, where the outcomes of the collisions and close encounters are
presented and analyzed. In section 3.4 we present the most significant features of
the extensive set of simulations performed so far. Finally, in section 3.5 we summarize
our main findings, we discuss their significance and we draw our conclusions.

3.2 Initial conditions

We have relaxed five different white dwarf models with masses M7 = 0.4 Mg, 0.6 M),
0.8 Mg,1.0 My and 1.2 My . The chemical composition of all white dwarfs is a mix-
ture of 40% carbon and 60% oxygen (by mass), except for the lightest one — which is
made of pure helium — and the heaviest one — which is made of a mixture of 80% of
oxygen and 20% of neon, also by mass. The intervening stars were relaxed separately
to obtain accurate equilibrium initial configurations, using ~ 2 x 10° particles for
each star. This resolution is high enough to provide accurate results and low enough
to run a large number of simulations in a reasonable period of time. The initial
temperature of our isothermal white dwarf configurations is ~ 107 K. As in Lorén-
Aguilar et al. (2010), the white dwarfs were assumed to rotate counterclockwise as
rigid bodies (Charpinet et al., 2009) with rotational velocities w ~ 7 x 1075 rad /s —
a typical rotation velocity of field white dwarfs (Berger et al., 2005). This rotation
rate is nevertheless irrelevant to the dynamics of the close encounters studied in this
chapter. In fact, the spin rates of post-capture white dwarfs could be larger, as the
capture is dominated by tidal dissipation, which would lead to spin-up of at least
the lower mass white dwarf, and of both stars if the masses are comparable (Press
& Teukolsky, 1977).

We fixed the initial distance between the stars along the x-axis, Az = 0.2 R, and
allowed the initial distance along the y-axis to vary between Ay = 0.3 R and 0.4 Rg.
Under these conditions the tidal deformations of both white dwarfs are negligible at
the beginning of the simulation and the approximation of spherical symmetry is
valid. The initial velocity of each star was set to vip; = (£ip;, 0, 0), with vj,; ranging
from 75 to 300 km/s, which are typical values for which the interaction ends up in
a collision. With this setting the initial coordinates of the two intervening white
dwarfs are (Az/2, —Ay/2,0) and (—Ax/2, Ay/2,0) and the relative velocity is 2vip;.
Note that these initial conditions lead in all cases to negative energies, which result
in initial elliptical trajectories, although some of them have high eccentricities — see
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below. That is, the interactions studied here correspond to a post-capture scenario.
For a detailed study of the gravitational capture mechanisms see, for example, Press
& Teukolsky (1977) and Lee & Ostriker (1986). Additionally, we note that in order
for a pair of stars to become bound after a close encounter, some kind of dissipation
mechanism must be involved, like a third body tidal interaction (Shara & Hurley,
2002), or the excitation of stellar pulsations by means of tidal interaction (Fabian
et al., 1975).

3.3 Outcomes of the interactions

3.3.1 Time evolution

In most simulations the time evolution of the interactions computed here is the same
found in the previous paper (Lorén-Aguilar et al., 2010). In particular, after tidal
interaction, the intervening white dwarfs either form an eccentric binary or collide.
In particular, if the intervening stars get sufficiently close at periastron and mass
transfer begins, a stellar merger occurs. In this case, two different behaviors can be
clearly distinguished. If more than one mass-transfer episode occurs before the stellar
merger, we name it a lateral collision (LC). Else, if just one mass transfer happens,
then we call the interaction a direct collision (DC). Otherwise, if the binary system
survives without transferring mass, an eccentric orbit will be the outcome (O) of the
interaction.

Also, for most of the cases studied here in which a collision occurs, the resulting
remnants left behind by the dynamical interaction are very similar to those found
in our previous work (Lorén-Aguilar et al., 2010). However, there are a few cases
in which the interaction is so strong that the material of the lightest white dwarf
is ejected from the system. Finally, there are as well some interactions in which
both stars are totally disrupted. This occurs as a consequence of the very high
temperatures attained in the contact region during the most violent phase of the
dynamical interaction. Specifically, in all the simulations in which one or both stars
are disrupted and the material is ejected from the system the temperatures and
densities reached during the interaction are high enough to drive a detonation. If
the material of the disrupted less massive star is a mixture of carbon and oxygen
this occurs when the temperature is larger than ~ 2.5 x 10° K and the density is
above 2.0 x 105 g cm™3 (Seitenzahl et al., 2009; Pakmor et al., 2011). When the
less massive white dwarf is made of helium we consider that a detonation is likely to
develop when the nuclear timescale is shorter than the dynamical one. Nevertheless,
we emphasize that these are only necessary conditions, since whether a detonation
develops or not depends as well on other factors, like the temperature and density
gradients.

We find that in most of the simulations in which the material of the disrupted low-
mass white dwarf reaches high temperatures and large densities the regions in which a
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Figure 3.1: Time evolution of one of the simulations in which the dynamical interaction
of two white dwarfs results in the disruption of both stars. In particular, this simulation
corresponds to the case in which the interacting stars have masses 0.8 My and 1.0 My,
whereas the initial velocity is vip; = 100 km/s and the initial distance is Ay = 0.3Rg —
that is, run number 7 in Table 3.1. The temperature of each SPH particle is also shown.
The = and y axes are in units of 0.1 R5. The dashed lines correspond to the trajectories of
the center of mass of each intervening star. Only 1 out of 10 particles has been represented.
Times (in seconds) since the beginning of the simulation are shown in the right upper corner
of each panel. These figures have been done using the visualization tool SPLASH (Price,
2007).

detonation is likely to develop comprise a small number of particles and degeneracy is
rapidly lifted. Consequently, in these cases the result of the dynamical interaction is
not a powerful thermonuclear explosion, leading to a supernova. However, there are
a few runs in which the number of particles that reach detonation conditions is large
enough to ensure that a supernova occurs. This happens, for instance, in the case in
which two heavy carbon-oxygen white dwarfs of masses 0.8 Mg and 1.0 M, interact.
The time evolution of this system is depicted in Fig. 3.1. There are other cases in
which only the material of the less massive white dwarf is ejected after being tidally
disrupted by the more massive one. This occurs, for instance, when the primary is
a very compact oxygen-neon white dwarf. Due to the very small radius of the more
massive white dwarf a sizable fraction of the less massive white dwarf is not accreted
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Figure 3.2: Same as Fig. 3.1 for one of the simulations in which the dynamical interaction
results in the disruption of the less massive star, while the more massive white dwarf retains
its identity. This specific simulation corresponds to the case in which the initial velocity is
Vini = 100 km/s and the initial distance is yini = 0.3Re, while the masses of the colliding
white dwarfs are 0.8 and 1.2 My, respectively, corresponding to simulation number 8 in
Table 3.1.

as it occurs when two white dwarfs with smaller mass contrast interact but, instead,
in this case the oxygen-neon white dwarf is barely affected by the interaction, while
the material of the disrupted less massive star bounces on the surface of the primary
and is ejected at somewhat large velocities, of the order of 10* km/s. Fig. 3.2 shows
an example of the temporal evolution in these cases. Specifically, this figure displays
the time evolution in the case in which a 0.8 My carbon-oxygen white dwarf and a
1.2 Mg oxygen-neon white dwarf interact. Finally, there are other simulations in
which both stars are disrupted as well although there is not a large mass contrast.
This occurs mainly for the simulations involving two helium white dwarfs. Fig. 3.3
illustrates the case in which an extremely low mass white dwarf of mass 0.2 Mg
white dwarf is tidally disrupted by another helium white dwarf of mass 0.4 My, and
its material is ejected from the system. Finally, it is interesting to note as well that
in all these simulations the shocked region is well resolved by our simulations — see
Figs. 3.1, 3.2, and 3.3.
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Figure 3.3: Same as Fig. 3.1 for the simulation in which two helium white dwarfs are involved.
In this case the dynamical interaction results in the tidal disruption of an extremely low
mass white dwarf of mass 0.2 My, in the gravitational field of a 0.4 Mg helium white dwarf.
The initial conditions of this specific simulation are vy, = 75 km/s and yin = 0.3Rg,
corresponding to run number 37 in Table 3.2.

3.3.2 Overview of the simulations

Tables 3.1 and 3.2 list all the simulations performed in this work, grouped as a
function of the initial positions and velocities. In particular, Table 3.1 lists the
kinematical properties of the simulations in which a 0.8 M, carbon-oxygen white
dwarf is involved, whereas in Table 3.2 we display the same information for the
simulations in which a light-weight (0.4 Mg ) helium white dwarf is considered. Note
that these simulations complement those of Lorén-Aguilar et al. (2010), in which the
interaction of two white dwarfs of masses 0.6 and 0.8 My was studied. Thus, the
present set of simulations, when complemented with those of Lorén-Aguilar et al.
(2010), encompasses the most plausible range of white dwarf masses.

In both tables we list the masses of the interacting white dwarfs (second column)
and the outcome of the dynamical interaction (third column). The fourth column
shows if the physical conditions for a detonation are met during the dynamical
interaction, and if as a consequence of the interaction the material of the less massive
white dwarf is ejected (1), or if both stars are totally disrupted (2) — fifth column.
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Table 3.1: Kinematical properties of the simulations reported here involving a 0.8 My white
dwarf.

Run M; + M, Outcome Detonation Ejection FE L Tmax Tmin € 8
(Mo) (10% erg)  (10% erg s) (Ro) (Ro)
Vini = 75 km/s Ay = 0.4 R
1 0.8+0.6 DC Yes No —4.12 2.80 4.48x1071  6.72x107%  0.970 2.83
2 0.84-0.8 DC Yes No —5.49 3.28 4.49x107' 5.88x1073 0.974 3.06
3 1.0+0.8 DC Yes 2 —6.88 3.64 4.49%x1071  5.21x1073% 0977 3.07
4 1.2+0.8 DC Yes 1 —8.26 3.93 4.48x1071  4.70x1073  0.980 2.98
Vini = 100 km /s Ay =0.3 Rg
5 0.84-0.6 DC Yes No —5.05 2.81 3.64x10~"  6.76x1073 0.964 2.81
6 0.8+0.8 DC Yes No —6.76 3.28 3.63x1071  5.90x107% 0.968 3.05
7 1.04+0.8 DC Yes 2 —8.47 3.64 3.63x1071  5.23x107% 0972 3.06
8 1.2+0.8 DC Yes 1 —10.1 3.93 3.63x1071  4.71x1073 0.974 2.97
Vini = 100 km/s Ay =04 Ry
9 0.84-0.6 LC Yes No —4.06 3.74 4.49x1071  1.21x1072 0.948 1.57
10 0.84-0.8 LC Yes No —5.42 4.37 4.50x107'  1.05x1072 0.954 1.71
11 1.0+0.8 LC Yes No —6.80 4.85 4.50x107"  9.35x1073 0.959 1.71
12 1.240.8 LC Yes No —8.18 5.24 4.49%x1071  8.42x1073 0.963 1.66
Uini = 150 km/s Ay =0.3 Rg
13 0.84-0.6 LC No No —4.88 4.21 3.68x107! 1.56x1072 0.919 1.22
14 0.84-0.8 LC Yes No —6.56 4.91 3.67x10~" 1.35x1072 0.929 1.33
15 1.04-0.8 LC Yes No —8.25 5.46 3.66x10~1  1.20x1072 0.937 1.33
16 1.240.8 LC Yes No —-9.95 5.90 3.66x1071  1.08x1072 0.943 1.30
Uini = 150 km/s Ay =04 Ry
17 0.8+0.6 LC No No —3.89 5.60 4.53x1071  2.81x1072 0.883 0.68
18 0.84-0.8 LC No No —5.22 6.55 4.54x1071  2.45x1072 0.898 0.73
19 1.0+0.8 LC No No —6.57 7.28 4.53x1071  2.16x1072 0.909 0.74
20 1.2+0.8 LC Yes No —7.93 7.86 4.52x107"  1.94x1072 0.918 0.72
Vini = 200 km/s Ay =0.3 R
21 0.84-0.6 LC No No —4.64 5.62 3.75x10~"  2.86x1072 0.858 0.66
22 0.84-0.8 LC No No —6.28 6.55 3.73x107'  2.48x1072 0.875 0.73
23 1.04+0.8 LC No No —7.94 7.28 3.72x1071  2.18x1072 0.889 0.73
24 1.240.8 LC Yes No —-9.61 7.86 3.70x1071  1.96x1072 0.900 0.71
Vini = 200 km/s Ay =04 Ry
25 0.8+0.6 (0] No No —3.65 7.47 4.61x10~" 5.23x1072 0.796 0.36
26 0.8+0.8 O No No —4.94 8.74 4.60x1071  4.54x1072 0.820 0.40
27 1.0+0.8 6] No No —6.26 9.70 4581071 3.99x1072 0.840 0.40
28 1.2+0.8 O No No —7.60 10.50 4.57x107"  3.56x1072 0.855 0.39
Vini = 300 km/s Ay =0.3 Rg
29 0.84-0.6 O No No —3.97 8.39 4.02x107'  6.96x1072 0.705 0.27
30 0.84-0.8 O No No —5.47 9.32 3.96x10~"  6.02x1072 0.736 0.30
31 1.0+0.8 O No No —7.04 10.90 3.90x10~"  5.27x1072 0.762 0.30
32 1.240.8 O No No —8.64 11.80 3.86x10~1  4.69x1072 0.783 0.30
Uini = 300 km/s Ay =04 Ry
33 0.8+0.6 (0] No No —2.94 11.20 5.01x1071  1.35x10~' 0.576 0.14
34 0.8+0.8 (0] No No —4.13 13.10 4.89x10~1  1.15x10~* 0.620 0.16
35 1.040.8 O No No —5.37 14.62 4.82x1071  9.97x1072 0.657 0.16
36 1.2+0.8 O No No —6.63 15.71 4.76x10~' 8.81x1072 0.688 0.16
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Table 3.2: Kinematical properties of the simulations reported here involving a 0.4 Mg white
dwarf.

Run M; + M; Outcome Detonation Ejection E L Tmax Tmin 5 I3
(Mo) (0% erg) (109 ergs)  (Ro)  (Ro)
Uini = 75 km/s Ay =0.3 Ry
37 0.240.4 DC Yes 1 —0.84 0.82 3.65x1071  8.94x1073 0.952 3.97
38 0.44-0.4 DC Yes 2 —1.69 1.23 3.64x1071  6.65x1073 0.964 4.21
Uini = 75 km/s Ay =04 Ry
39 0.24-0.4 LC Yes No —0.67 1.09 451107 1.60x1072 0.931 221
40 0.44-0.4 DC Yes 2 —1.35 1.64 4501071 1.19x1072 0.948 2.35
41 0.8+0.4 DC Yes 1 —2.73 2.18 4.49x1071  7.85x107% 0.966 2.93
42 1.2+0.4 DC Yes 1 —4.12 2.45 4.48x107"  5.84x1073 0.974 3.26
Uini = 100 km/s Ay =0.3 Rg
43 0.24-0.4 LC Yes No —0.81 1.09 3.68x10~'  1.62x1072 0.916 2.19
44 0.44-0.4 DC Yes 2 —1.65 1.64 3.66x10~"  1.20x1072 0.937 2.34
45 0.84-0.4 DC Yes 1 —-3.35 2.18 3.64x1071  7.88x1073 0.958 2.92
46 1.240.4 DC Yes 1 —5.07 2.45 3.63x1071  5.88x1073 0.968 3.23
Uini = 100 km/s Ay =04 Ry
47 0.24-0.4 LC No No —0.64 1.46 4.55%x1071  2.93x1072 0.879 1.21
48 0.44-0.4 LC Yes No —1.31 2.18 4.53x1071  2.16x1072 0.909 1.29
49 0.84-0.4 DC Yes 1 —2.68 291 4511071 1.42x1072 0.939 1.62
50 1.2+0.4 DC Yes 1 —4.07 3.27 4.50x10~"  1.05x1072 0.954 1.80
Uini = 150 km/s Ay =0.3 Ro
51 02404  LC No No —0.74 164 381x107! 3.84x1072 0.818 0.92
52 0.4+0.4 LC Yes No —1.55 2.46 3.75x1071  2.81x1072 0.861 1.00
53 0.8+0.4 DC Yes 1 —3.22 3.27 3.69x1071  1.83x1072 0.906 1.26
54 1.240.4 DC Yes 1 —4.92 3.68 3.67x1071  1.35x1072 0.929 1.41
Vini = 150 km/s Ay =04 R
55 0.24-0.4 O No No —0.58 2.18 4.70x10~"  7.14x1072 0.736  0.50
56 0.44-0.4 O No No —-1.21 3.28 4.62x1071  5.16x1072 0.799 0.54
57 0.84-0.4 LC Yes No —2.55 4.37 4.56x107"  3.30x1072 0.864 0.70
58 1.2+0.4 LC Yes No —3.91 4.91 4.54x107"  2.44x1072 0.898 0.78
Vini = 200 km/s Ay = 0.3 Rg
59 0.24-0.4 O No No —0.65 2.18 4.07x107'  7.31x1072 0.695 0.49
60 0.44-0.4 O No No —1.41 3.28 3.90x107!  5.27x1072 0.762 0.53
61 0.84-0.4 LC Yes No —3.03 4.36 3.78x10~'  3.36x1072 0.837 0.68
62 1.240.4 LC Yes No —4.71 4.91 3.73x1071  247x1072 0.876 0.77
Vini = 200 km/s Ay =04 Ry
63  0.2+0.4 0] No No —0.48 2.91 5.05x107!  1.41x107! 0.564 0.25
64 0.4+0.4 (0] No No —1.07 4.37 4.82x1071  9.97x1072 0.657 0.28
65 0.84-0.4 O No No —2.36 5.82 4.66x107"  6.23x1072 0.764 0.37
66 1.2404 LC Yes No —3.70 6.55 4.60x1071  4.53x1072 0.821 0.42
Uini = 300 km/s Ay =0.3 Ry
67 0.44+0.4 0 No No ~1.01 491 4.87x107" 1.33x107" 0.571 0.14
68 0.84-0.4 O No No —2.50 6.55 4.17x107'  8.35x1072 0.666 0.28
69 1.2+0.4 O No No —4.11 7.36 3.96x107'  6.01x1072 0.737 0.32
Vini = 300 km/s Ay =04 Ry
70 0.840.4 0 No No ~1.82 8.74 5.22x1071  1.63x107" 0.525 0.14

71 1.2+0.4 O No No -3.10 9.82 4.90x107'  1.14x10"' 0.621 0.17
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The total energy, E, and the total angular momentum, L, of the system are listed
in the sixth and seventh columns, respectively. These two quantities have been
computed using the corresponding SPH prescriptions. Note as well that all the
energies of the systems considered here are negative and, thus, the initial trajectories
are in all cases elliptical. Therefore, the apoastron (rpyayx), the periastron (ryi,) and
the eccentricity (e) of the orbits are also specified in this table — columns 7, 8 and 9,
respectively. All these quantities have been computed using the solution of the two-
body problem, assuming that the two white dwarfs are point masses. However, it
is important to realize that tidal interactions subsequently modify the initial orbits,
leading to different outcomes. Finally, in the last column of tables 3.1 and 3.2 we
also list the so-called impact parameter, which is defined as

R+ Ry

T'min

g (3.1)

This parameter is a good indicator of the strength of the interaction. In this ex-
pression Ry is the radius of the more massive white dwarf and Rs that of the less
massive one.

3.3.3 The outcomes of the interactions

As previously said, our simulations result in three different outcomes, depending
on the adopted initial conditions. Not surprisingly, we find that the most relevant
physical parameter for discriminating between the three different outcomes is the
periastron distance, ryi,. In particular, we find that as the periastron distance de-
creases, the outcome of the interaction changes from the formation of an eccentric
binary to a lateral collision and then to a direct one. This can be seen in Fig. 3.4,
where we show the different outcomes of our simulations as a function of the peri-
astron distance and the reduced mass of the system — p = MyMs/(My + My) —
for the case in which the mass of one of the interacting white dwarfs is kept fixed to
0.8 My — top panel — or to 0.4 Ms — bottom panel. In these panels the dark grey
shaded areas represent the region in which the outcome of the interaction is a direct
collision, the medium grey shaded areas show the regions in which lateral collisions
occur, while the light grey shaded areas display the regions in which eccentric bina-
ries are formed. We have also labelled, for the sake of clarity, each set of simulations
with the mass of the second interacting white dwarf — from 1.2 Mg to 0.2 Mg. In
this way it is better illustrated how the masses of the white dwarfs involved in the
interaction affect the resulting outcome.

To gain insight in the physics of the interaction process we have proceeded as
follows. It could be naively expected that a direct collision occurs when at closest
approach the two intervening white dwarfs are in contact. This happens when the
minimum distance between their respective centers of mass, rmin, is smaller than the
sum of the unperturbed radii of the white dwarfs. That is, when i, < R1 + Ro,
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Figure 3.4: Outcomes of the simulations performed here presented in the plane defined
by the reduced mass of the system and the periastron distance. The top panel displays
the outcomes of the simulations in which a 0.8 Mg carbon-oxygen white dwarf is involved,
whilst the bottom panel shows the outcomes of the simulations in which a 0.4 Mg helium
white dwarf is used. The shaded areas indicate the regions for which the three different
outcomes occur, as explained in the main text. Each row of simulations is also labelled with
the mass of the second interacting white dwarf corresponding to the indicated reduced mass.
The horizontal solid lines separate the regions of helium, carbon-oxygen and oxygen-neon
white dwarfs, respectively. Hollow squares indicate those simulations in which no detonation
occurs, filled squares represent those simulations in which the conditions for a detonation
are met, filled triangles correspond to those simulations in which the material of the lightest
white dwarf is ejected, while filled circles show the simulations in which both white dwarfs are
completely destroyed. The dashed line separates the region in which no detonations occur
and that in which during the dynamical interaction the physical conditions for a detonation
to occur are met, while the dotted-dashed line indicates the region for which the dynamically
interacting system is totally or partially disrupted. Those interactions occuring to the left
of this line result in the ejection of the material of at least one component of the system.
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where R; and Ry are the radii of both white dwarfs at sufficiently large distances.
Instead, our results show that in a direct collision the overlap between both white
dwarfs at minimum distance is substantial in all cases, otherwise the less massive
star survives the first mass transfer episode and a lateral collision is the outcome of
the interaction, and thus this criterion is not valid. There are several reasons for this.
The first one is that in direct collisions the relative velocities of the SPH particles are
relatively large, or equivalently ( is sufficiently large. Thus, in direct collisions the
SPH particles of both stars are thoroughly mixed. The second reason is that in this
approximation 7y, is computed using the expression for point masses, whereas in
our simulations we deal with extended bodies. Thus, in our calculations the distance
at closest approach is larger than that obtained using point masses. Finally, tidal
forces also decrease the periastron of the system. The interplay between all these
factors is complex and, accordingly, the simplistic criterion previously explained has
to be modified. To take into account that in all direct collisions substantial overlap at
minimum distance occurs we adopt rmin < AR+ Ry, where the parameter A indicates
the degree of overlaping between both stars. The division between the regions of
direct collisions and lateral collisions in Fig. 3.4 is best fitted using A ~ —0.35,
meaning that indeed the overlap has to be relatively large. We note at this point
that the value of A is the same for those simulations in which either carbon-oxygen
and oxygen-neon white dwarfs are involved, but not for the case in which helium
white dwarfs interact, for which the conditions for a detonation to occur are rather
different. Nevertheless, this, in turn, means that this reasoning is relatively robust
enough, as it does not depend much on the mass of the white dwarf.

We now go one step forward and we try to explain which is the physical mecha-
nism that makes the difference between those simulations in which a lateral collision
occurs and those simulations which end up in the formation of an eccentric binary.
It would also be naively expected that a lateral collision occurs when the periastron
distance is such that the less massive white dwarf fills its Roche lobe at closest ap-
proach, and consequently mass transfer from the lightest intervening white dwarf
to the most massive one is enabled. To test this possibility we have used the usual
analytical expression of Eggleton (1983):

0.49¢%/3
0.6¢2/3 + In(1 + ¢'/3)

RL/a = (3'2)

where ¢ = My /M is the mass ratio of the interacting stars, and a is the binary
separation, which in our case is @ = ryi,. Nevertheless, we emphasize that Eq. (3.2)
is only valid for circular orbits, while we are dealing with highly eccentric orbits.
Most importantly, this expression was derived assuming that the interacting stars
are spherical, which in our case is not true, as tidal deformations are important at
closest approach. Thus, instead of directly using the value of Ry, obtained from the
expression above, we multiply it by a factor n, which takes into account all the non-
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modelled effects. Hence, we expect that the limiting case separating both dynamical
regimes is Ry = nRy,, with Ry, given by Eq. (3.2).

As can be seen in Fig. 3.4, the simple argument previously explained works well
when 1 ~ 0.95 is adopted, as all the interactions in which an eccentric binary system
is formed lay in the lightest shaded area, whilst the region of lateral collisions is
also nicely reproduced. It is worth noting as well that this value is the same for the
simulations in which a 0.8 My white dwarf is involved (left panel of Fig. 3.4) and
those in which a 0.4 Mg, star is adopted (right panel in the same figure). Hence, the
value of 7 is robust, since it does not depend on the composition of the intervening
white dwarf (the 0.4 My white dwarf is made of helium, while the 0.8 My star is
a regular carbon-oxygen white dwarf), or on the specific details of the interaction.
Note also that the change in the slope of the boundary between both regions occurs
at u = 0.4 Mg, for the left panel and at y = 0.2 Mg, for the right panel of Fig. 3.4.
These values correspond to systems in which both intervening white dwarfs have
equal masses. In particular, if we consider the left panel of Fig. 3.4, stars less massive
than 0.8 My have larger radii than the 0.8 M white dwarf due to the mass-radius
relation. Thus, the distances at closest approach for which a Roche-lobe overflow
episode occurs are larger, and the reverse is also true. However, for white dwarfs
more massive than 0.8 Mg the gravitational well is deeper, and consequently lateral
collisions occur for larger periastron distances. The interplay between these two
effects determines the turn-off in this plane.

In Fig. 3.4 we also show the regions in the plane defined by the reduced mass
and periastron distance for which the physical conditions for a detonation are met
during the interaction. As shown in Figs. 3.1 and 3.2 these conditions always occur
in the shocked region resulting from the very rapid accretion phase of the disrupted
less massive star onto the almost rigid surface of the more massive white dwarf. The
regions in which a detonation forms in the contact region between the surface of the
more massive star and the material accreted from the disrupted less massive star
are located to the left of the dashed line. The dotted-dashed line indicates the edge
of the region for which either the less massive star or both are totally disrupted.
We note, however, that if the more massive white dwarf is an oxygen-neon white
dwarf the material of the less massive white dwarf is not accreted onto this star,
but it bounces back. On the contrary if both stars are massive carbon-oxygen white
dwarfs, the system is totally disrupted and the result of the interaction is indeed a
super-Chandrasekhar Type Ia supernova.

3.4 Physical properties of the interactions
Quite generally speaking, and except for the few cases discussed previously in which

the material of the less massive star is ejected, or in those cases in which both white
dwarfs are entirely disrupted, in all those simulations in which a merger occurs, the
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less massive white dwarf is accreted by the massive companion, and the resulting
configuration consists of a central compact object surrounded by a hot corona, and
a region where the debris of the interaction can be found. The properties of the
debris region depend very much on the masses of the interacting white dwarfs. In
particular, if a direct collision occurs, the final configuration is almost spherically
symmetric, whereas in lateral collisions a thick, heavy, rotationally-supported disk is
formed in all cases, but in those in which the two interacting white dwarfs have equal
masses. All these findings are in agreement with those previously obtained by Lorén-
Aguilar et al. (2010). We found that in these simulations little mass is ejected from
the system, except in some direct collisions, namely those with rather large values
of the impact parameter 5 — see Tables 3.1 and 3.3. The hot corona corresponds
to material that has been compressed and heated during the collision, and therefore
is substantially enriched in heavy elements. The resulting nucleosynthetic pattern
follows closely that found in Lorén-Aguilar et al. (2010).

Table 3.3 shows some important physical quantities of the simulations in which
a merger occurs but the material of the less massive white dwarf is not ejected from
the remnant. That is, those simulations in which the remnant of the interaction is
a single bound object, with the configuration previously described. In particular,
in this table we specify the masses of the central remnant (Myp), of the corona
(Mcorona), and of the debris region (Mgebris). Also listed are the ejected mass (Ms;),
as well as the radii of the corona and of the debris region — Rcorona and Rgebris-
We considered that the newly formed white dwarf is made of all the material which
rotates as a rigid solid plus the hot corona, which rotates faster. This includes both
the unperturbed more massive star and the accreted material resulting from the
disrupted less massive white dwarf. Finally, we also list the maximum temperature
of the central remnant at the end of our simulations — Ty,.x — the maximum
temperature achieved during the most violent phase of the merger — Tjeax — and
the energy released by nuclear reactions, Fyyc.

As can be seen in Table 3.3, when the masses of the intervening white dwarfs are
rather different — namely, when the mass difference between both stars is 2 0.2 M,
— the interaction is more violent. This is the case, for instance, of simulation
number 5, in which two carbon-oxygen white dwarfs of masses 0.8 M, and 0.6 Mg,
respectively, are involved. This occurs because in these cases the less massive white
dwarf is destroyed very rapidly in the deep potential well of the more massive one.
Moreover, in these simulations the more massive white dwarf has a small radius,
which leads to significant accelerations of the material of the disrupted less massive
white dwarf, and consequently to stronger interactions. Furthermore, when the
masses of the white dwarfs are very different the resulting white dwarf accretes only
a small percentage of the less massive star. If the dynamical interaction results in a
lateral collision, a large amount of mass of the disrupted less massive white dwarf is
incorporated to the debris region, whilst if the interaction results in a direct collision
the mass ejected from the system is larger. All these physical considerations are also
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Table 3.3: Hydrodynamical results for the simulations in which a collision occurs and the
resulting system remains bound.

Run  Detonation ]\/[\VD Meorona ]\'Idcbris ]\jej Tax Tpcak Reorona Rdcbris Ernue
(Mo) (Mo)  (Mo) (Mo) (K) (K) (Ro) (Ro) (erg)

1 Yes 0.90 0.79 0.46  3.74x1072 5.35x10° 4.37x10° 9.64x1073  0.43  1.09x10%
2 Yes 1.12 — 0.34  1.41x107! 4.69x10% 5.44x10° — 0.28  4.57x10%
5 Yes 0.87 0.79 0.50  3.22x1072 4.90x10%® 4.50x10° 8.86x107%  0.22  9.81x10*
6 Yes 1.13 — 0.33  1.37x107! 4.65x10%® 5.37x10° — 0.19  4.25x10%
9 Yes 0.91 0.72 0.48  1.39x1072 4.79x10% 3.03x10° 8.00x1073  0.21  9.93x10%7
10 Yes 1.29 028  2.63x1072 4.50x10° 4.20x10° 0.21  2.27x10%
11 Yes 1.12 0.89 0.64  4.64x1072 7.77x10% 4.51x10° 6.93x107%  0.24  1.66x10%
12 Yes 1.26 0.54 0.64 1.01x107! 1.08x10° 4.66x10° 4.98x107% 0.21  3.67x10%
13 No 0.91 0.71 0.48  7.96x107% 4.49x10% 2.18x10° 8.05x107%  0.22  1.49x10%
14 Yes 1.30 — 0.29  8.44x107% 4.44x10%® 3.50x10° — 0.23  5.24x10%7
15 Yes 1.15 0.83 0.63 1.85x1072 7.54x10%® 3.89x10° 6.62x107%  0.20  2.63x10%®
16 Yes 1.26 0.54 0.67 6.81x1072 1.07x10° 4.30x10° 5.02x107%  0.19  2.36x10%
17 No 0.91 0.41 047  1.41x1072 4.36x10° 1.16x10° 5.44x107%  0.38  1.88x10*
18 No 1.38 — 0.21  5.76x107% 3.49x10% 2.54x10° — 0.25  7.95x10%
19 No 1.16 0.63 0.62 1.71x1072 7.02x10%® 2.08x10° 4.85x107%  0.37 8.17x10%
20 Yes 1.31 0.44 0.66 2.70x1072 1.25x10° 2.80x10° 3.65x107%  0.36  1.43x10%*
21 No 0.92 0.42 0.46  1.39x1072 4.21x10% 9.22x10% 5.43x107%  0.49  1.90x10%
22 No 1.33 — 0.27  4.80x107% 2.48x10%® 1.32x10° — 0.43 8.67x10%
23 No 1.17 0.50 0.62 1.73x1072 7.56x10% 1.79x10° 4.81x107% 0.34  9.95x10%
24 Yes 1.30 0.44 0.67  2.62x1072 1.17x10° 2.74x10° 3.72x1073  0.28  9.38x10%7
39 Yes 0.42 0.23 0.16  2.43x1072 1.21x10%® 229x10° 1.41x1072 0.75  2.04x10%®
43 Yes 0.41 0.22 0.16  2.26x1072 1.13x10%® 2.42x10° 1.18x1072  0.49 2.17x10%*
47 No 0.45 0.24 0.15  2.54x107% 1.09x10® 6.83x10% 1.63x1072  0.57  1.24x10%
48 Yes 0.54 — 0.21  4.81x1072 8.81x107 2.68x10° — 0.55  8.49x10%
51 No 0.44 0.17 0.16  5.63x107% 1.12x10° 3.96x10% 1.09x1072  0.65 2.75%x10%*
52 Yes 0.67 — 0.13  4.96x107% 8.48x107 2.29x10° — 0.64 8.12x10%7
57 Yes 0.85 0.29 0.32  3.13x1072 4.25x10% 2.50x10° 9.27x107%  0.38  6.09x10%*
58 Yes 1.20 0.27 0.32  7.80x1072 7.74x10% 2.75x10° 5.34x107%  0.41  2.03x10%
61 Yes 0.85 0.28 0.32  2.52x1072  4.13x10% 1.98x10° 9.50x107%  0.33  4.70x10%®
62 Yes 1.21 0.15 0.30  9.15x1072 7.96x10% 2.74x10° 5.77x107%  0.45  2.53x10%
66 Yes 1.20 0.15 0.35  5.15x1072 7.77x10% 246x10° 3.35x107%  0.74  1.86x10%

valid for the simulations in which a very massive oxygen-neon white dwarf of mass
1.2 M and a 0.8 M, carbon-oxygen white dwarf are involved but a lateral collision
occurs — namely, simulations 12, 16, 20, and 24. In these simulations we find that
a larger fraction of the less massive white dwarf is ejected from the system, while
the mass of the debris region is also significantly larger. On the contrary, when
the mass difference between the interacting white dwarfs is smaller our calculations
show the interaction is more gentle and a sizable amount of mass is accreted on the
undisrupted more massive white dwarf. Finally, it is important to realize as well that
in all simulations with small impact parameters, which produce lateral collisions, the
number of mass transfer episodes is larger for decreasing values in the difference of
masses of the interacting white dwarfs.

There is one simulation in which the remnant white dwarf is very close to the
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Chandraskhar mass, namely simulation 18. In this simulation two 0.8 M white
dwarfs interact. Nevertheless, the remnant is rotating rapidly (a consequence of
the conversion of orbital angular momentum in rotational velocity of the remnant),
and thus the central density is not extraordinarily large. This prevents the onset of
electron captures on %0 in the densest regions of the remnant. Additionally, in some
simulations the temperatures and densities attained during the interaction are high
enough to drive a detonation. However, in these simulations the regions in which a
detonation is likely to develop comprise a small number of particles and degeneracy
is rapidly lifted. Consequently, in these cases the result of the dynamical interaction
is not a powerful thermonuclear explosion, leading to a supernova.

There are a few simulations in which a corona is not formed. These are simula-
tions 2, 6, 10, 14, 18, 22, 48 and 52. All these simulations correspond to interactions
in which two equal-mass white dwarfs are involved (with either carbon-oxygen or
helium internal chemical compositions). In these cases both white dwarfs are dis-
rupted and merge forming a new, more massive, white dwarf. In particular, the final
remnant is always ~ 35% more massive than the original white dwarf. Moreover,
in these simulations mixing of the disrupted white dwarfs is extensive, and the fi-
nal temperature profile of the remnant is completely different from that obtained
in the rest of the simulations. In fact, the final remnant is isothermal and very
hot. Since the nuclear energy release in these simulations is modest, these very high
temperatures are the result of compression of the disrupted stars.

Table 3.4 displays the results obtained in those simulations in which either the
material of the less massive star is not accreted by the more massive white dwarf,
and thus goes to the debris region or is ejected, or those calculations in which both
stars are totally disrupted. Specifically, for each run we first list if a remnant white
dwarf exists, the corresponding mass of the remnant white dwarf, the mass of the
debris region, the ejected mass, the velocity of the ejecta, the maximum and peak
temperatures — as previously defined — attained during the dynamical interaction,
and the nuclear energy released.

As can be seen, in most of these simulations a 0.4 Mg helium white dwarf is
involved, although there are a few runs in which the intervening star is an otherwise
regular, not extremely massive, 0.8 Mg carbon-oxygen white dwarf. This is the case
of simulations 3, 4, 7 and 8. This can be easily understood as the combination of two
factors. On one hand, the material of the disrupted less massive helium white dwarf
has a reduced Coulomb barrier and, hence, nuclear reactions are more easily driven
by the dynamical interaction. On the other, a light-weight helium white dwarf has
a reduced gravity and, consequently, a larger radius. Thus, it is disrupted at larger
distances from the more massive white dwarf, and consequently the material flowing
to the primary can be significantly compressed and heated during the interaction.
All this results in an explosive behavior. However, in none of these simulations the
total mass of the system is larger than Chandrasekhar’s mass, and thus although
a powerful nuclear outburst is powered by the conversion of gravitational energy in
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Table 3.4: Hydrodynamical results for the simulations in which at least the material of one
of the colliding stars does not remain bound to the remnant.

Run Remnant Mwp Mqebris M,; Vej Tinax Tpeak Eoue

(Me)  (Me)  (Mg)  (km/s) (K) (K) (erg)
3 No — — 1.80 — — 1.70x10'0  1.42x10°!
4 Yes 1.20 0.37 0.43  6.06x10° 7.89x108 9.00x10° 1.35x10%°
7 No — — 1.80 — — 1.70x1010  1.72x 105!
8 Yes 1.20 0.39 0.41 5.95x10%° 7.66x108 8.51x10° 1.42x10%°
37 Yes 0.37 0.06 0.16 3.19x10% 9.16x107 2.75x10° 1.61x10%
38 No — — 0.80 — — 4.02x10° 7.45x10%
40 No — — 0.80 — — 4.03%x10°  7.24%x10%
41 Yes 0.78 0.02 0.41 1.22x10* 2.76x10% 3.57x10° 3.67x10%
42 Yes 1.20 0.01 0.39 1.30x10* 7.08x10%8 3.97x10° 3.76x10%°
44 No — — 0.80 — — 4.06x10° 7.38x10%
45 Yes 0.77 0.02 0.41 1.22x10* 3.05x10%8 3.66x10° 3.66x10%
46 Yes 1.20 0.01 0.39  1.32x10* 7.14x10% 4.18x10° 3.93x10°
49 Yes 0.79 0.01 0.40 1.21x10* 2.63x10% 3.57x10° 3.46x10%
50 Yes 1.20 0.01 0.39 1.29x10* 6.89x10% 3.58x10° 3.67x10%
53 Yes 0.80 0.01 0.40 1.15x10* 2.03x10% 3.54x10° 3.16x10%
54 Yes 1.20 0.01 0.40 1.27x10* 6.99x10% 3.62x10° 3.58x10%

thermal energy, and a significant amount of nuclear energy is released (of the order
of a few times 10°°
material (approximately 0.4 M) at significant velocities (typically 10* km/s). Of
these calculations there are two (namely, runs 3 and 7) in which the outcome is
likely a super-Chandrasekhar Type Ia supernova, since in this case both stars are
regular carbon-oxygen white dwarfs, although rather massive (1.0 Mg and 0.8 M,
respectively), the peak temperatures are very large — in excess of 10!° K, and no
remnant is left after the interaction. In these two simulations the released nuclear
energies are very high (~ 1.4 x 105! erg and ~ 1.7 x 10°! erg, respectively), but these
values should be considered as rough estimates, as nuclear statistical equilibrium is
not implemented in our code. In runs 4 and 8 a heavy-weight oxygen-neon white
dwarf tidally disrupts a carbon-oxygen white dwarf, but the more massive star re-
mains bound, and approximately half of the material of the disrupted star remains
orbiting in the debris region, whereas the rest of the material is ejected at consider-
ably large velocities (~ 6 x 103 km/s). In these two cases the nuclear energy released
is somewhat smaller, of the order of 1.4 x 10°° erg.

erg) in most cases this energy is invested in ejecting the shocked

All this is illustrated in a different way in Fig. 3.5, where we show, for the case
in which a 0.8 Mg, carbon-oxygen white dwarf is involved, the fraction of mass of the
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Figure 3.5: Fraction of mass of the less massive white dwarf ejected (top panels), fraction of
the disrupted star that forms the debris region (middle panels) and fraction of mass which
is accreted onto the more massive white dwarf (bottom panels) as a function of the impact
parameter 3, for the simulations in which a 0.8 Mg white dwarf is involved and a merger
occurs. The left panels correspond to the simulations in which Ay = 0.3 Rs was adopted,
whereas in the right panels the simulations in which Ay = 0.4 Rg was used are displayed.
The masses of the intervening white dwarfs and the meaning of the symbols can be found
in the respective insets. The grey symbols indicate a lateral collision, while the black ones
indicate a direct collision. See text for additional details.
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less massive white dwarf ejected during the interaction — top panels — the fraction
of the disrupted star that forms the debris region — middle panels — and the mass
fraction accreted by the undisrupted massive white dwarf — bottom panels — as a
function of the impact parameter, 5. The black, solid symbols are used to depict a
direct collision, while the grey ones indicate a lateral one. Note that direct collisions
always occur for large values of 5. The left panels show the results obtained when
Ay = 0.3 Rg, while the right panels display the results when Ay = 0.4 Rg.

We start discussing the top panels of Fig. 3.5. As can be seen in these panels,
the fraction of mass ejected during the interaction is small when a lateral collision
occurs, of the order of 10% at most. Moreover, for a given set of masses, the mass
ejected during the interaction increases for increasing values of 3. The only exception
is the case in which two white dwarfs of masses 0.8 My and 0.6 Mg interact. For
these runs the ejected mass first decreases slightly as § increases, and then increases,
as in the rest of the simulations. It is important to realize that the mass ejected
from the system depends noticeably not only on the masses of the interacting white
dwarfs, but also on the peak temperatures achieved during the first and most violent
moments of the interaction — which are larger when both stars are rather massive
and have similar masses — as well as on other details of each simulation, like the
chemical composition of the interacting white dwarfs. This explains why we obtain
in this case a different behavior. Note as well that the mass ejected in direct collisions
is considerably larger, and in some extreme cases — for instance, in the case in which
a 0.8 M and a 0.4 Mg white dwarf interact — all the mass of the less massive star
is ejected from the system. Additionally, comparing the top left and right panels it
turns out that all this is nearly independent of the adopted initial distance along the
y-axis, Ay. This can be easily understood. If S is fixed, then all that Ay controls
is the eccentricity of the encounter, and the eccentricity varies very little for the Ay
values chosen.

Now we turn our attention to the mass of the debris region — middle panels
of Fig. 3.5. As can be seen, when the mass contrast is large (say = 0.3 Mg) the
mass of the debris region decreases for increasing values of 8, whereas in all other
cases the fraction of the less massive white dwarf which goes to form the debris
region slightly increases as for larger values of 3. Note as well that, as it occurs
with the mass ejected from the system, the general trend is nearly independent of
the adopted value of Ay. Finally, we discuss the mass accreted by the more massive
white dwarf — bottom panels of Fig. 3.5. As previously mentioned, the final mass of
the remnant white dwarf is the mass of the undisrupted massive component of the
system and the mass of the hot corona that is formed during the interaction. Our
simulations demonstrate that for strong impacts — or, equivalently, large values of
[ — the accreted mass decreases substantially as § increases. Actually, the accreted
mass can be negative for relatively large values of 8. This means that actually some
material of the more massive white dwarf is removed during interaction and is ejected
or incorporated into the debris region. This occurs for the case in which a 0.4 Mg
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Figure 3.6: Peak temperature achieved during the interaction (top panels) and metallicity
enhancement (bottom panels) as a function of the impact parameter 3, for the simulations
in which a 0.8 M white dwarf is involved and a merger occurs. The left panels correspond
to the simulations in which Ay = 0.3 Ry was adopted, whereas in the right panels the
simulations in which Ay = 0.4 R was used are displayed. The masses of the merging white
dwarfs and the meaning of the symbols can be found in the respective insets. As in Fig. 3.5
the black symbols indicate a direct collision, while the grey ones are used to display lateral
ones.



3.4 Physical properties of the interactions 55

helium white dwarf interacts with a 0.8 M carbon-oxygen one. In the rest of the
cases — except in that in which two equal-mass 0.8 M, interact — the accreted mass
is ~ 20% in lateral collisions and much smaller in direct ones. As mentioned, the
exception to this general rule is the previously mentioned case in which two 0.8 Mg
white dwarfs collide. In this case the fraction of mass incorporated to the remnant
is considerably larger, typically ~ 50%. Finally, we emphasize that, again, all these
considerations are independent of Ay, for the same reason previously discussed.
Finally, to close this section we discuss Fig. 3.6, where we show the peak tem-
peratures reached during the interactions in which a 0.8 M, white dwarf is involved,
as a function of the impact parameter § — top panels — and the corresponding
metallicity enhancements due to nuclear reactions — bottom panels. As in Fig. 3.5
the left panels show the cases in which Ay = 0.3 Ry was adopted, whereas the right
panels show the cases in which Ay = 0.4 Ry was used. We also use the same conven-
tion adopted in Fig. 3.5, and the grey symbols indicate a lateral collision, while the
black ones denote a direct one. As in Fig. 3.5 the masses of the colliding white dwarf
are indicated in the insets of each figure. As can be seen in this figure, the peak
temperatures reached during the interaction — top panels — increase for increasing
values of 8 in almost all cases. It is worth noticing that, except for the case in which
a 0.8 M and a 1.0 My, white dwarfs interact, the relationship between Tjeax and 3 is
almost linear. Note that in the case in which two rather massive carbon-oxygen white
dwarfs of masses 1.0 M, and 0.8 M, directly collide the resulting peak temperature
is rather large, Tpeax >~ 1.7 X 10'9. As previously found for the masses ejected from
the system, accreted to the central remnant, and incorporated to the debris region,
the behavior of the peak temperature as a function of S is almost independent of
the adopted value of Ay. Another important characteristic is that, in general, the
larger the total mass of the system, the higher the peak temperature reached during
the interaction. Additionally, we find that the more violent the interaction — and,
consequently, the larger the mass transfer rate — the higher the peak temperatures
are. This is a natural consequence of the matter of the disrupted less massive star
being more rapidly compressed in these interactions. We now turn our attention to
the bottom panels of this figure, were we show the metallicity enhancement, AZ, re-
sulting from our simulations. Here we define AZ as the sum of the mass abundances
of all elements that were not present in the original white dwarfs plus helium. For
example, if the two intervening white dwarfs are made of carbon-oxygen AZ stands
for the sum of the abundances of all elements heavier than oxygen. As can be seen in
these panels, the metallicity enhancement increases abruptly until a critical value of
5, while for values of § larger than the critical one the metallicity enhancement also
increases but with a shallower slope. Examining the left and right panels of Fig. 3.6
it turns out that this critical value lies between 8 ~ 1.2 and ~ 1.6. All this is, obvi-
ously, the result of the high temperatures reached during the dynamical interactions,
and hence the metallicity enhancement shows the same overall behavior observed for
the peak temperatures. However, due to the strong dependence of the thermonuclear
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Table 3.5: Mass abundances of selected chemical elements (Mg, Si, and Fe), for the simula-
tions in which a 0.8 M and a 0.6 Mg white dwarfs collide and form a bound remnant.

Run 1 5 9 13 17 21
B 2.83 2.81 1.57 1.22 0.68 0.66
Tpeax 437 x 107 450 x 10°  3.03x10° 218 x10° 116 x 10  9.22 x 10°

Maximum abundances
Mg 236 x107!' 233x107! 233x107! 212x107" 8.00x107' 1.95x107

Si 5.86 x 1071 576 x 107! 239 x 1071 143 x 107t 1.31x10°'6 0

Fe 3.54 x 1073 1.06 x 1073 0 0 0 0
Hot corona

(Mg) 1.98x 1077 4.14x 1077 9.87x10°% 1.53 x 1012 0 0

(Si) 150 x 107 6.04 x 1072 5.51 x 10710 6.64 x 10717 0 0

(Fe) 0 0 0 0 0 0

Debris region
(Mg) 297 x1073 2.74x 1073 116 x 1073 248 x 107°  1.04x10~* 2.28x10~%¥

(Si)  717x1073 571x107% 584 x107%  1.16 x 107° 0 0

(Fe) 5.14x 1077 2.60 x 1077 0 0 0 0
Ejecta

(Mg) 5.92x1072 581 x 1072 158x1072 572x 10710 6.38x10~1® 3.24x10°17

(Si)  1.27x107! 1.29x 1071 927x107% 3.84x 10714 0 0

(Fe) 2.16x107% 3.15x 1076 0 0 0 0

reaction rates on temperature the slopes of the relationship between AZ and S are
much steeper (note that the bottom panels of Fig. 3.6 have a logarithmic scale).

It is as well interesting to note that the nucleosynthetic endpoint depends sen-
sitively on 3, as it should be expected. This is illustrated in Table 3.5 where we
list the abundances of some selected chemical species for the simulations in which
a 0.8 Mg and a 0.6 M white dwarfs collide and form a bound remnant, which is
a representative case of the calculations reported here. Specifically, for these runs
we list the respective impact parameter, the peak temperature reached during the
interaction and the abundances (by mass) of magnesium, silicon and iron in the hot
corona, in the debris region and in the ejecta. We also list the maximum abundances
of these elements found in the entire remnant. We note that these abundances are in
line with those found by Lorén-Aguilar et al. (2010). The first thing to be noted in
this table is that the larger the value of 3 — and, consequently, of T},c,x — the more
extensive nuclear processing is and the larger the maximum abundances of these
elements. Secondly, it is important to realize that the average abundances of these
elements are largest in the ejecta, while they are rather small in the hot corona and
have sizeable values in the debris region. This, in turn, is a consequence of the very
intensive nuclear processing of the shocked material hitting the rigid surface of the
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Table 3.6: *Ni production in the collisions that have undergone a detonation.

Run Ejection My L
(M) erg/s

1 No 8.65x107%  1.79x1036
2 No 4.47%x107%  9.23x10%
3 7.25x1071  1.50%x10%3
4 1 6.60x1072  1.36x10%2
5 No 2.74x107%  5.66x103°
6 No 3.67x1073  7.58x10%0
7 7.15x1071  1.48%x10*3
8 1 6.32x1072  1.31x10%2
9 No 0 1.63x1010
10 No 4.52x10710  9.33x1033
11 No 7.94x1077  1.64x10%7
12 No 1.09x107%  2.25%10°%8
14 No 7.44%x10716  1.54x10%8
15 No 1.56x10713  3.22x10%°
16 No 9.70x10710  2.00x1034
20 No 0 2.31x1010
24 No 0 2.31x1010
37 1 1.31x1079  2.71x10%*
38 2 8.84x10~%  1.83x10%0
39 No 5.57x10716  1.15%x10%8
40 2 1.64x1073  3.39x10%
41 1 8.04x107%  1.66x10%
42 1 1.18x1073  2.44x10%0
43 No 4.97x107  1.03x103%0
44 2 4.68x107%  9.67x10%
45 1 7.60x107%  1.57x10%0
46 2.21x1073  4.56x10%0
48 No 2.76x10~ 1 5.70x1032
49 1 5.00x107%  1.03x10%
50 No 9.36x10~%  1.93x10%0
52 No 1.62x10717  3.35x10%6
53 1 2.00x10™%  4.13x10%°
54 1 8.44x10™%  1.74x10%0
57 No 6.98x10714  1.44x1030
58 No 5.61x10710  1.16x10%4
61 No 2.37x10716  4.89x10%7
62 No 3.27x1079  6.75%x103%

73010712 1.51x10%2

oy
>
Z,
o
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more massive white dwarf and acquiring very large velocities during the interaction,
which results in the subsequent ejection of these particles. This is particularly true
for runs 1 and 5. Note that for these simulations the iron and silicon abundances
are very large, and that the silicon abundance is larger than that of magnesium and
iron, indicating that nuclear processing has been very extensive, but has not been
complete. Magnesium is the most abundant isotope in the ejecta of run 9, and its
abundance decreases abruptly for succesive runs, while silicon is the most abundant
element maximum in the ejecta of runs 1 and 5. For these simulations the iron
abundance is also maximum, but for 5 < 1.6 becomes negligible. The same behavior
is found for the debris region. Finally, we emphasize that the iron abundance is
negligible in the hot corona, independently of the value of 3, whilst the magnesium
and silicon abundances are modest there.

Finally, Table 3.6 lists the mass of 5Ni synthesized in those simulations in which
a detonation occurs, and the corresponding energy release according to the simple
scaling law of Arnett (1982):

L = aR(tg) My; ergs™!, (3.3)

where
R =774 x 1087 /88 1 143 x 108/ orgs~IM ! (3.4)

is the radioactivity luminosity per unit nickel mass at time tg ~ 19.3 days, which is
the time of maximum light, and a ~ 1 is a parameter — see, for instance, Branch
(1992). As can be seen in this table the amount of 5°Ni synthesized in these sim-
ulations, and thus the corresponding luminosities, is small in almost all the cases,
with a few exceptions, namely those simulations in which either the material of
the lightest intervening white dwarf or of both stars is ejected as a consequence of
the dynamical interaction. In particular, in those simulations in which both white
dwarfs are disrupted as a consequence of a direct collision of two carbon-oxygen white
dwarfs (runs 3 and 7, respectively) the masses of °Ni produced during the extensive
nuclear burning resulting from the interaction are of the order of My; ~ 0.7 M. Ac-
cordingly, these simulations result in Type Ia supernovae with typical luminosities
(L ~ 1.6 x 10*® erg s71). In those runs in which the lightest white dwarf is made
of helium and the direct collision results in the disruption of both stars (simulations
38, 40, and 44) the amount of synthesized nickel is much smaller, typically of the
order of 1073 Mg, as are the corresponding luminosities (L ~ 10 erg s7!), and
would not be classified as Type la supernovae. When only one carbon-oxygen white
dwarf is disrupted and ejected (runs 4, and 8) the masses of nickel synthesized are
also considerably smaller (My; ~ 0.06 M) and the luminosities of these events are,
hence, smaller as well (L ~ 1.3 x 10%2 erg s~!). Consequently, they would be clas-
sified as sub-luminous supernovae. As it occurs in those cases in which the lightest
white dwarf is made of helium and both stars are disrupted, in the simulations in
which only the helium white dwarf is destroyed and ejected (runs 37, 41, 42, 49, 53,



3.4 Physical properties of the interactions 59

and 54) the masses of nickel are very small as well. Finally, as mentioned, in the
rest of the cases, namely those simulations in which the interaction does not result
in the disruption of at least one star, the masses of 7°Ni synthesized are negligible.

3.4.1 Comparison with previous works

Raskin et al. (2010) performed simulations of head-on and off-center collisions with
initial parameters apparently similar to the simulations presented in this work, and
found that 0.53 Mg of nickel is produced in a 0.64 Mg + 0.81 Mg collision with
impact parameter b >~ 1.0 Rwp, whereas a negligible amount of nickel is produced in
a simulation with b ~ 2.0 Rwp, which results in a bound remnant. Our equivalent
simulations are runs 1, 5 and 9, all of them involving two white dwarfs of masses
0.6 M and 0.8 Mg, respectively. All these simulations result in bound remnants
and minuscle amounts of nickel are produced. The simulations that most closely
resemble each other are our run 5, for which the distance between the centers of
mass of the two stars just before the less massive white dwarf starts transferring
mass to the more massive one is ~ 1.9 Rwp, and simulation 2 of Raskin et al. (2010)
with b ~ 2.0 Rwp. In both simulations the outcome of the interaction is a bound
remnant and the amount of nickel produced during the interaction is negligible.
Nevertheless, to better compare with the simulations of Raskin et al. (2010) we ran
a set of additional simulations. For this set of runs we adopt as a fiducial model a
head-on collision of two white dwarfs of masses 0.6 M. We emphasize that except
for the masses of the colliding white dwarfs, which in our case are 0.60 M, instead
of 0.64 My, this fiducial simulation is identical to their run 1 with b = 0. For
this simulation we obtain a mass of nickel of 0.22 Mg, while they obtain 0.51 M.
However, we note that the amount of °’Ni synthesized depends very sensitively
on several factors. Amongst them we mention the masses of the interacting white
dwarfs, how the evolution of temperature is computed, the resolution employed in
the calculations, and the adopted prescription for the artificial viscosity. We discuss
them one by one.

To start with, we note that the masses of the colliding white dwarfs are slightly
different in both cases and, as mentioned previously, the peak temperature reached
during the interaction depends sensitively on the masses of the interacting white
dwarfs, as does the mass of synthesized nickel. The second important factor to
be taken into account is that the peak temperature reached during the interaction
obviously depends on how the evolution of the temperature is computed. We note
that for a degenerate electron gas the temperature obtained from the energy equation
— see Appendix A — may be incorrect by a sizable percentage. This is the reason
why for those regions we adopt a different formulation and we follow the evolution of
the temperature using Eq. (A.11), which we judge is more appropriate under these
conditions. Moreover, Dan et al. (2012) have shown that the peak temperature and
the averaged temperature may differ by up to a factor of ~ 2 — see, for instance,
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their Fig. 4. Given the extreme sensitivity of the nuclear reaction rates to the
temperature this, quite naturally, translates in large variations of the mass of nickel
synthesized. For instance, in our fiducial simulation we obtain a peak temperature
Tpear ~ 8.21 x 109 K, while Rosswog et al. (2009) obtain Tpeax =~ 8.90 x 10, which
is similar to ours. However, the masses of *°Ni synthesized in both simulations
differ considerably. In particular, we obtain 0.22 Mg, whereas Rosswog et al. (2009)
obtain 0.32 Ms. Also the number of SPH particles plays a significant role. To
quantify this we ran an additional simulation in which we decreased the number of
particles to 4 x 10%, that is by a factor of 5, and we obtained that the mass of nickel
synthesized in this case was 0.094 M. Interestingly, Rosswog et al. (2009) find that
when 2 x 108 particles are employed the mass of nickel synthesized in the explosion is
0.32 Mg, which is quite similar to that found in our fiducial simulation, and Raskin
et al. (2010) estimate that when 5 x 10% particles are used the nickel mass should be
~ 0.3 M which agrees relatively well with the value found in our fiducial simulation.
Moreover, Rosswog et al. (2009) find that when the Eulerian hydrodynamical code
FLASH is employed in the calculations the mass of nickel is considerably smaller,
0.16 M. Thus, our mass of nickel is bracketed by the values found by Rosswog et al.
(2009). The adopted treatment of the artificial viscosity also plays a non-negligible
role. To illustrate this point we also ran a series of low-resolution simulations with
4 x 10* particles, in which the parameter o in Eq. (A.6) was varied from 0.5 to 1.0
and 1.5. The resulting nickel masses are 0.017, 0.094, and 0.076 Mg, respectively.
Moreover, when the Balsara switch is not employed in the calculations the mass of
%Ni synthesized in the simulation with o = 0.5 is My; ~ 0.012M,. Thus, depending
on the adopted prescription of the artificial viscosity the mass of nickel can vary by
up to a factor of ~ 5. In summary, we conclude that the mass of nickel synthesized
depends sensitively on the details of the numerical codes, and that discrepancies of
the order of a factor of up to ~ 3 can quite naturally arise as a consequence of the
different practical implementations of the SPH formalism.

The natural question is now why we obtain such small amounts of nickel in some
of our simulations when compared with the simulations of Raskin et al. (2010)? The
answer to this question lays on the choice of the initial conditions. We recall that
in our simulations the initial orbits correspond to a post-capture scenario and have
negative energies, whereas in the simulations of Raskin et al. (2010) the energies
are positive in most cases. Hence, our orbits are always elliptical, while theirs are
in most cases either parabolic or hyperbolic. This is indeed at the origin of the
discrepancies in the masses of nickel found in both sets of simulations. To illustrate
this point we compare our direct collision of two 0.8 Mg white dwarfs (our run 6)
with simulation 4 with b = 0 of Raskin et al. (2010), in which two 0.81 My, white
dwarfs collide head-on. We first note that the impact parameter quoted by Raskin
et al. (2010) cannot be directly compared with that given by Eq. (3.1) because their
initial orbits are open, while ours are elliptical. In our simulation we obtain a bound
remnant, while Raskin et al. (2010) obtain a powerful detonation resulting in the
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total disruption of the system. The respective masses of °’Ni synthesized are in this
case 3.67 x 1073 and 0.84 M. However, for these specific simulations the relative
velocities between both stars at contact are very different. In particular, the relative
velocities are vy =~ 4.5 x 103 km/s and 5.9 x 10 km /s, respectively. However, while
in the simulation of Raskin et al. (2010) this velocity is along the line connecting the
two centers of mass of the white dwarfs, in our case the velocities of each star form
angles of ~ £33.6° with the line connecting the two centers of mass, thus resulting
in a considerably less violent collision, thus in a weaker shock, and consequently in
a much smaller peak temperature and in a very small mass of synthesized nickel.

3.5 Discussion

In this chapter we have studied how the interactions of white dwarfs in dense stellar
systems depend on the initial conditions and on the masses of the intervening stars.
Our simulations extend those of Lorén-Aguilar et al. (2010), in which the interactions
of two white dwarfs of masses 0.6 and 0.8 M, with different initial conditions were
studied, and encompass the most plausible range of white dwarf masses and internal
chemical compositions. In total we have simulated 71 dynamical interactions, of
which 36 correspond to runs in which a regular 0.8 M, interacts with another carbon-
oxygen white dwarf (of masses 0.6 M and 1.0 M), respectively), and a 1.2 M,
oxygen-neon white dwarf. In the rest of the simulations the dynamical interactions of
a 0.4 M helium white dwarf with either another helium white dwarf of mass 0.2 M),
or a 0.8 Mg carbon-oxygen white dwarf, or a 1.2 M oxygen-neon white dwarf were
explored. Our initial conditions have been chosen to ensure that a close encounter
leading to the formation of an eccentric binary or a collision always happens.

We have found that the outcome of the interactions can be a direct collision, a
lateral collision or the formation of an eccentric binary system. In direct collisions
there is only one violent and dramatic mass transfer episode in which the less massive
white dwarf is tidally disrupted by the more massive one on a dynamical timescale,
while in a lateral collision although the less massive star is disrupted as well, it takes
several orbits around the more massive white dwarf to be totally destroyed. Thus,
in this case the entire disruption process occurs in a more gentle way. Moreover, we
have demonstrated that the outcome of the interaction can be predicted using very
basic physical principles. In particular, we have found that for a given simulation
tidal forces modify the initial trajectories of the interacting stars in such a way
that the distance at closest approach determines the final outcome of the dynamical
interaction. Specifically, we have found that if the distance at closest approach is
small enough to allow a deep contact between both white dwarfs, a direct collision
is the natural outcome of the interaction. For this to occur the overlap between
both stars at minimum distance must be of the order of 35% if two typical carbon-
oxygen white dwarfs are considered. Else, we have demonstrated as well that lateral
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collisions occur when at minimum distance the radius of the less massive white dwarf
is within ~ 0.95 of the Roche lobe radius of the interacting system.

We have also characterized for which initial conditions of the dynamically inter-
acting system the material flowing from the disrupted less massive white dwarf and
accreted onto the more massive star is compressed to such an extent that reaches
the conditions for a detonation to develop. Moreover, we have also studied for which
initial conditions the explosion is powerful enough to result in the disruption of one
or both of the interacting white dwarfs, and for which ones degeneracy is lifted
and the result of the interaction is a central, more massive and very hot object
surrounded by a debris region orbiting around it. Our results indicate that if the
intervening stars are regular carbon-oxygen white dwarfs (or even oxygen-neon ones)
detonations occur when the two components of the system are separated by less than
~ 0.015 R at minimum distance, and that one or both components of the system
are totally disrupted and ejected to the surrounding medium if the total mass of the
system is rather large, preferentially = 1.4 M, and the initial periastron distance
is smaller than ~ 0.005 R, — see Fig. 3.4. However, if the less massive star is a
helium white dwarf the resulting detonations always result in a catastrophic output
for separations at minimum distance < 0.02 Rg. Two of our simulations result in a
super-Chandrasekhar Type la supernova outburst, corresponding to direct collisions
of two rather massive carbon-oxygen white dwarfs of masses 1.0 My and 0.8 M.
There are as well a few simulations in which only one carbon-oxygen white dwarf
is disrupted and ejected. These simulations also result in powerful explosions, but
their luminosities are considerably smaller and, thus, would probably be classified
as sub-luminous supernovae. Finally, other simulations result in powerful outbursts,
and lead as well to the disruption of the entire system, but involve white dwarfs with
helium cores. In these cases the mass of °Ni is very small, as are the corresponding
luminosities. Nevertheless, some of our simulations produce bound remnants which
are close to the Chandrasekhar limit, and the subsequent evolution of these systems
may eventually produce Type la supernovae, as the viscous evolution unbinds only
a very small fraction of the material of the debris region (Schwab et al., 2012).

For those interactions resulting in a central, massive and very hot remnant we
have also studied the influence of the masses of the interacting white dwarfs and of
the initial conditions on the properties of the final remnants. In particular, we have
studied the morphology of the resulting remnant, the peak temperatures reached
during the most violent phase of the interaction, and the associated nucleosynthesis.
In all these simulations a central hot white dwarf surrounded by a debris region is
formed, whereas a variable amount of mass is ejected from the system. The morphol-
ogy of the debris region depends mostly on the kind of collision the system undergoes.
In particular, for lateral collisions the debris region is a heavy, rotationally-supported
keplerian disk, whilst for direct ones the debris regions consists of a spheroid. The
peak temperatures attained during the most violent phase of the accreting episode
are rather high in all cases, typically of the order of 10° K, and can be even larger
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for direct collisons, for which temperatures larger than 10'° K are easily reached,
than for lateral interactions. This, in turn, drives extensive nucleosynthetic activity
in the shocked regions. Hence, the debris region and the material ejected during the
dynamical interaction are substantially enriched in heavy elements.

In summary, we have computed a comprehensive set of simulations aimed to pro-
vide a consistent framework to analyze the dynamical interactions of white dwarfs in
dense stellar systems. These interactions are of interest because the collision is likely
to detonate the white dwarfs, and result in a type la supernova outburst. Actually,
in our simulations the detonation conditions are reached in a significant number of
interactions, and the masses of the exploding systems show some dispersion. As a
matter of fact, we find that for some simulations the detonation occurs in interacting
systems for which the involved mass is larger than Chandrasekhar’s mass, whereas
in some other the resulting explosion is sub-Chandrasekhar. An important fact that
needs to be taken into account is that it has been recently shown that such inter-
actions might be more common than previously thought (Katz & Dong, 2012), and
could even dominate the event rate. Thus, there is a renewed interest in studying
these interactions, for which there was a lack of extensive calculations. Precisely,
our results fill this gap, and pave the road to more extensive calculations in which
the enhancement in the event rate proposed by these authors could be analyzed in
more detail. Particularly, it is worth mentioning that this increase in the event rate
depends on the fraction of white dwarf collisions that are expected to lead to Type
Ia-like events. Given that our calculations provide the maximum separation at peri-
center for various pairs of white dwarfs to produce detonations, future calculations
could approach this problem on a solid basis. Finally, another open question remains
to be answered yet, namely how exactly the optical signature of the explosions re-
sulting from these dynamical interactions would look like, even if they do not result
in Type Ia supernovae. Given the wide range of nickel masses produced during the
interactions studied here, they may explain both some underluminous transients and
relatively bright outbursts. This is, nevertheless, out of the scope of this chapter,
and will be studied in the following one.






Chapter 4

On the possible observational
signatures of white dwarft
dynamical interactions

Here we compute the possible observational signatures of white dwarf dynamical
interactions in dense stellar environments. Specifically, we compute the emission
of gravitational waves, and we compare it with the sensitivity curves of planned
space-borne gravitational wave detectors. We also compute the light curves for
those interactions in which a detonation occurs, and one of the stars is destroyed, as
well as the corresponding neutrino luminosities. We find that for the three possible
outcomes of these interactions — which are the formation of an eccentric binary
system, a lateral collision in which several mass transfer episodes occur, and a direct
one in which just a single mass transfer episode takes place — only those in which
an eccentric binary are formed are likely to be detected by the planned gravitational
wave mission eLISA, while more sensitive detectors would be able to detect the
signals emitted in lateral collisions. On the other hand, the light curves (and the
thermal neutrino emission) of these interactions are considerably different, producing
both very powerful outbursts and low luminosity events. Finally, we also calculate
the X-ray signature produced in the aftermath of those interactions for which a
merger occurs. We find that the temporal evolution follows a power law with the
same exponent found in the case of the mergers of two neutron stars, although the
total energy released is smaller.

4.1 Introduction

Close encounters of two white dwarfs in dense stellar environments, as the central
regions of galaxies or the cores of globular clusters, are interesting phenomena that
have several potential applications, and hence deserve close scrutiny. Among the
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possible applications of these interactions we mention that it has been shown (Ross-
wog et al., 2009) that head-on collisions of two white dwarfs is a viable mechanism
to produce Type Ia Supernovae, one of the most energetic events in the Universe.
However, as seen in the previous chapter, there are situations in which the two white
dwarfs interact but the interaction does not result in a powerful thermonuclear out-
burst leading to the complete disruption of the two stars, whereas in some other the
release of nuclear energy is very modest, and finally there are other cases in which
no nuclear energy is released at all. We have shown that white dwarf close encoun-
ters can have three different outcomes, depending on the initial conditions of the
interaction — namely, the initial energy and angular momentum of the pair of white
dwarfs, or equivalently the impact parameter and initial velocity of the pair of stars.
In particular, these interactions can lead to the formation of an eccentric binary
system, to a lateral collision in which several mass transfer episodes between the
disrupted less massive star and the more massive one occur, and finally to a direct
collision, in which only one catastrophic mass transfer event occurs. Additionally, it
turns out that for these two last outcomes there is a sizable region of the parameter
space for which the conditions for a detonation to occur are met, leading in some
cases to the total disruption of both white dwarfs, and to a large dispersion of the
nuclear energy released during the interaction.

In chapter 3 we have demonstrated that the masses of *Ni synthesized in the
strongest dynamical interactions can vary by orders of magnitude, and so do the
typical luminosities. Actually, the mass of Ni obtained in the several sets of simu-
lations performed so far, and thus the corresponding luminosities, range from those
typical of macro-nova events, to sub-luminous and super-luminous supernova events.
Nonetheless, it is important to realize that the spread in the mass of ®Ni pro-
duced during the most violent phases of the most energetic interactions does not
only depend on the adopted initial conditions but also, as previously shown and
first noticed by Kushnir et al. (2013), on the adopted prescription of the artificial
viscosity, and on the resolution employed in the simulations, among other (less im-
portant) factors. Additionally, one has to note that the parameter space of such
dynamical interactions is huge and the complexity of the physical mechanism of the
interactions is extremely high. We have chosen to account for the first point by
producing a vast set of numerical simulations, but this comes of the expense of the
second issue. Consequently, most likely the tidal interaction is reasonably captured
in moderately-resolved SPH simulations, but combustion processes are possibly not
completely well resolved. Nevertheless, although a thorough resolution study is still
lacking, the masses of *°Ni synthesized in the several independent sets of simula-
tions agree within a factor of ~ 5, and the qualitative picture of the hydrodynamical
evolution is quite similar in all the cases, as discussed in section 3.4.1.

In this chapter we study different observational signatures of the calculations
described in chapter 3. We first discuss, in section 4.2, the methods employed to
characterize the different observational characteristics. Section 4.3 is devoted to
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analyze the results of our theoretical calculations. Specifically, in section 4.3.1 we
study the emission of gravitational waves. It follows section 4.3.2 where we discuss
the late-time light curves for those interactions which result in powerful detonations,
while in section 4.3.3 we present the thermal neutrino fluxes and we assess their
detectability. In section 4.3.4, we compute the fallback luminosities produced in the
aftermath of those interactions which result in a central remnant surrounded by a
disk. Finally, in section 4.4 we summarize our most relevant results, we discuss their
significance, and we draw our conclusions.

4.2 Numerical setup

In this section we describe how we compute the emission of gravitational waves, the
light curves for those events which have an explosive outcome, the neutrino fluxes,
and the fallback X-ray luminosity of the remmnants, for those cases in which the
dynamical interaction is not strong enough to disrupt both stars. All the calculations
presented in section 4.3 are the result of post-processing the SPH calculations of
interacting white dwarfs of chapter 3. Since the results of these calculations is a set
of trajectories of a collection of individual particles some of the usual expressions
must be discretized. Here we explain how we do this.

4.2.1 Gravitational waves

We compute the gravitational wave emission in the slow-motion, weak-field quadrupole
approximation (Misner et al., 1973). Specifically, we follow closely the procedure out-
lined in Lorén-Aguilar et al. (2005). Within this approximation the strain amplitudes
can be expressed in the following way:

G
h;rkT(t, X) = Ad (A+(75,X)e+jk + Ax(t,x)ex Jk) (4.1)

where d is the distance to the source, and the polarization tensor coordinate matrices
are defined as:

ik = %Kex)j(ex)k—(ey)j(ey)k]
(4.2)

exin = %[(emj(eym<ey>j<em>k],

and .. . .
Ay (t,x) = Quo — Qyy, Ax(t,x) = +2Quy (4.3)

for ¢ = 0, and

Ay (t,x) = Q.. — ny, Ax(t,x) = —2Qyz (4.4)
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for i = m/2, being ¢ the angle with respect to the line of sight. In these expressions
Q is the quadrupole moment of the mass distribution.

Since, as already mentioned, we are post-processing a set of SPH calculations
and, hence, we deal with an ensemble of n individual SPH particles, the double time
derivative of the quadrupole moment is discretized in the following way:

N~ Pin(N)Y m(p)2vF(p)vi(p) + x*(p)al (p) + X (p)a"(p)]  (4.5)
p=1

where m(p) is the mass of each SPH particle, x(p), v(p) and a(p) are, respectively,
its position, velocity and acceleration, and

1
Piu(N) = (6;; — N;Ny,) (65 — N;jN;) — 5(%‘ — NiN;)(0k — NiNy)  (4.6)

is the transverse-traceless projection operator onto the plane ortogonal to the out-
going wave direction, N.

To assess the detectability of the gravitational waveforms we proceed as follows.
For the well defined elliptical orbits, we first accumulate the power of the signal
during one year. We then compute the characteristic frequencies and amplitudes,
and the signal-to-noise-ratios (SNR) according to Zanotti et al. (2003). These char-
acteristic quantities are given by:

he = |32 <1B<f> > fdf]m (47)

fo = /OOO<Sn(f)fdf /Omwdf (19

Su (f)

where

h(f) = / = emift h(t) dt (4.9)

is the waveform in the frequency domain, and S, is the power spectral density of the
detector. After this the root-mean-square strain noise:

hems =/ fSu(f) (4.10)

is computed to obtain the SNR:

he

SNR = hrms(fc) ‘

(4.11)
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For the short-lived signals obtained in lateral collisions, we compute the SNR as in
Giacomazzo et al. (2011):

(SNR)? = 4 /0 h ) df, (4.12)

and we compare the product of the Fourier transform of the dimensionless strains
and the square root of the frequency, iL( Hf /2 with the gravitational-wave detector
noise curve. Finally, for direct collisions we only compute the total energy radiated
in the form of gravitational waves, since it is unlikely that these events could be
eventually detected.

4.2.2 Light curves

The observable emission of those events in which some ®6Ni is synthesized during the
interaction is powered completely by its radioactive decay and that of its daughter
nucleus, *°Co (Colgate & McKee, 1969). Specifically, the 6Ni synthesized in the
explosion decays by electron capture with a half-life of 6.1 days to *°Co, which in
turn decays through electron capture (81%) and 5+ decay (19%) to stable **Fe with
a half-life of 77 days. The early phase is dominated by the down-scattering and the
release of photons generated as -rays in the decays, while at late phases the optical
radiation escapes freely. The peak radiated luminosity of Tpe Ia supernovae can be
approximated with enough accuracy using the scaling law of Arnett (1979), as it has
been done in chapter 3. It is expected to be comparable to the instantaneous rate
of energy release by radioactivity at the rise time (Branch, 1992).

To model the light curves in those interactions where sizable amounts of 9Ni
are produced, we adopt the treatment of Kushnir et al. (2013), which provides a
relation between the synthesized 5Ni mass and the late-time (=60 days after peak)
bolometric light curve. Within this approach, the late-time bolometric light curve is
computed numerically using a Monte Carlo algorithm, which solves the transport of
photons, and the injection of energy by the y-rays produced by the *Ni and *¢Co
decays. To this end we first map, using kernel interpolation, our SPH data to a
three-dimensional cartesian velocity grid, and then we employ the Monte Carlo code
of Kushnir et al. (2013).

4.2.3 Thermal neutrinos

Since the densities reached in all the simulations are smaller than 10° g cm™3,

the material is expected to be completely transparent to neutrinos. Moreover,
as in a sizable number of close encounters the maximum temperatures are in ex-
cess of 10° K, copious amounts of thermal neutrinos should be emitted. We thus
computed this emission taking into account the five traditional neutrino processes



70 4 Observational signatures of white dwarf dynamical interactions

— that is, electron-positron annihilation, plasmon decay, photoemission, neutrino
bremsstrahlung, as well as neutrino recombination — using the prescriptions of Itoh
et al. (1996).

To assess the possibility of detecting some of the emitted neutrinos we follow
closely the prescriptions of Odrzywolek & Plewa (2011) and Kunugise & Iwamoto
(2007). Specifically, we compute the number of events that could be eventullay
observed in the Super-Kamiokande detector when the source is at a distance d =
1 kpc. We compute first the neutrino spectral flux:

L aF?

(Ey,t) = A(EN 1 + oxptbo/(B)

(4.13)

where L is the neutrino luminosity at time ¢, A = 47d? is the irradiated area, (E,) =
3.151377T,, is the average neutrino energy at time ¢, a ~ 17.3574 and b ~ 3.15137.
The values of L(t) and T,(t) are obtained from our SPH simulations. Assuming
equipartition of energy between all the emitted neutrino flavors, the number of events
detected in a water Cherenkov detector can be approximated by estimating the rate
of electron-neutrino neutrino scatterings. The cross section of this scattering depends
on the threshold energy of recoil electrons in the experiment, TP

th g0
o(E,,T,") = p—
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where oy ~ 88.06 x 10746 cm?,

2F?
me + 2F,

max __
T =

is the maximum kinetic energy of the recoil electron at a neutrino energy F,, g1 =~
0.73 and go ~ 0.23. The time-integrated spectra is then

F,(E,) = /@(E,,,t)dt,
and the total number of events is:
N = nv/Fy(Ey)a(Ey,Tgh)dEy,

where n is the number density of electrons in the water tank and V is its volume.
We consider the Super-Kamiokande detector, with a fiducial volume of 22,500 tons.
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4.2.4 Fallback luminosities

Another possible observational signature of these types of collisions and close en-
counters is the emission of high-energy photons from the fallback material in the
aftermath of the interaction. As mentioned, in some cases only one of the stars in-
tervening in the dynamical interaction is disrupted, and its material goes to form a
disk orbiting the more massive white dwarf. Most of the material of these disks has
circularized orbits. However, it turns out that a general feature of these interactions
is that some of the SPH particles of the disk have highly eccentric orbits. After some
time this material interacts with the rest of the disk. As shown by Rosswog (2007),
the relevant timescale for these particles is not the viscous one, but instead their
evolution is set by the distribution of eccentricities. To compute how these particles
interact with the newly formed disk, and which are the corresponding fallback accre-
tion luminosities, we follow closely the approach described in Rosswog (2007). For
the particles that have been launched into eccentric orbits, but are still bound to the
remnant, we compute the following quantities. These particles are treated as test
masses in the gravitational field of the enclosed mass, M. That is, the trajectory of
each particle is approximated as that of a point-mass two-body problem. For each
of these particles of mass m; < M, the angular momentum, J;, and their energy, F;
can be determined. We compute first the time 7; elapsed from its present radius, r;,
until its energy is dissipated at the disk radius Ry,

. {I t D Ry for Vi1 >0 (4.15)

I, R, for v; - 1r; <0

where r; and v; are the position and velocity of particle 4, ryax; is the semi-major
axis of the eccentric orbit that describes particle ¢ and

T2
, (4.16)

T1

IT’177’2 -
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where A = 2E;/m;, B = 2GM and C = —Jf/mf Then, it is assumed that the
kinetic energy of these particles is dissipated within the radius of the disk. Thus,
the released fallback energy, Fy,, is the difference between the potential plus kinetic
energy at the initial radius, 7;, and the potential energy at the dissipation radius,
Rygis. The accretion luminosities is therefore L = dFEy,/dt.

4.3 Results

In this section we present the possible observational consequences of the interactions.
The section is organized as follows. We first describe the resulting gravitational wave-
forms in section 4.3.1. We do so for the three possible outcomes of the interactions. It
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Figure 4.1: Gravitational waveforms for a close encounter in which an eccentric binary is
formed. For this particular case both white dwarfs have equal masses, M = 0.8 M, whilst
the adopted initial conditions are vi,; = 200 km s~! and Ay = 0.4 Ro. We only show the
waveforms hy (top panel) and hy (bottom panel) for an inclination ¢ = 0° and a distance
of 10 kpe, in units of 10722, See text for details.

follows section 4.3.2 where we present the light curves for those interactions in which
a detonation, with the subsequent disruption of one of the stars, occurs, whereas in
section 4.3.3 we discuss the neutrino emission of all the direct collisions. Finally,
in section 4.3.4 we describe the fallback X-ray luminosities for those interactions in
which a debris region around a central white dwarf is formed.

4.3.1 Gravitational wave radiation
Eccentric orbits

In chapter 3 we have characterized the initial conditions of the encounters in terms of
the initial relative velocity (vin;) and the initial distance perpendicular to the relative
velocity (Ay) at a sufficiently large distance so that the two interacting white dwarfs
are not affected by tidal forces. Here we will compute the gravitational waveforms
of the interactions computed using this notation as well.

As previously explained, some of the close encounters computed result in the
formation of a binary system that survives the interaction and no mass transfer
between the two stars occurs. In these cases the eccentricity of the orbit is always
large, e > 0.5. Figure 4.1 shows the resulting gravitational dimensionless strains
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Figure 4.2: Fourier transforms of the gravitational waveforms of Fig. 4.1, in units of 10723,

of a typical case, in units of 10722, for an edge-on orbit. The two polarizations
of the gravitational radiation, hy and hy, are shown, respectively, in the top and
bottom panels, for a full period of the orbit. The corresponding dimensionless Fourier
transforms, H(f) = B/T where T" = 1 yr, of these gravitational wave patterns are
displayed in Fig. 4.2. As can be seen, the gravitational wave emission presents a
single, narrow, large pulse, which occurs at the periastron, whereas the corresponding
Fourier transforms, Hy and H, present a peak at the orbital frequency, and several
Fourier components at larger frequencies. This was expected, as a binary system
in a circular orbit produces a monochromatic gravitational waveform at twice the
orbital frequency, while for eccentric orbits it is found — see, for instance, Wahlquist
(1987) — that the binary system radiates power at the fundamental mode and at
several harmonics of the orbital frequency. The reason for this is clear, since it is
at closest approach when the accelerations are larger, thus resulting in an enhanced
emission of gravitational radiation. Moreover, it turns out that for a fixed energy,
the larger the eccentricity, the smaller the distance at closest approach, and therefore
the larger the radiated power.

Table 4.1 lists for each of the runs of chapter 3 which result in the formation of an
eccentric binary system the masses of the interacting white dwarfs, the eccentricity
of the orbit, the frequency of the fundamental mode, and the signal-to-noise ratios
for hy for the eLISA mission, adopting i = 0° and a distance of 10 kpc. Also listed,
for the sake of completeness, is the run number (first column). As can be seen,
eLISA will be able to detect almost all these systems with sufficiently large SNRs.
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Table 4.1: Signal-to-noise ratios of the gravitational waves of the interactions resulting in
eccentric orbits, for the case of eLISA, adopting ¢ = 0° and a distance of 10 kpc.

Run M + Ms e f SNR
(Mg) (Hz)

Uini = 150 km/s Ay =04 Rg
55 0.240.4 0.736 5.54x10~* 1.90
56 0.440.4 0.799 6.91x10~* 5.25
Uini = 200 km/s Ay =0.3 Rg
59 0.240.4  0.695 6.64x10~*  2.00
60 0.44+0.4 0.762 8.64x10~* 5.87
Vini = 200 km /s Ay =04 Rg
25 0.84+40.6 0.796 9.11x10~* 16.41
26 0.840.8 0.820 1.00x1073 23.42
27 1.04+0.8  0.840 1.09x10~3 30.48
28 1.24+0.8 0.855 1.16x1073 37.38
63 0.240.4 0.564 4.25x10~* 0.48
64 0.440.4 0.657 5.74x10~* 2.49
65 0.840.4 0.764 8.12x10~* 9.70
Vini =— 300 km/s Ay =0.3 R@

29 0.840.6 0.705 1.03x10~2 15.11
30 0.84+0.8 0.736 1.17x1072 22.90
31 1.0+40.8 0.762 1.30x1073 31.08
32 1.240.8 0.783 1.41x10~2 39.33
67 0.44+0.4 0571 5.21x10* 1.38
68 0.840.4 0.666 8.82x10~* 8.11
69 1.240.4 0.737 1.17x1073 17.22
Uini = 300 km/s Ay =04 Rg
33 0.840.6 0.576 6.64x10~* 6.04
34 0.84+0.8 0.620 7.67x10~* 10.71
35 1.040.8  0.657 8.62x10~* 16.90
36 1.24+0.8  0.688 9.49x10~* 23.77
70 0.840.4 0.525 5.51x10~% 2.99
71 1.240.4 0.621 7.67x10~* 8.05
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Figure 4.3: A comparison of the signal produced by the close white dwarf binary systems
studied here, when a distance of 10 kpc is adopted, with the spectral distribution of noise of
eLISA for a one year integration period, and for a null inclination. We assess the detectability
of the h dimensionless strain. The different colors denote different masses of the interacting
white dwarfs, whereas the different symbols are used to distinguish between different initial
conditions. Specifically, black symbols correspond to a 1.2 Mg + 0.8 My binary system,
magenta ones to a 1.0 Mg + 0.8 Mg, green symbols to a 0.8 Mg + 0.8 Mg, cyan ones to a
1.2 Mg + 0.4 Mg, orange symbols to a 0.8 My + 0.6 Mg, blue ones to a 0.8 My + 0.4 M),
red symbols to a 0.4 Mg + 0.4 Mg, and grey ones are used for a 0.4 Mg + 0.2 M binary
system. On the other hand, hexagons are used for the case in which vi,; = 150 km/s and
Ay = 0.4 Ry, triangles for vip; = 200 km/s and Ay = 0.3 Rg, squares for v, = 200 km/s
and Ay = 0.4 Rg, circles for vj,; = 300 kim/s and Ay = 0.3 Rg, crosses for vip; = 300 km/s
and Ay = 0.4 Re.

Only run number 63, which corresponds to the binary system with an orbit with
the smallest eccentricity (e = 0.564) and for which the two interacting white dwarfs
have the smallest masses — namely, M; = 0.4 Mg and My = 0.2 My — will not be
detectable. The rest of the interactions have, in general, large SNRs.

In Fig. 4.3 we display the characteristic amplitudes and frequencies of the hy
dimensionless strain for ¢ = 0° and we compare them with the sensitivity curve of
eLISA, computed using the analytical approximation of Amaro-Seoane et al. (2013).
As previously noted, only run number 63 lies below the eLISA sensitivity limit.
Moreover, in this figure it can be clearly seen that for a fixed initial condition —
that is for a fixed pair of values of viy; and Ay — the characteristic amplitude as well
as the frequency decreases with the total mass. The mass ratio of the interacting
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white dwarfs, ¢ = My /M, also plays a role. This can be seen when simulations 30
and 69, or 34 and 71, are compared. Both pairs of simulations have the same initial
conditions and total mass, but different values of q. As can be seen, the value of the
characteristic amplitude in runs 69 and 71 — which have ¢ = 1/3 — is smaller, while
the characteristic frequencies are larger than those of runs 30 and 34, respectively
— which have ¢ = 1. Finally, it is interesting to realize that for a given set of initial
conditions the runs of different masses lie approximately on straight lines, which are
not all shown for the sake of clarity. In particular, we only show, using a thin solid
line, the case in which the initial conditions are vip; = 300 km/s and Ay = 0.3 Rg,.

Lateral collisions

In lateral collisions the less massive white dwarf is tidally deformed by the more
massive star at closest approach to such an extent that in the end some of its material
is accreted by the massive companion. This occurs in several mass tranfer episodes,
and the resulting final configuration consists of a central compact object surrounded
by a hot, rapidly rotating corona, and an external region where some of the debris
produced during the dynamical interaction can be found. A typical example of
the gravitational wave pattern resulting in these cases is shown in Fig. 4.4, which
corresponds to run number 21. This specific simulation corresponds to the dynamical
interaction of two white dwarfs with masses 0.8 M and 0.6 M, whereas the adopted
initial conditions were viy; = 200 km s~ and Ay = 0.3 Ro. Again, in this figure we
only show the waveforms h4 (top panel) and hy (bottom panel) for an inclination i =
0° and a distance of 10 kpc, in units of 10722. As can be seen, the time evolution of the
dimensionless strains presents a series of peaks. For this specific case each one of these
peaks corresponds to a mass transfer episode, which occurs short after the passage
through the periastron. Nevertheless, it is to be noted that, depending on the masses
of the stars and on the initial conditions of the close encounter, the eccentricity
of the orbit and the distance at closest approach may be quite different for the
several lateral collisions studied here. Hence, the number of periastron passages
shows a wide range of variation. However, a general feature in all cases is that the
emission of gravitational waves is largest for the first passages through the periastron
and the amplitude of the narrow peaks of gravitational wave radiation decreases in
subsequent passages. Note as well that the time difference between successive peaks
of the gravitational wave pattern also decreases as time passes by. All this is a
consequence of the fact that after every passage through the periastron the orbit
is slightly modified, either because the less massive white dwarf is substantially
deformed by tidal forces in those cases in which during the first passages through
the periastron there is no mass transfer from the less massive white dwarf to the
more massive one, or because mass transfer has happened, and the orbit becomes
less eccentric. In the former case, after a few passages through the periastron mass
transfer occurs, and the subsequent evolution is similar to that of lateral collisions in
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Figure 4.4: Gravitational waveforms for a close encounter in which the outcome of the
interaction is a lateral collision. For this particular case two white dwarfs of masses 0.8 M,
and 0.6 M), respectily, collide. The adopted initial conditions of this interaction are vi,; =
200 km s7! and Ay = 0.3 Ry. As in Fig. 4.1 we only show the waveforms h (top panel)
and hy (bottom panel) for an inclination ¢ = 0° and a distance of 10 kpc. Again, the units
of of the dimensionless stresses are 10722,

which there is a mass transfer episode during the first closest approach. Finally, after
several mass transfers, the binding energy of the less massive star becomes positive
and it is totally destroyed, leading to a merger. This causes the sudden decrease
of the gravitational wave emission, although some oscillations of the remnant still
radiate gravitational waves — in a way very much similar to that of the ring-down
phase found in mergers of two compact objects — but with a significantly smaller
amplitude than the previous ones.

The dimensionless Fourier transform of the gravitational wave pattern shown in
Fig. 4.4 is displayed in Fig. 4.5. The only difference with those Fourier transforms
shown in Fig. 4.2 is that in this case to compute the dimensionless Fourier transform
we adopt the duration of the merger. In contrast with the Fourier transform of
the gravitational wave emission presented in Fig. 4.2, which is discrete because the
signal is periodic, now the emission of gravitational waves is characterized by a
continuous spectrum, and presents two peaks. The first one is a broad, smooth
peak at around f = 3 mHz, while the second one, which is of larger amplitude
but more noisy, occurs at larger frequencies, ~ 20 mHz. Since in our numerical
configuration all the lateral collisions have orbits which can be well approximated
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Figure 4.5: Fourier transforms of the gravitational waveforms of Fig. 4.4, in units of 10723,

until the passage through the periastron by elliptical ones, the first of these peaks
corresponds to the fundamental mode of the eccentric orbit, while the second one
is due to the presence of higher order harmonics, as it occurs for the pure elliptical
orbits previously analyzed, being the most significant difference the continuous shift
in frequency due to orbit circularization, which noticeably broadens the fundamental
mode.

In Fig. 4.6 we compare the amplitude of the simulated waveform of run number
20 (a typical lateral collision) as a function of the frequency to the strain sensitivity of
two detectors, eLISA and ALTA. As can be seen, eLISA will not be able to detect this
dynamical interaction at a distance of 10 kpc. However, ALIA (Crowder & Cornish,
2005) — a proposed space-borne gravitational-wave detector — would eventually be
able to detect most of these gravitational signals. This is quantified in Table 4.2,
where we list for each simulation, the masses of the interacting white dwarfs, the
number of mass transfer episodes (), the mass of nickel synthesized (if the mass of
%Ni is zero means that the interaction failed to produce a detonation, or that the
detonation conditions were reached in very small region of the shocked material, for
very short periods of time), the energy radiated in the form of gravitational waves,
and the energy carried away by thermal neutrinos. Finally, in the last two columns
we list the SNR of h for the same conditions used previously. In general, for a fixed
white dwarf pair, the less eccentric orbits with larger periastron distances the larger
the number of mass transfer episodes, and the smaller the maximum amplitude of
the gravitational wave signal. This is an expected result, as a less violent merger
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Figure 4.6: Fourier spectra of the gravitational waveform of a typical lateral collision — run
number 20, which involves two white dwarfs of masses 0.8 M, and 1.2 My, respectively —
in units that facilitate the comparison with gravitational-wave detector noise curves. The
noise spectra of eLISA and ALIA are also shown for comparison.

episode lasting for longer times results in smaller accelerations. Nevertheless, none
of the lateral collisions studied here has chances to be detected by eLISA, given that
the respective SNRs are always relatively small, a quite unfortunate situation. More
sophisticated and sensitive detectors — like ALIA, for instance — would, however,
be able to detect such events.

Table 4.2 deserves further comments. In particular, it is worth mentioning that
the total energy released in the form of gravitational waves increases as the total mass
of the white dwarf pair increases, as it should be expected. More interestingly, the
mass ratio of the colliding white dwarfs, ¢ = My/M; also plays a role. Specifically,
we find that for a fixed total mass, the smaller the value of ¢, the smaller the
strength of the gravitational signals. Additionally, since the total energy radiated
as gravitational waves not only depends on the masses of the colliding white dwarfs,
but also on the duration of the dynamical interaction, we find that, for fixed initial
conditions, lateral collisions in which the total mass of the system is large can release
small amounts of energy in the form of gravitational waves, depending on the number
of mass transfer episodes. Actually, two of the cases for which the SNR is largest —
simulations number 21 and 22, which involve a M; = 0.6 Mg and a My = 0.8Mg
and two 0.8, M white dwarfs — clearly correspond to those interactions which have
longest durations, and more mass transfer episodes, and nevertheless the masses of
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Table 4.2: Properties of lateral collisions.

Run M1 + M2 N MNi EGW El, SNR
(Mg) (Mg) (erg) eLISA ALIA
Uini = 75 km/s Ay =04 Rg
39 0.4+0.2 2 0 2.78x10%%  3.03x10*?  0.02 1.60
Vini = 100 km/s Ay = 0.3 Rg
43 0.440.2 2 4.97x1071% 2.69x10%® 3.23x10*2  0.02 1.61
Uini = 100 km/s Ay =04 Rg
9 0.6+0.8 2 0 1.32x10*  3.64x10%  0.11 12.24
10 0.840.8 2 4.52x10719 6.37x10* 2.25x10** 0.15  18.03
11 1.040.8 2 7.94x1077 1.16x10* 1.28x10* 0.16 18.74
12 1.240.8 2 1.09x107° 2.10x10** 243x10*® 0.16 18.73
47 0.4+0.2 2 0 1.87x10%® 3.58x10%°  0.02 1.58
48 0.4+0.4 2 2.76x107'  4.36x10%° 3.24x10*  0.07 5.66
Vini = 150 km/s Ay = 0.3 Rg
13 0.64+0.8 2 0 1.18x10%  1.82x10%  0.13  13.47
14 0.84+0.8 2 0 4.45x10*"  4.36x10**  0.17  19.38
15 1.0+40.8 2 1.56x10713 858x10* 8.82x10* 0.17  20.16
16 1.240.8 2  9.70x10710 1.32x10* 6.12x10* 0.14 1575
51 0.4+4+0.2 2 0 1.15x10% 1.70x10%  0.03 1.38
52 0.4+0.4 2 0 4.04x10%° 1.16x10*  0.07 6.33
Uini = 150 km/s Ay =04 Rg
17 0.6+0.8 6 0 8.77x10%0 2.97x10% 0.28  24.25
18 0.840.8 4 0 4.57x10*"  3.74x10*? 0.29  31.33
19 1.0+0.8 5 0 5.61x10*"  1.56x10*  0.36  36.83
20 1.240.8 3 0 6.26x10*"  2.44x10*  0.31 32.34
57 0.84+0.4 3 6.98x107™ 7.01x10%° 1.83x10**  0.12 8.56
58 1.240.4 2 5.61x10719 255x10%° 1.63x10*  0.11 9.70
Vini = 200 km/s Ay = 0.3 Rg
21 0.6+0.8 27 0 2.17x10*1  9.45%x10%°  0.57  45.83
22 0.84+0.8 20 0 1.07x10*  6.60x10%° 0.64  63.28
23 1.0+0.8 5 0 5.69x10*1  2.46x10*  0.37  37.69
24 1.2+0.8 3 0 5.82x10%  3.84x10** 031  32.10
61 0.8+0.4 3 0 7.03x10%° 3.85x10*  0.12 8.70
62 1.240.4 2 3.27x1072 2.03x10%° 2.36x10* 0.11 9.67
Vini = 200 km/s Ay =04 Rg
66 1.240.4 8 7.30x107'2 246x10%*° 5.89x10* 025 1550
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Figure 4.7: Gravitational waveform for a typical direct collision, in units of 102!, The inset
shows in greater detail the region of the burst of gravitational waves.

the interacting white dwarfs are not excesively large. Note, however, that in run
number 20 the gravitational energy released is larger than in simulation 21, but the
SNR is smaller. This occurs because run 21 peaks at frequencies where eLISA and
ALIA will be most sensitive.

Direct collisions

As explained before, the last outcome of the dynamical interactions studied here
consists in a direct collision, in which a single mass transfer episode, of very short
duration, occurs. The physical conditions achieved in all these interactions are such
that the densities and temperatures necessary to produce a powerful detonation are
met, leading in nearly all the cases to the disruption of either the lightest white
dwarf or of both stars — see column 3 of Table 4.3, where we list whether none (0),
one (1), or both (2) colliding white dwarfs are disrupted — and a sizable amount
of mass is ejected as a consequence of the interaction. Although it will not be
possible to detect the gravitational signal produced in these interactions, owing to
their extremely short duration, for the sake of completeness in Fig. 4.7 a typical
example of the gravitational wave pattern is displayed. The signal is characterized
by a single, very narrow pulse. Finally, the total energy radiated as gravitational
waves can be found in Table 4.3. As can be seen, in general, the larger the total
mass of the system, the larger the emission of gravitational waves. As it occurs with
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Table 4.3: Properties of direct collisions.

Run M; + M, Disruption Mxy; Ecw E, Am

At
(Mg) (Mo) (erg) (mag/day)
Uini = 75 km/s Ay = 0.3 Rg
37 0.440.2 1 1.31x1072 9.51x10%7 3.21x10%3 0.019
38 0.44-0.4 2 8.84x10™% 1.49x10*" 7.01x10% 0.016
Uini = 75 km/s Ay =04 Rg
1 0.840.6 0 8.65x1078 1.72x10*" 1.20x10% —
2 0.840.8 0 447x1073  5.12x10%  7.21x10% —
3 1.04-0.8 2 7.25%x1071  8.46x10%*' 8.42x10%7 0.020
4 1.24-0.8 1 6.60x1072 2.71x10%*2 3.04x10% 0.019
40 0.4+0.4 2 1.64x1073 6.38x10% 6.43x10%° 0.010
41 0.8+0.4 1 8.04x10~* 5.37x10% 3.66x10%° 0.013
42 1.240.4 1 1.18x1073  3.47x10%0 4.49x10% 0.022
Vini = 100 km/s Ay =0.3 R@
5 0.8+0.6 0 2.74x1078  1.70x10*' 1.03x10%* —
6 0.8+0.8 0 3.67x1073  5.35x10*"  6.64x10% —
7 1.040.8 2 7.15%x10~1  9.08x10%*' 8.36x10%7 0.017
8 1.240.8 1 6.32x1072 2.62x10%? 3.18x10% 0.013
44 0.4+0.4 2 4.68x1073 9.33x10%0  6.94x10%° 0.020
45 0.8+0.4 1 7.60x107* 5.73x10% 3.66x10%° 0.015
46 1.240.4 1 2.21x1073  3.39x10% 4.95x10%° 0.015
Vini = 100 km/s Ay =04 Rg
49 0.840.4 1 5.00x107%  9.54x10%  3.02x10% 0.017
50 1.240.4 1 9.36x10~% 4.52x10%0  3.67x10%* 0.019
Vini = 150 km/s Ay =0.3 Rg
53 0.840.4 1 2.00x10™% 1.51x10%0 2.47x10% 0.015
54 1.24-0.4 1 8.44%x10™% 5.11x10%0 3.39x10%° 0.018

lateral collisions, the mass ratio of the colliding white dwarfs also plays a role, and
white dwarf pairs with smaller values of ¢ release smaller amounts of gravitational
waves for the same value of M7 + Ms.

4.3.2 Light curves

As some of the white dwarf dynamical interactions analyzed here result in powerful
explosions, the light curves powered by the decay of radioactive *°Ni synthesized in
the most violent phases of the interaction — when the material is shocked and the
temperatures and densities are such that a detonation is able to develop — might be
eventually detectable. As extensively discussed before, explosions are more likely to
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Figure 4.8: Bolometric late-time light curves of those dynamical interactions in which at least
one of the colliding white dwarfs explodes. The colors indicate the different white dwarf pairs
considered here, and is the same employed in Fig. 4.3: red curves stand for a 0.4 Mg +0.4 Mg
system, black ones for a 0.8 My + 1.2 M, magenta curves denote a 0.8 Mg + 1.0 M, pair,
blue ones correspond to 0.4 Mg + 0.8 M, systems, cyan lines are used for a 0.4 Mg+ 1.2 Mg
pair, while the grey curve corresponds to the 0.2 Mg + 0.4 Mg case. The light curves of
three observed Type Ia supernovae are also displayed for comparison. Square symbols show
the light curve of SN 2009dc, triangles correspond to SN 2003hv, while circles correspond
to SN 2012hn. The gray shaded area indicates that for these early times our light curve is
not entirely reliable. The time origin is set at the time at which our simulations reach the
maximum temperature (explosion time).

occur in direct collisions, although in some lateral collisions some nickel is also syn-
thesized. However, the masses of synthesized nickel in lateral collisions are in general
small, and consequently we expect that most of these events would be undetectable
— see Tables 4.2 and 4.3. In particular the amount of %SNi produced in lateral
collisions is almost negligible in most cases — ranging from about ~ 5 x 10714 M
to about 1 x 1075 M. On the other hand, the resulting masses of nickel in direct
collisions, although show a broad range of variation, are consistently larger than in
lateral collisions. According to this, the late-time light curves are characterized by
large variations. This is shown in Fig. 4.8, where the late-time light curves — com-
puted according to the procedure outlined in section 4.2.2 — of those direct collisions
in which at least one of the colliding white dwarfs is disrupted are displayed.
Figure 4.8 shows that the late-time light curves are sensitive not only to the total
mass of the pair of colliding white dwarfs, but also to the choice of initial conditions.
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Specifically, the bolometric late-time light curves can differ considerably for a fixed
pair of masses, depending on the initial conditions of the considered interaction. The
most extreme case is that of a 0.4 Mg + 0.4 Mg, (red lines in Fig. 4.8). In particular,
for this specific case the late-time bolometric luminosities differ by about 1 order of
magnitude when runs number 38, 40 and 44 are considered. This stems from the very
large difference in the nickel masses synthesized in the respective interactions, which
are 8.84 x 1074 M), 1.64 x 1073 My, and 4.68 x 1072 M, respectively. The different
velocities of the ejecta also play a role. The most powerful outburst corresponds to
the case in which a 0.8 Mg + 1.0 Mg, pair of white dwarfs experience a direct collision
— magenta lines in Fig. 4.8. This agrees well with the results obtained so far for
white dwarf mergers, in which case the most powerful events are found when both
white dwarfs have similar masses and are relatively massive (Pakmor et al., 2012).
Also of interest is to realize that we obtain a mild explosion in the case in which a
0.2 Mg + 0.4 M white dwarf system in which both stars have helium cores collide
(run number 37). In this specific case the nickel mass is small (1.39 x 1072 M),
and only one of the stars — the lightest one — is disrupted. Most importantly, its
late-time light curve falls well below the bulk of light curves computed here (the
peak luminosity is nearly 9 orders of magnitude smaller).

In Fig. 4.8 we also display the bolometric light curves of three thermonuclear su-
pernovae, for which late-time observations are available, to allow a meaningful com-
parison with the synthetic late-time light curves computed here. Squares correspond
to the light curve of SN 2009dc, which was an overluminous peculiar supernova (Ya-
manaka et al., 2009), triangles correspond to the light curve of the otherwise normal
thermonuclear supernova SN 2003hv (Leloudas et al., 2009), while circles correspond
to the underluminous Type Ia supernova SN 2012hn (Valenti et al., 2014). As can
be seen, only a few of our simulated late-time light curves — corresponding to the
brightest events — have characteristics similar to those of thermonuclear supernovae,
whereas most of the dynamical interactions studied in this work would appear as un-
derluminous transients. In particular, only the runs in which rather massive white
dwarfs interact have light curves which could be assimilated to those of Type Ia
supernovae. In particular, this is the case of runs number 4 and 8, in which a pair of
white dwarfs with masses 0.8 Mg and 1.2 M, interact — in which case only the less
massive carbon-oxygen white dwarf is disrupted, while the massive ONe one remains
bound — for runs 3 and 7 — which involve a pair of massive carbon-oxygen white
dwarfs of masses 0.8 Mg and 1.0 M, and both components are distroyed as a conse-
quence of the interaction — and, possibly, runs number 38 and 42, which involve two
white dwarfs with masses 0.4 Mg and 0.4 My, and 1.2 Mg and 0.4 Mg, respectively.
Note that in these last two cases a white dwarf with a helium core is involved. Hence,
the total mass burned is small, as is the mass of synthesized *’Ni — see table 4.3.
In summary, only those light curves resulting from events in which the total mass
of the system is large (larger than ~ 1.8 M) and a carbon-oxygen white dwarf is
involved in the interaction resemble those of thermonuclear supernovae, whereas the
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rest of the interactions are transient bright events of different nature.

In Table 4.3 we also show the decline rate of the bolometric light curve at late
times. As well known, after about 50 days the light curves of Type la supernovae
steadily decline in an exponential way. It is observationally found that the decline
rates are essentially the same for all thermonuclear supernovae between 50 and 120
days (Wells et al., 1994; Hamuy et al., 1996; Lira et al., 1998) — that is, for the time
interval for which the results of our calculations are reliable — and hence, a com-
parison of our calculations and the observed decline rates is worthwhile. The typical
values of the late-time decline rate are 0.014 mag/day in the B band, 0.028 mag/day
in the V' band, and 0.042 mag/day in the I band, although there are a few excep-
tions (SN 1986G and SN 1991bg), which decline faster — see Leibundgut (2000),
and references therein. Given our numerical approach, to compare our simulated
late-time light curves with the observed decline rates of supernovae Ia we only used
data from day 60. As shown in Table 4.3 the computed decline rates are compatible
with those observationally found in Type Ia supernovae.

4.3.3 Thermal neutrinos

As mentioned, due to the extreme physical conditions reached in some of the inter-
actions studied in this work it is expected that copious amounts of thermal neutrinos
should be produced in those regions where the material of the colliding white dwarfs
is compressed and heated. Tables 4.2 and 4.3 show that this is indeed the case. In
particular, in these tables we list the energy radiated in the form of thermal neutrinos
in lateral collisions and in direct ones, respectively. As can be seen, the radiated en-
ergies are in all cases rather large, although a large spread is also found. Specifically,
for the case of lateral collisions the neutrino energies range from ~ 1.7 x 10% erg
to ~ 2.4 x 10*® erg, roughly 10 orders of magnitude, whereas in the case of direct
collisions the range of variation is somewhat smaller, since it spans about 5 orders
of magnitude, being run 3 the simulation in which more neutrinos are produced
(~ 8.4x 10%7 erg). In general, we find that for the case of lateral collisions increasing
the total mass of the system results in stronger interactions, and consequently larger
peak temperatures and densities are achieved. This directly translates in a larger
release of both nuclear energy and of thermal neutrinos — see Table 4.2. Equally,
for a fixed total mass of the system, larger mass ratios lead to a smaller nuclear en-
ergy release, and in a reduced neutrino emission. Besides, systems with larger initial
distances at closest approach between both colliding white dwarfs result in longer
mergers — as can be seen in column 3 of table 4.2, which lists the number of mass
transfer episodes occurring in each lateral collision — and, therefore, in more gentle
interactions, thus leading to smaller neutrino luminosities. This is in contrast with
what we found for the emission of gravitational waves, for which the reverse is true.
For the case of direct collisions we also find that, in general, as the total mass of
the system is increased, neutrino luminosities also increase, as it happens in lateral



86 4 Observational signatures of white dwarf dynamical interactions

log F, (MeV-! ¢cm~2)

E, (MeV)

Figure 4.9: Spectral energy distribution of neutrinos for those interactions resulting in a
direct collision. The color coding is the same employed in Fig. 4.3. We assumed that source
of neutrinos is located at a distance of 1 kpc.

collisions — see Table 4.3. However, there are exceptions to this rule. Specifically,
a good example of this is the case of the interactions in which two white dwarfs
of masses 0.8 My and 1.0 Mg collide. In these interactions both stars are totally
disrupted, and it turns out that, consequently, the nuclear energy released is larger,
and that more neutrinos are produced than in the case in which a 0.8 Mg + 1.2 My
is considered. This is a consequence of the fact that in this case the more massive
oxygen-neon white dwarf of 1.2 M, is more tightly gravitationally bound, and is not
disrupted during the interaction.

Figure 4.9 displays the spectral energy distribution of the neutrinos emitted when
the temperature reaches its maximum value during the dynamical interaction, using
the same color coding as it was done in previous figures. As expected, the general
features of the neutrino spectral flux follow the same pattern previously found for
the peak bolometric luminosities, and show a wide range of variation. Quite natu-
rally, the simulations in which more °°Ni is synthesized also produce more neutrinos.
Nevertheless, this is not the most relevant information that can be obtained from
this figure. Instead, it is important to note that in all cases the peak of emission
corresponds to neutrinos with energies between 1 and 2 MeV. Thus, the best-suited
detector for searching the neutrino signals produced in these dynamical events is the
Super-Kamiokande detector (Nakahata et al., 1999), for which the peak sensitivity is
3 MeV, although other detectors, like the IceCube Observatory (Ahrens et al., 2002)
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Figure 4.10: Expected number of neutrino events in the Super-Kamiokande detector, when
the source is located at a distance of 1 kpc. Again, the color coding is the same employed
in Fig. 4.8.

could also eventually detect the neutrinos produced in these interactions (Abbasi
et al., 2011). Hence, we compute the number of expected neutrino events for this
detector, using the prescription outlined in section 4.2.3. The results are shown in
Fig. 4.10. Clearly, even for nearby sources (located at 1 kpc) only those dynami-
cal interactions in which two very massive carbon-oxygen white dwarfs are involved
will have (small) chances to be detected, since in the best of the cases only ~ 0.04
thermal neutrinos will interact with the tank.

4.3.4 Fallback luminosities

Another potential observational signature of the mergers studied here is the emission
of high-energy photons from the fallback material in the aftermath of those dynam-
ical interactions in which one of the stars is disrupted, and the final configuration
consists of a central remnant surrounded by a debris region. As described in depth
in chapter 3, in some dynamical interactions a fraction of the disrupted star goes to
form a Keplerian disk. In this debris region the vast majority of material has cir-
cularized orbits. However, some material in this region has highly eccentric orbits.
After some time, this material will most likely interact with the recently formed disk.
Rosswog (2007) demonstrated that the relevant timescale in this case is not given by
viscous dissipation but, instead, by the distribution of eccentrities. As discussed in
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Figure 4.11: Fallback accretion luminosity for the dynamical interactions for which the out-
come is a lateral collision, and hence result in the formation of a central remnant surrounded
by a disk. The fallback accretion luminosities have been averaged over all the SPH particles
with eccentric orbits for a given time. The color coding is the same of Fig. 4.8.

Sect. 4.2.4, we adopted the formulation of Rosswog (2007) and calculated the accre-
tion luminosity resulting from the interaction of the material with high eccentricities
with the newly formed disk by assuming that the kinetic energy of these particles is
dissipated within the radius of the debris disk.

Figure 4.11 displays the results of this procedure for all the lateral collisions in
which as a result of the dynamical interaction the less massive star is disrupted and
a Keplerian disk is formed. We note that only a fraction of the fallback luminosity
will be released in the form of high-energy photons. Thus, the results shown in
this figure can be regarded as an upper limit for the actual luminosity of high-energy
photons. It is important to note that the time dependence of the fallback luminosities
is very similar for all the simulations, < ¢~5/3. This time dependence is the same
found for double white dwarf or double neutron star mergers. Another interesting
point is that the fallback luminosities are rather high, of the order of 10% erg s~!,
and thus these events could eventually be detected up to relatively large distances.
Finally, as it should be expected, the most violent interactions result in larger fallback
luminosities. In particular, the events with the largest fallback luminosities are those
in which two white dwarfs with masses 0.8 My and 1.2 My, interact (runs number
12, 16, 20 and 24, black lines), while the event in which less X-ray photons would be
radiated is that in which a pair of helium white dwarfs of masses 0.2 Mg and 0.4 Mg
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collide (runs number 39, 43, 47, and 51, grey lines). Note, nevertheless, that the
fallback luminosity in this case is only a factor of 10? smaller than that computed
for the most violent event. This is in contrast with the large difference (almost 9
orders of magnitude) found for the light curves of direct collisions. This, again, is
a consequence of the very small amount of ®°Ni synthesized during the interaction,
whereas the masses of the debris region do not differ substantially (being of the same
order of magnitude). A more detailed analysis shows that the key issue to explain
this behavior is that the more massive mergers produce more material in the debris
region with larger kinetic energies, thus resulting in enhanced fallback luminosities.

4.4 Discussion

We have computed the observational signatures of the dynamical interactions of two
white dwarfs in a dense stellar environment. This includes the emission of gravita-
tional waves for those systems which as a result of the interaction end up forming
an eccentric binary system, or those pairs which experience a lateral collision, in
which several mass transfer episodes occur, although we also computed the emission
of gravitational waves for those events in which a direct collision, in which only one
violent mass transfer episode occurs. For those cases in which as a consequence of
the dynamical mass transfer process an explosion occurs, and either one or both stars
are disrupted, we also computed the corresponding late-time bolometric light curves,
and the associated emission of thermal neutrinos, while for all those simulations in
which the less massive white dwarf is disrupted, and part of its mass goes to form a
debris region, we also computed the fallback luminosities radiated in the aftermath
of the interaction. This has been done employing the most complete and compre-
hensive set of simulations of this kind — namely that of chapter 3 — which covers
a wide range of masses, chemical compositions of the cores of the white dwarfs, and
initial conditions of the intervening stars. For all these signals we have assessed the
feasibility of detecting them.

We have shown that in the case of interactions leading to the formation of an
eccentric binary the most noticeable feature of the emitted gravitational wave pattern
is a discrete spectrum, and that these signals are likely to be detected by future
spaceborne detectors, like eLISA, up to relatively long distances (larger than 10 kpc).
This, however, is not the case of the gravitational wave radiation resulting from
lateral collisions, although more advanced experiments, like ALIA, would be able to
detect them. Finally, since for the case of direct collisions the emitted signal consists
of a single, well-defined peak, of very short duration, there are no hopes to detect
them.

The late-time bolometric light curves of those events in which an explosion is
able to develop, and at least one of the stars is disrupted, show a broad range of
variation, of almost 10 orders of magnitude in luminosity. This is the logical con-
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sequence of the large variety of masses of %Ni synthesized during the explosion.
This, in turn, can be explained by the very different masses of the white dwarfs
involved in the interaction. Even more, we have found that for a given pair of white
dwarfs with fixed masses the initial conditions of the interaction — namely, the ini-
tial separations and velocities (or, alternatively, the energies and angular momenta)
— also play a key role in shaping the late-time bolometric light curves, and that the
corresponding peak luminosities can differ by almost 2 orders of magnitude. More
interestingly, we have found that only the brightest events have light curves resem-
bling those of thermonuclear supernovae, and that most of our simulations result
in very underluminous events, which would most likely be classified as bright tran-
sient events. Only those events in which two rather massive white dwarfs (of masses
larger than ~ 0.8 M) collide would have light curves which could be assimilated to
those of Type la supernovae. Even in this case, the resulting late-time bolometric
light curves show a considerable range of variability depending on the adopted initial
conditions, and light curves resembling those of underluminous, normal and peculiar
bright supernovae la are possible.

The corresponding thermal neutrino luminosities also show a noticeable disper-
sion, which is a natural consequence of the very different maximum temperatures
reached during the most violent phases of the interaction. Nonetheless, the chances
of detecting the neutrinos emitted in these events are very low for the current de-
tectors, even if the dynamical interaction occurs relatively close, at 1 kpc. Even in
this case, the Super-Kamiokande detector would not be able to detect the neutrino
signal, since the number counts are small, ~ 1072 in the best of the cases.

Finally, we have also computed the emission of high-energy photons in the af-
termath of those interactions in which at least one of the white dwarfs is disrupted,
and a debris region is formed. As it occurs for the case of the mergers of two white
dwarfs, or of two neutron stars, the accretion luminosity follows a characteristic
power law of index —5/3, but the fallback luminosities are considerably smaller than
in the case of neutron star mergers. Nevertheless, the typical peak luminosities are
of the order of 10** erg s™!, and hence should be easily detectable up to very long
distances. Again, we also find that depending on the masses and the initial condi-
tions of the interaction the spread in the peak fallback luminosities is large, although
considerably smaller than that obtained for the late-time bolometric light curves.

All in all, our calculations provide a qualitative multimessenger picture of the
dynamical interactions of two white dwarfs. A combined strategy in which data
obtained from the planned spaceborne gravitational wave detectors, as well as optical
and high-energy observations would result in valuable insight on the conditions under
which this type of events take place.



Chapter 5

Double degenerate mergers as
progenitors of high-field
magnetic white dwarfs

High-field magnetic white dwarfs have been long suspected to be the result of stellar
mergers. However, the nature of the coalescing stars and the precise mechanism
that produces the magnetic field are still unknown. Here we show that the hot,
convective, differentially rotating corona present in the outer layers of the remnant
of the merger of two degenerate cores is able to produce magnetic fields of the required
strength that do not decay for long timescales. We also show, using a state-of-the-
art Monte Carlo simulator, that the expected number of high-field magnetic white
dwarfs produced in this way is consistent with that found in the Solar neighborhood.

5.1 Introduction

The merger of two white dwarfs has received considerable interest during the last
years because it is thought to be at the origin of several interesting astrophysical
phenomena. Here we show that the merger of two degenerate cores can also explain
the presence of very high magnetic fields in some white dwarfs — a result previously
anticipated by Wickramasinghe & Ferrario (2000) but not yet quantitatively proved.

High-field magnetic white dwarfs have magnetic fields in excess of 10° G and up
to 10° G (Schmidt et al., 2003). Surprisingly, very few belong to a non-interacting
binary system (Kawka et al., 2007), and moreover they are more massive than average
(Silvestri et al., 2007). One possibility is that these white dwarfs descend from single
stars, so the magnetic field is a fossil of previous evolution (Angel et al., 1981).
However, this scenario cannot explain why these stars are massive, and why they are
not found in non-interacting binary systems. Recently, it has been suggested (Tout
et al., 2008; Nordhaus et al., 2011) that strong magnetic fields are produced during a
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common envelope episode in a close binary system in which one of the components is
degenerate. During this phase, spiral-in of the secondary induces differential rotation
in the extended convective envelope, resulting in a stellar dynamo which produces the
magnetic field. However, the magnetic field produced in this way does not penetrate
in the white dwarf, and decays rapidly when the common envelope is ejected (Potter
& Tout, 2010).

In this chapter we show that the hot, differentially rotating, convective corona
resulting from the merger of two degenerate cores produces strong magnetic fields,
which are confined to the outer layers of the resulting remnant, and which do not
decay for very long timescales. The chapter is organized as follows. In section 5.2 we
explain the precise mechanism that produces the required magnetic fields, and we
show that these fields are confined the outer layers of the remnant of the coalescence
and do not decay for very long timescales. Section 5.3 is devoted to analyze if our
model can account for the number of high-field magnetic white dwarfs in the Solar
neighborhood, while in section 5.4 we summarize our findings and we present our
conclusions.

5.2 The stellar dynamo

The merger of two degenerate cores is the final destiny of the evolution of a sizable
fraction of binary systems. Three-dimensional simulations of the merger process
(Guerrero et al., 2004; Yoon et al., 2007; Lorén-Aguilar et al., 2009) indicate that
the remnant of the coalescence of two white dwarfs consists of a central white dwarf
which contains all the mass of the primary. On top of it a hot corona, which is made
of approximately half of the mass of the disrupted secondary, can be found. Finally,
surrounding this compact remnant a rapidly rotating Keplerian disk is formed, con-
taining nearly all the mass of the secondary which has not been incorporated to the
hot corona. According to these calculations little mass (~ 1073 M) is ejected from
the system during the merger. The structure of the remnant of the coalescence is
illustrated in Fig. 5.1.

The existing simulations show that the temperature gradient in the hot corona
is high, and consequently the corona is convective. We computed the boundaries
of the convective region using the Schwarzschild criterion, V > V,q. We found
that the inner and outer edges of the convective region are located at radii R =
0.012 R, and R ~ 0.026 R, respectively, and that the total mass inside this region
is ~ 0.24 M, (see Fig. 5.1). Moreover, this region rotates differentially, and is prone
to magneto-rotational instability. Assuming energy equipartition, the resulting aw
dynamo produces a magnetic field B2/87 ~ p(wR)?/2. For the typical values found
in the simulations of Lorén-Aguilar et al. (2009), the magnetic field amounts to
B ~ 3.2 x 10'% G. Thus, the energy available in the convective corona is sufficiently
large to produce strong magnetic fields. We note that even in the case in which only
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Figure 5.1: Dynamo configuration in a white dwarf merger. Temperature (solid line, left
scale) and rotational velocity (dashed line, right scale) profiles of the final remnant of a white
dwarf merger as a function of radius are shown for the case of a binary system composed
of two stars of 0.6 and 0.8 M. In our simulations approximately half of the mass of the
disrupted secondary (~ 0.3 M) is accreted onto the primary, while the rest of the mass goes
to form the Keplerian disk, which extends up to ~ 0.3 Rg. The temperature of the central
white dwarf depends on the initial temperature of the coalescing white dwarfs (Yoon et al.,
2007; Lorén-Aguilar et al., 2009). However, the temperature of the hot corona is remarkably
similar in all the simulations, T' ~ 8.7 x 10% K. The central spinning white dwarf rotates as
a rigid body with a rotational velocity w ~ 0.26 s~!, and the corona rotates differentially,
with a peak rotation rate w ~ 0.33 s~1. These velocities arise from energy and angular
momentum conservation, since little mass is ejected from the system, so the orbital angular
momentum of the binary system is invested in spinning up the remnant, while the available
energy is primarily invested in heating the corona. The location of the convective region is
displayed by the shaded area.

0.1% of the total energy of the convective shell is invested in magnetic energy the
fields produced in this way are of the order of 107 G, a value typical of high-field
magnetic white dwarfs. We also note that there are very few white dwarfs with
magnetic fields larger than 10° G, and that when these fields are observed, these are
confined to spots on their surfaces.

For this mechanism to be efficient at producing the observed magnetic fields,
the dynamo must work for several convective turnovers before the energy of the
hot corona is radiated away. The temperature of the corona is so high that is
preferentially cooled by neutrino emission. The neutrino luminosity of the corona is
L, ~ 4.0 x 102 L, while the total thermal energy of the non-degenerate material
in the corona is U ~ 8.8 x 10*® erg. Hence, the convective shell lasts for o ~
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U/L, ~ 18 x 10° yr. The convective turnover timescale is Teony =~ Hp /Vconv, Where
Hp ~ 2.7 x 10% cm is the pressure scale height and veony & 8.0 X 107 cm/s is the
convective velocity. Thus, Tconvy ~ 3.3 s, and during the lifetime of the hot corona the
number of convective cycles is sufficiently large. Consequently, the aw mechanism
is able to produce a strong magnetic field. We also note that if the duration of the
convective shell is substantially smaller than that estimated here, large magnetic
fields can still be produced. Specifically, even assuming durations 10® times smaller
than that previously estimated, the number of convective cycles would still be enough
to produce magnetic fields comparable to those observationally found in high-field
magnetic white dwarfs. We thus conclude that the stellar dynamos produced in the
aftermath of the merger of two degenerate cores can produce magnetic fields of the
order of 107 G. From now on we adopt this value (typical of high-field magnetic
white dwarfs) as a fiducial value for the rest of the calculations.

Once the magnetic field is established we need to know if it can diffuse outwards,
to the surrounding disk, or inwards, to the degenerate primary. To this end we solved
the diffusion equation (Jackson, 1998; Wendell et al., 1987):

3 2
%—fz—ﬁx(ﬁﬁxﬁ—ﬁxé) (5.1)
being o the magnetic conductivity, for which we used the most up-to-date prescrip-
tion (Cassisi et al., 2007), while the rest of the symbols have their usual meaning. We
first integrated the diffusion equation for the surrounding disk using cylindrical co-
ordinates, adopting the velocity field and density and temperature profiles resulting
from our SPH simulations (Lorén-Aguilar et al., 2009). The initial condition adopted
here is B (0) = 0, while we also imposed the boundary condition OB /Ot = 0 at the
outer edge of the disk. We used a Crank-Nicolson integration scheme with variable
coefficients (Dautray & L., 2000) which turns out to be stable. We found that the
timescale for diffusion of the magnetic field across the disk is Tgigi ~ 2.0x 10 yr. We
did the same calculation, this time using spherical coordinates, to estimate the pen-
etration of the magnetic field in the dense, degenerate primary. The use of spherical
coordinates is perfectly justified because the departures of the compact primary from
sphericity are very small. For this calculation we followed the procedure outlined in
Wendell et al. (1987). In this case the electrical conductivity is totally dominated
by degenerate electrons, and depends on the adopted temperature of the isothermal
white dwarf. If a temperature T = 7.6 x 107 K is taken (Lorén-Aguilar et al., 2009)
the diffusion timescale turns out to be 7wp ~ 4.3 x 10° yr. Since this timescale de-
pends on the adopted initial temperature we computed, using an up-to-date stellar
evolutionary code (Renedo et al., 2010), a cooling sequence for a white dwarf of the
mass, 1.1 M), and chemical composition of the remnant, a carbon-oxygen core. The
time to cool from 7.6 x 107 K to a value typical of field white dwarfs (say 3.0 x 106 K)
is very short, Teool ~ 3.0 x 107 yr. Hence, we can safely assume that as the white
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dwarf cools, the rapid increase of the electrical conductivity does not allow the mag-
netic field to penetrate in the degenerate core of the primary, and remains confined
to the surface layers.

Our model naturally predicts that the masses of high-field magnetic white dwarfs
should be larger than average and that they should be observed as single white
dwarfs, as observationally found — see, for instance, Valyavin & Fabrika (1999).
However, high-field magnetic white dwarfs are generally found to be slow rotators
(Wickramasinghe & Ferrario, 2000). This apparent contradiction of the model can
be easily solved. If the rotation and magnetic axes are misaligned, magneto-dipole
radiation rapidly spins down the white dwarf — see, however, Timokhin (2006) and
Spitkovsky (2006), where the time evolution of magnetospheres for axisymmetric
and oblique rotators is described in detail. The evolution of the rotational velocity
when both axes are misaligned (Benacquista et al., 2003) is:

211%w3

w= —W Sil’l2 «, (52)

where I is the moment of inertia of the white dwarf, « is the angle between the
magnetic and rotation axes and pu = BR%VD. Thus, the spin-down timescale is
simply TMpr = w/2w. Adopting the values resulting from our SPH simulations
(Lorén-Aguilar et al., 2009) we obtain mypr ~ 2.4x 10%/sin? a yr, for a field strength
B =107 G. Hence, if both axes are perfectly aligned the remnant of the coalescence
will be a high-field, rapidly rotating magnetic white dwarf. On the contrary, if
both axes are nearly perpendicular magneto-dipole radiation efficiently brakes the
remnant. Consequently, the very young, hot, ultramassive, slowly rotating magnetic
white dwarfs 1IRXS J0823.6—2525 and PG 1658+441, which have fields ~ 3.5 x 10 G
can be accommodated in our model. For instance, PG 16584441 has an effective
temperature Teg ~ 30000 K and a mass M ~ 1.3 Mg (Dupuis et al., 2003), which
corresponds to a cooling age of ~ 3.7 x 108 yr, while the time needed to brake the
white dwarf equals to ~ 8.4 x 107 yr if sina = 1 is adopted. Thus, our model can
account for the slow rotation rate of PG 16584441, provided that the rotation and
magnetic axes are misaligned. We also note at this point that given the small radii
— or, equivalently, the small radiating surfaces — of massive white dwarfs, their
cooling ages increase markedly for effective temperatures smaller than log Tog < 4.7.

On the other hand, rapidly rotating magnetic white dwarfs — of which an ex-
ample is RE J 0317—853, a very massive (~ 1.3 M) white dwarf belonging to a
wide binary system (Kiilebi et al., 2010) — could be the result of nearly equal-mass
mergers in which both axes are aligned. In this case no Keplerian disk is formed, so
these white dwarfs will not show infrared excesses. If, on the contrary, the masses
of the coalescing white dwarfs are different, the axes are not aligned, and the disk is
able to survive for long enough times, a second-generation planetary system could
be eventually formed (Garcia-Berro et al., 2007) and tidal disruption and accretion
of minor planets may contaminate the atmosphere of the white dwarf, resulting in
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magnetic DAZ or DAZd white dwarfs possibly showing infrared excesses. Examples
of such white dwarfs are NLTT 10480 (Kawka & Vennes, 2011) and G77—50 (Farihi
et al., 2011), for which a satisfactory explanation is still lacking.

The geometry of the surface magnetic fields of white dwarfs has been investi-
gated over the years using spectro-polarimetric observations. The available wealth
of observations shows that, in almost all cases, magnetic white dwarfs have fields
deviating strongly from dipolar structure. In particular, it appears that in most
cases the geometry of the surface magnetic field corresponds to quadrupolar or
higher multipoles — e.g., PG 10314234 (Schmidt et al., 1986), REJ 0317—855 (Fer-
rario et al., 1997), HE 0241—-0155 (Reimers et al., 2004), HE 1045—0908 (Euchner
et al., 2005), or PG 10154014 (Euchner et al., 2006). This means that the toroidal
component of the magnetic field must be stable, and that a poloidal component
should also be present. Our mechanism can also qualitatively reproduce these ob-
servations. Indeed, in the aw mechanism, convection is responsible for the genera-
tion of poloidal fields, whereas rotation is responsible for the generation of toroidal
fields. Specifically, the energy available to generate the poloidal field component is
p2oe/2 ~ 4.0 x10% erg, which is ~ 10% of the energy available to build the toroidal
component, p(wR)?/2 ~ 5.5 x 10?1 erg. Thus, we expect that the magnetic field gen-
erated by the fast rotating convective shell will have both toroidal and poloidal field
components. Moreover, it is well known that purely toroidal fields are unstable due
to instability (Tayler, 1973). However, the existence of a small poloidal component
is a sufficient condition for stability. Actually, recent numerical studies (Braithwaite,
2009) show that the energy stored in the poloidal field component can be as high
as 80% of the total magnetic energy, and that even poloidal components 10~¢ times
smaller than the toroidal one are enough to warrant stability. Thus, toroidal fields
generated by the rotating, convective shell produced in the merger of two double
degenerates are stable, and moreover we expect that the magnetic fields generated
in this way will have a complex geometry, in agreement with observations.

5.3 Magnetic white dwarfs in the solar neighborhood

To assess if our scenario can reproduce the observed number of high-field mag-
netic white dwarfs we have expanded an existing, state-of-the-art Monte Carlo code
(Garcia-Berro et al., 1999; Torres et al., 2002; Garcia-Berro et al., 2004) designed to
study the Galactic populations of single white dwarfs to deal with those of double
degenerates. In our simulations we assumed that 50% of stars belong to binaries,
and we normalized to the local disk density (Holmberg & Flynn, 2000). The ini-
tial primary masses were obtained using a standard initial mass function (Kroupa
et al., 1993), and the initial mass ratios according to a flat distribution. Also, a
constant star formation rate and a disk age of 10'° yr were adopted. Orbital separa-
tions and eccentricities were randomly drawn according to a logarithmic probability
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distribution (Nelemans et al., 2001) and to a thermal distribution (Heggie, 1975),
respectively. For each of the components of the binary analytical fits to detailed
stellar evolutionary tracks were used (Hurley et al., 2000), which provide full cover-
age from the main sequence until advances stages of evolution. For the white dwarf
stage the most recent cooling tracks of Renedo et al. (2010) were employed. The
orbital evolution of each binary was computed taking into account circularization
and synchronization (Hurley et al., 2002). We also considered mass losses through
stellar winds. Specifically, we assumed that the evolution during the main sequence
is conservative, and only after it we included stellar winds. The adopted mass-loss
rate is that of Kudritzki & Reimers (1978) except on the AGB, for which the rate
of Vassiliadis & Wood (1993) was used. Angular momentum losses due to mag-
netic braking and gravitational radiation were also included (Schreiber & Génsicke,
2003; Zorotovic et al., 2010). The Roche lobe radius was computed using the most
commonly used approximation (Eggleton, 1983), and during the overflow episodes
both rejuvenation and ageing were taken into account (Hurley et al., 2002). For
the common envelope phase we considered standard prescriptions for the common
envelope efficiency and for the fraction of gravitational binding energy of the donor
available to eject the envelope — see, e.g., Dewi & Tauris (2000). Specifically, we
adopted acg = 0.25 and a variable value for the binding energy parameter A (Zoro-
tovic et al., 2010)). With all these ingredients we found that the fraction of merged
double degenerate cores in the solar neighborhood is ~ 2.9% of the total synthetic
population. This number includes not only white dwarf mergers (~ 0.3%), but also
the coalescence of a white dwarf and a giant star with a degenerate core (~ 1.1%),
and the merger of two giants with degenerate cores (~ 1.5%). In these two last cases
— namely, the merger of a white dwarf and a giant, and the merger of two giant
stars — the coalescences occur during the common envelope phase, while the merger
of two white dwarfs is driven by gravitational wave radiation. Finally, we emphasize
that the number of white dwarf mergers we obtain is in line with those obtained
using completely different approaches (Bogomazov & Tutukov, 2009) — see below
for a detailed comparison with our results for the solar neighborhood — and that
the distribution of remnant masses is nearly flat, in accordance with the observed
distribution of masses of magnetic white dwarfs (Nalezyty & Madej, 2004).

To better illustrate this last issue, Fig. 5.2 shows the frequency distribution of
remnant masses of the different merger channels for a sample of 10® mergers. We
assumed that the remnant of each coalescence has a mass M = M;+ M, /2, where M,
and M, stand, respectively, for the masses of the primary and secondary degenerate
cores. This choice is in accordance with the results of the SPH simulations of Lorén-
Aguilar et al. (2009), which show that approximately half of the secondary is accreted
onto the primary, while the rest of the mass of the disrupted secondary forms a
debris region and little mass is ejected during the merger. We also eliminated all
those remnants that have masses larger than Chandrasekhar’s limit, while for the
mergers producing a helium white dwarf we adopted the procedure of Hurley et al.
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Figure 5.2: Mass distribution of the remnants of the mergers. The distribution shows the
frequency of the different merger channels. The black histogram shows the masses of the
remnants of the mergers of double white dwarf binaries, the dashed histogram that of the
mergers of a binary system composed of a red giant and a white dwarf, the shaded histogram
that of the mergers of two red giants, while the total mass distribution is shown using a solid
line.

(2002). As can be seen, the total mass distribution (open histogram) presents a
first peak for masses smaller than ~ 0.4 Mg, corresponding to mergers in which
a helium white dwarf is produced, then sharply increases for increasing remnant
masses and afterwards smoothly decreases for masses larger than ~ 0.6 M;. When
this distribution is sampled for ~ 26 objects with masses ranging from 0.8 Mg to
1.4 M we usually obtain fairly flat distributions, although the scarce number of
objects and the subsequent large deviations prevent a sound comparison with the
observational data.

Within 20 pc of the Sun there are 122 white dwarfs (Holberg et al., 2008), and
several of them are magnetic (Kawka et al., 2007). This sample is 80% complete,
but subject to poor statistics. However, it is useful because for it we have a reliable
determination of the true incidence of magnetism in white dwarfs. Mass determi-
nations are available for 121 of them. In the local sample there are 14 magnetic
white dwarfs, 8 have magnetic fields in excess of 107 G, and 3 have masses larger
than 0.8 My — a value which is ~ 2.50 away from the average mass of field white
dwarfs. The selection of this mass cut is somewhat arbitrary but, given the strong
bias introduced by the initial mass function, we expect that the vast majority of
high-field magnetic white dwarfs more massive than 0.8 Mg would be the result of
stellar mergers. This is indeed the case, since our population synthesis calculations
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predict that ~ 4 white dwarfs are the result of double degenerate mergers, and have
masses larger than 0.8 Mg, in good agreement with observations. Additionally, our
simulations predict that the fraction of white dwarfs more massive than ~ 0.8 Mg
resulting from single stellar evolution is ~ 10%. Consequently, the expected number
of massive white dwarfs in the local sample should be ~ 12. Instead, the local sample
contains 20, pointing towards a considerable excess of massive white dwarfs, which
could be the progeny of mergers. The rest of the population of magnetic white dwarfs
(~ 5) would be well the result of the evolution of single stars (Aznar Cuadrado et al.,
2004). In this case the magnetic field could have been generated during the red giant
phase (Blackman et al., 2001), or could be a fossil of the evolution of magnetic Ap
or Bp stars — see, for instance, Mathys et al. (2001) and references therein. Note,
nevertheless, that it has been recently suggested that these massive main-sequence
stars are also the result of stellar mergers (Tutukov & Fedorova, 2010).

The number of coalescing binaries previously discussed compares well with the
results obtained using very different population synthesis codes. For instance, Bo-
gomazov & Tutukov (2009), using a completely independent code, obtain ~ 7 + 1,
where we have assumed poissonian errors, white dwarf mergers within 20 pc of the
Sun — see their Table 1 — whereas we obtain ~ 4 4+ 2. Thus, within the sampling
uncertainties, both numbers agree qualitatively, despite the very small number of
objects and the existing theoretical uncertainties, which include, among others, the
completely different approaches used to simulate a representative sample of bina-
ries, the ingredients necessary to model the Galaxy as a whole, and the parameters
adopted in the calculation of the common envelope phase.

5.4 Discussion

We have shown that the hot, convective, differentially rotating corona predicted by
detailed three-dimensional simulations of the merger of two degenerate stellar cores
is able to produce very high magnetic fields. We have also shown that these magnetic
fields are confined to the outer layers of the remnant of the coalescence, and do not
propagate neither to the interior of the white dwarf or to the debris region. Our
model naturally predicts that high-field magnetic white dwarfs should preferentially
have high masses, and should be observed as single white dwarfs, as observationally
found. Moreover, if the rotation and magnetic axes are not aligned magnetodipole
radiation rapidly spins down the magnetic white dwarf in short timescales. Thus,
high-field magnetic white dwarfs may have a large variety of rotation periods. More-
over, in the case in which the masses of the coalescing white dwarfs are not equal
the heavy rotationally supported disk can survive for long periods of time, and a
planetary system could eventually form. Disruption of small planets could then con-
taminate the very outer layers of the magnetic white dwarf, explaining the recently
discovered population of metallic magnetic white dwarfs. If, on the contrary, the
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masses of the merging white dwarfs are similar the remnant has spherical symmetry
and rotates very rapidly, as observed in some high-field magnetic white dwarfs. Also,
the geometry of the surface magnetic fields can be well explained by our model. Fi-
nally, we have also shown that the expected number of double degenerate mergers is
roughly consistent with the number of high-field magnetic white dwarfs in the local
sample. In summary, our calculations indicate that a sizable fraction of all high-field
magnetic white dwarfs could be the result of double degenerate mergers, in accor-
dance with previous suggestions (Wickramasinghe & Ferrario, 2000) not hitherto
proven.



Chapter 6

A white dwarf merger as
progenitor of the Anomalous

X-ray Pulsar 4U 01424617

It has been recently proposed that massive fast-rotating highly-magnetized white
dwarfs could describe the observational properties of some Soft Gamma-Ray Re-
peaters (SGRs) and Anomalous X-Ray Pulsars (AXPs). Moreover, it has also been
shown that high-field magnetic white dwarfs can be the outcome of white dwarf bi-
nary mergers. The products of these mergers consist of a hot central white dwarf
surrounded by a rapidly rotating disk. Here we show that the merger of a double
degenerate system can explain the characteristics of the peculiar AXP 4U 0142+61.
This scenario accounts for the observed infrared excess. We also show that the
observed properties of 4U 0142461 are consistent with a ~ 1.2 My white dwarf,
remnant of the coalescence of an original system made of two white dwarfs of masses
0.6 Mg and 1.0 M. Finally, we infer a post-merging age Twp ~ 64 kyr, and a mag-
netic field B ~ 2 x 10® G. Evidence for such a magnetic field may come from the
possible detection of the electron cyclotron absorption feature observed between the
B and V bands at ~ 10'® Hz in the spectrum of 4U 0142+4-61.

6.1 Introduction

SGRs are sources of short (~ 100 ms), repeating bursts of soft y-ray and X-ray
radiation at irregular intervals, and share with AXPs several similarities, like rota-
tion periods clustered between 2 and 12 s, and high magnetic fields. Their observed
spindown rates range from P ~ (1071 to 10710), and have typical X-ray luminosi-
ties in quiescent state Ly ~ 10%° ergs™!. Currently, it is widely accepted that these
objects are magnetars (Duncan & Thompson, 1992; Thompson & Duncan, 1995), al-
though there are competing scenarios that challenge this model — see, for instance,
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Table 6.1: Bounds for the mass, radius and moment of inertia of 4U 0142+61.

Minimum Maximum

M (My) 1.16 1.39
Req (108 cm) 1.05 6.66
(R) (10% cm) 1.05 6.03
I (g cm?) 2.9 x 10*® 1.4 x 10

the excellent and recent review of Mereghetti (2008), and references therein. Re-
cently, Malheiro et al. (2012), following the pioneering works of Morini et al. (1988)
and Paczynski (1990), have suggested an alternative model that could explain some
properties of these sources. This model involves highly-magnetized white dwarfs.
For this model to be viable the masses of the white dwarfs need to be rather large
(M > 1.2 M), their magnetic fields should range from B =~ 107 G all the way to
10'° G, and the rotation periods should be rather small, of the order of a few sec-
onds. The most apparent drawback of this scenario, namely the rotational stability
of fast rotating white dwarfs, has been recently analyzed. Specifically, the crucial
question of whether rotating white dwarfs can have rotation periods as short as the
ones observed in AXPs has been recently addressed by Boshkayev et al. (2013b),
who found that the minimum rotation period of typical carbon-oxygen white dwarfs
is ~ 0.5 s. Thus, since AXPs have rotation periods larger than this value they could
be white dwarfs.

The existence of white dwarfs with magnetic fields ranging from 10 G up to
10° G is solidly confirmed by observations (Kiilebi et al., 2009). Observations show
that most high-field magnetic white dwarfs are massive, and moreover, that none of
them belongs to a non-interacting binary system, pointing towards a binary origin.
However, although long-suspected (Wickramasinghe & Ferrario, 2000), it has only
been recently shown that they might be the result of white dwarf mergers. SPH
simulations of the coalescence process indicate that the result of the merger is a white
dwarf that contains the mass of the undisrupted primary, surrounded by a hot corona
made of about half of the mass of the disrupted secondary. In addition, a rapidly
rotating Keplerian disk which contains the rest of the material of the secondary is also
formed, as little mass is ejected from the system during the coalescence process. The
rapidly-rotating hot corona is convective and an efficient cw dynamo can produce
magnetic fields of up to B ~ 10'° G, as shown in chapter 5.

In view of these considerations it is natural to ask ourselves if such binary mergers
could also explain the properties of some AXPs. Here we explore such possibility
for the specific case of the peculiar AXP 4U 0142+61. This AXP is by far the
best observed source in the near-infrared (NIR), optical, and ultraviolet (UV) bands
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and has two characteristics that make it a peculiar object. The first one is that
4U 0142461 presents a confirmed infrared excess (Hulleman et al., 2000) that might
be attributed to an accretion disk, whereas the second one is that it is too bright for
its cooling age, thus challenging the conventional magnetar model. Here we show
that the properties of this AXP can be well explained by a model in which the
central compact remnant is a massive magnetized white dwarf resulting from the
merger of two otherwise ordinary white dwarfs, surrounded by the heavy accretion
disk produced during the merger.

6.2 A model for 4U 0142-+61

To start with, we compute the approximate mass and radius of 4U 0142+4-61. The
stability of general relativistic uniformly rotating white dwarfs has been recently
studied (Boshkayev et al., 2013b), and it has been shown that constant rotation
period sequences intersect the stability region of white dwarfs in two points that
determine lower and upper bounds for the mass, equatorial/polar radii and moment
of inertia. In Table 6.1 we show the bounds for 4U 0142461. In this table (R) =
(2Req + Rp)/3 denotes the mean-radius, where Re, and R, are, respectively, the
equatorial and polar radii.

6.2.1 IR, optical and UV photometry

We next fitted the spectrum of 4U 0142461 as the sum of two components. The
first one is a black body:

__2h ( Rwp 2 v3
FBB - 77? < d > th/(kBTeff) 1 ) (61)

where Rwp and Teg are, respectively, the radius and effective temperature of the
white dwarf. As it will be shown in Sect. 6.2.2, the system now behaves as an ejector,
inhibiting the accretion of the disk material onto the central white dwarf. Thus, for
the second component we adopted the black body disk model of Chiang & Goldreich
(1997), which is more appropriate for these systems (Garcia-Berro et al., 2007):

R 2 ok Tog \ %% [ b3 Tout  1:5/3
_ 1/3 L WD Bleff
Faigx = 127"/ COH< ) ) < S ) (c—2> X /xin — 1da:, (6.2)

where ¢ is the inclination angle of the disk, which we assume to be face-on, and
& = hv/(kgT). In this model the disk temperature T varies as r—%/* (Chiang &
Goldreich, 1997), with r the distance from the center of the white dwarf. It is worth
mentioning that in previous studies of 4U 0142461 (Hulleman et al., 2000; Wang
et al., 2006) the irradiated disk model of Vrtilek et al. (1990) has been used instead,
but this model is more appropriate for accreting sources.
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Figure 6.1: Observed and fitted spectrum of 4U 01424-61. Due to the high variability of the
source in the optical bands we average all the existing data of the source in the different
bands. All these data come from observations from 31 October 1994 up to 26 July 2005
(Hulleman et al., 2000, 2004; Dhillon et al., 2005; Morii et al., 2005; Durant & van Kerkwijk,
2006¢; Morii et al., 2009). The result of the average is V' = 25.66, R = 25.25, [ = 23.76,
J =22.04, H =20.70, K = 19.97. There are upper limits in the U and B bands, U = 25.8
(Dhillon et al., 2005) and B = 28.1 (Hulleman et al., 2004), respectively. We also consider the
observations of Wang et al. (2006) with the Spitzer/IRAC instrument at wavelengths 4.5 pm
and 8.0 pym. The fluxes are 36.3 uJy and 51.9 pJy, respectively. We corrected the data for
the interstellar extinction, using the estimated distance d = 3.6 kpc (Durant & van Kerkwijk,
2006a) and an absorption in the V band Ay = 3.5 (Durant & van Kerkwijk, 2006b). For the
rest of the bands we used Ay = 1.569Ay, Ap = 1.337Ay, Arp = 0.751 Ay, A; = 0.479Ay,,
A.] = 156914\/, A.] = 0.28214\/, AH = 019014\/, and AK = 011414\/ (Cardelli et al.,
1989). The extinction in the Spitzer/IRAC bands for Ax < 0.5 are A4 5,m = 0.26Ax and
Ag oum = 0.21Ax (Chapman et al., 2009).

We computed the best-fit of the spectrum parameters, finding Rwp ~ 0.006 Rs,
T ~ 1.31 x 10° K, inner and outer disk radii R;, = 0.97 Ro, Rouwt = 51.1 R and
correspondingly inner and outer disk temperatures Tj, ~ 1950 K and Ty, ~ 100 K,
respectively. In Fig. 6.1 we show the photometric data of 4U 0142+61 and our
best-fit composite spectrum. The agreement of the composite spectrum with the
observational data is quite good, taking into account that the high variability of the
source in these bands can lead to changes in the optical fluxes of up to one order
of magnitude (Durant & van Kerkwijk, 2006¢). Thus, the white dwarf model is
compatible with the observed photometry of 4U 0142461, as it seems to occur for
SGR 041845729, Swift J1822.3-1606, and 1E 22594586 (Boshkayev et al., 2013a).

To check whether this is a realistic and consistent model for 4U 0142461, we ran



6.2 A model for 4U 0142+61 105

a SPH simulation of the merger of a 0.6 4+ 1.0 Mg, binary white dwarf, which results
in a central remnant of ~ 1.1 Mg, with a radius Rwp =~ 0.006 Ry, in agreement
with the photometric value. We recall that the central white dwarf will accrete some
material from the surrounding disk (of mass My;sk =~ 0.5 M) and, thus, will shrink
a little. Moreover, the rotation period is P ~ 15.7 s and the moment of inertia of
the central white dwarf and the hot corona is I ~ 2.0 x 10°° g cm?, which is slightly
larger than our maximum estimate — see Table 6.1. Furthermore, the magnetic field
generated in the differentially-rotating hot corona produced in the aftermath of the
merger amounts to B ~ 10'° G (Garcia-Berro et al., 2012) which amply explains the
magnetic field of 4U 0142+61, see section 6.2.2.

6.2.2 The age and magnetic field of 4U 0142461

The presence of a disk around the magnetized white dwarf plays a key role in the
evolution of its rotation period. This results from a delicate interplay between the
interaction of the disk with the magnetosphere of the star, and accretion of disk
matter onto the surface of the white dwarf. A solution of the magneto-hydrodynamic
equations including the explicit coupling of magnetosphere-disk system and the mass
and angular momentum transfer from the disk to the star is not yet available. For
this reason the torque acting on the star it is often followed using a phenomenological
treatment. We adopt the model of Armitage & Clarke (1996), which assumes that
the magnetic field lines threading the disk are closed. In this model the evolution of
w is dictated by

2B2(R)Sw3 ,  BXRY [ 1 2 MR?, W
S in20 . mag .
“ T I A Y S = O 0 7 I B (6:3)

where 6 is the angle between the rotation axis and the magnetic dipole moment,
Ruag = [B*(R)®/(M+2GM))?/7 is the magnetospheric radius (Chatterjee et al.,
2000; Toropina et al., 2012; Matt et al., 2012; Rueda & Ruffini, 2012), and R, =
(GM/w?)'/3 is the corotation radius. The first term in Eq. (6.3) describes the tra-
ditional magneto-dipole braking, the second one is the star-disk coupling, while the
last one describes the angular momentum transfer from the disk to the white dwarf.
We adopt an accretion rate corresponding to a Shakura-Sunyaev viscosity parameter
ass = 0.1 (Cannizzo et al., 1990; Chatterjee et al., 2000; Ertan et al., 2009). Adopt-
ing a misalignment angle § = 7/2 and integrating Eq. (6.3) using the parameters
resulting from our SPH simulation and it results that, for a wide range of magnetic
field strengths, at early stages Rmag ~ Rwp. Thus, initially the star is spun-up due
to the large accretion rates — see the insets of Fig. 6.2. However, after ~ 1 kyr,
the inner radius of the disk — which is approximately given by the magnetospheric
radius — becomes larger than the the light cylinder radius, Rj. = c¢/w. Hence,
the disk cannot torque any longer the white dwarf, the rotation period reaches a
minimum, and from this point on the disk and the star evolve independently, and
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Figure 6.2: Time evolution of the period (top panel) and period derivative (bottom panel)
of 4U 0142+61. The insets show to the early evolutionary phases of the system.

accretion onto the magnetic poles stops. Thus, the star behaves as a normal pulsar,
spinning-down by magneto-dipole radiation (Lamb et al., 1973; Chatterjee et al.,
2000). The surface magnetic field needed to fit the observed values of P and P when
amass M = 1.2 M, is adopted is B ~ 2.3 x 10® G at an age 7,q = 64 kyr — see
Figure 6.2. This age estimate compares well with the spin-down characteristic age
P/ (QP) ~ 68 kyr. Moreover, the strength of the magnetic field can be compared
with that directly derived using the traditional misaligned dipole expression
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(Ferrari & Ruffini, 1969; Lamb et al., 1973) — which in our case is valid be-
cause Ri, ~ Ry (see section 6.2.1) is larger than the radius of the light cylinder
Ry = 0.6 Ry. From the observed values P = 8.69 s and P =203x10"12 (Hulleman
et al., 2000), we obtain B = 2.3 x 108 G for My, and 6.2x10% G for M.y, in agree-
ment with the result obtained integrating Eq. (6.3). Additionally, there are other
indications that the magnetic field derived in this way is sound. In particular, the
spectrum of 4U 0142461 exhibits a significant drop-off between the B and V' bands,
at a frequency v ~ 10'® Hz, see Fig. 6.1. Hulleman et al. (2004) concluded that this
feature is not due to variability and, moreover, they advanced that it is consistent
with the electron cyclotron emission of a magnetic field B ~ 10 G. Adopting the
minimum and maximum masses derived from our model we obtain electron cyclotron
frequencies veye = eB/(2rmec) = 6.3 x 10 Hz and 1.7 x 10'® Hz, which correspond
to wavelengths that fall between the NIR and the UV, 0.5 and 176 pm, respectively.
This suggests that the magnetic field must be closer to the lower value, and therefore
that the corresponding mass should be ~ 1.2 M. Actually, it is interesting to realize
that although the mass of the remnant of the coalescence is slightly smaller than our
fiducial mass for 4U 0142461 — ~ 1.1 and ~ 1.2 M, respectively — the mass ac-
creted during the spin-up phase is Mo ~ 0.05 Mg, in good agreement with the mass
derived from the photometric solution. It could be argued that this is the maximum
possible accreted mass, since during these early stages super-Eddington accretion
rates are needed to accrete all the material inflowing from the disk. Nevertheless,
during the very early stages after the merger the temperature of the coalesced sys-
tem is very high, and the emission of neutrinos is not negligible (Garcia-Berro et al.,
2012).

We now compute the cooling age of 4U 0142461, and compare it with the spin-
down age. As the hot, convective corona resulting from the merger is very short-lived
(Garcia-Berro et al., 2012) the evolution of the surface luminosity of the white dwarf
can be estimated using Mestel’s cooling law (Mestel, 1952):

1/z
1 M Z2/5
(bi) — 0.1, (6.5)

Tcool = 7oy
@\ Lwo

where (A) is the average atomic weight of the core of the white dwarf, Z is the
metallicity of its envelope, z = 1.4, b = 635 (Hurley & Shara, 2003), and the rest
of the symbols have their usual meaning. Adopting a carbon-oxygen core and Z ~
0.001, which is a reasonable value (Althaus et al., 2010), we obtain a cooling age
Teool =~ 64 kyr, in good agreement with the spin-down age.
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6.2.3 X-ray luminosity

For a distance d = 3.6 kpc, Durant & van Kerkwijk (2006a) estimated an isotropic
X-ray luminosity Lx = 4rd> f}l(nabs ~ 1.3 x 10 erg s—!, using the unabsorbed X-ray
flux firabs = 8.3 x 107 erg s™! em™2 obtained by Patel et al. (2003). We use
the result of the latest observations of 4U 0142461 with the EPIC cameras onboard
XMM-Newton, f}l(nabs =72 x 107" erg s7! em™2 (Géohler et al., 2005), obtaining
Lx ~ 1.1 x 10% erg s~ when the same distance is adopted. The loss of rotational
energy associated with the spin-down of 4U 0142461, E,o; = —A4m2] P/P3 gives
|Erot| = 1.7 x 10%7 erg s7! for Mpin and 3.4 x 10%° erg s~ for Myay, that cover the
estimated X-ray luminosity.

The time integrated X-ray spectrum of 4U 0142461 is well described by a black
body and a power-law model with kg7 = 0.4 keV and photon index I' = 3.62
(Gohler et al., 2005). The black body component corresponds to a temperature
Tgp ~ 4.6 x 10° K, which is higher than the surface temperature of a hot white
dwarf. However, these systems may have coronal temperatures much higher than
that of the surface (Malheiro et al., 2012), and thus the X-ray emission would be of
magnetospheric origin. Because the inner radius of the disk is larger than the radius
of the light cylinder Rj. (see section 6.2.2) the mechanisms producing such radiation
are similar to those of pulsars. In particular, a possible mechanism was delineated
by Usov (1993), who showed that reheating of the magnetosphere by the bombard-
ment of positrons moving backward to the surface of the star can produce large
X-ray luminosities. Positrons are produced the interaction of high-energy photons
with ultra-relativistic electrons, resulting in the creation of electron-positron pairs.
Following closely the calculations of Usov (1993) we computed the theoretically ex-
pected X-ray luminosity of 4U 0142+61. We found that the reheating of polar caps
produces a persistent X-ray luminosity Lx ~ 2 x 103° erg s~!, in agreement with
observations. Nonetheless, there are other possibilities. If the conventional magnetar
interpretation is adopted, the X-ray luminosity would be due to the neutron star.
Alternatively, it could also be due to ongoing accretion from a fossil disk onto the
neutron star (Alpar, 2001). In such cases the white dwarf product of the merger
would have accreted enough material to undergo accretion induced collapse to a
neutron star.

6.3 Conclusions

We studied the possibility that the peculiar AXP 4U 0141461 is a massive, fast-
rotating, highly magnetized white dwarf, and we explored the viability of this object
being the result of the coalescence of a binary white dwarf. Specifically, from its
observed rotational velocity we first derived bounds for the mass, radius, and moment
of inertia. Afterwards, we fitted the IR, optical, and UV data of 4U 0142461 with a
composite spectrum made of two components, a black body and a dust disk, finding a
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good agreement with the observations. Moreover, we showed that the characteristics
of the disk are consistent with the results of a SPH simulation of the merger of a
0.6 + 1.0 My binary system. We then estimated the age and the magnetic field of
this AXP. Adopting the results of our SPH simulation we obtained a magnetic field
B = 2.3 x 108 G, and a post-merger age ~ 64 kyr. The cyclotron frequency of
this magnetic field veye ~ 6 % 10" Hz would explain an absorption feature observed
in the spectrum of 4U 0142461 at v ~ 10" Hz. Furthermore, our age estimate
is in excellent agreement with the white dwarf cooling age. We also showed that
the X-ray luminosity of 4U 0142461 can be well explained by the rotational energy
loss, and we inferred a theoretical estimate Ly =~ 2 x 10%° erg s~!, which agrees
with the observed value, Lx ~ 1.09 x 10% erg s~!. All these findings may support
the hypothesis that the peculiar AXP 4U 0141461 was originated in a white dwarf
binary merger.






Chapter 7

Conclusions

The aim of the present thesis was to study some unexplored interactions between two
white dwarfs. In particular, we have studied the core-degenerate scenario for Type
Ia supernovae and the possibility that some white dwarf collisions might produce a
thermonuclear supernova. The latter scenario is a variant of the double-degenerate
scenario, while the former was never investigated before. We have also considered the
possibility that some white dwarf merger remnants could be associated to some high-
field magnetic white dwarfs and to anomalous X-ray pulsars, of which 4U 0142461
is the leading example.

To this end, we have firstly improved an existing Smoothed Particle Hydrodynam-
ics code used in previous simulations of this kind. Since the simulations presented
here require, in some cases, very short integration timesteps (~ 107° s) to ensure en-
ergy conservation, one of the most important tasks performed in this work consisted
of parallelizing the existing code. This has lead to a considerable reduction of the
computational time, when Message Passing Interface (MPI) libraries are employed.
We also utilized some modules and a set of libraries for vector operations. All the
calculations presented in this work were done on a newly implemented computer
cluster, with improved hardware. Details about the parallization procedure can be
found in the appendix of this thesis, where we also describe the hardware characteris-
tics of the computer cluster. Additionally, we have also improved the accuracy of the
results, by introducing a new algorithm to preserve energy and angular momentum
conservation to the best possible accuracy. This is explained in more detail in the
appendix, where we describe how the energy is best conserved by following simulta-
neously the evolution of the temperature and of the internal energy, as well as some
other interesting technical details. This new algorithm turned out to be essential
to ensure the consistency of the results when long runs were needed. Specifically,
adopting the prescriptions explained in the appendix, energy is conserved at the
level of 1%, and angular momentum at the level of 1073% in all simulations for very
long integration times. Lastly, we also updated some key physical ingredients needed
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for the calculation of up-to-date simulations. In particular, for those simulations in
which the temperatures are such that nuclear reactions play a leading role, an accu-
rate and complete nuclear network is also important. Within the framework of this
thesis we implemented such an updated nuclear network, based on the most recent
nuclear cross sections. Not only that, we also modified the existing SPH code to
implement the Helmholtz equation of state, which is the most accurate one and has
become a “de facto” standard, since it warrants thermodynamic consistency.

Having explained the most important improvements made to our numerical code
we elaborate on the most salient results of our simulations. To start with, it is
particularly relevant to mention that we have performed the first set of realistic
simulations of the core-degenerate scenario. This scenario shares some similarities
with the core-degenerate scenario, but at odds with the latter, one of the coalescing
stars is not a white dwarf, but instead the core of an AGB star. It is thought that
during the final stages of the common envelope phase, when the envelope surrounding
the cold white dwarf and the hot AGB core is ejected, up to ~ 10% of the envelope
falls back and forms a circumbinary disk. If the disk is massive enough, its interaction
with the binary increases the eccentricity of the orbit and decreases its semi-major
axis to such an extent that a merger between both stars seems to be unavoidable.
On the contrary, if the disk is not massive enough, most of its mass is ejected from
the system before the orbit of the binary system is close enough to drive a merger.
In this case, both stars are brought closer by the emission of gravitational waves.
This mechanism acts for much longer timescales and does not ensure that the core
of the AGB star is going to be hot once the coalescence begins. Most importantly,
in this case it has been shown that the orbit is nearly circular, hence very similar to
that adopted in the existing simulations of the core-degenerate scenario. Adopting
the procedure employed by Kashi & Soker (2011) to compute the orbital evolution of
the binary system, we have first calculated at which stage the stars are close enough
to start mass transfer. These orbital parameters were used as initial conditions to
simulate the merger process itself. Moreover, in order to quantify the influence of
the temperature of the core of the AGB star, we compute for both eccentricities a
simulation for which the core of the AGB star is cold, and another one in which we
adopt a larger temperature.

Our results demonstrate that the eccentricity of the binary system plays an im-
portant role on the dynamics of the merger and also in shaping the final remnant,
whereas the initial temperature does not. Eccentric mergers last for much longer
times, typically hours, than those of almost circular events, but the number of mass
transfer episodes at closest approach is smaller, and more mass is transferred to the
primary during each one of these episodes. This results in larger ejected and fall-
back masses, of the order of 1072 M. In the almost circular mergers that is, with
eccentricities e ~ 0.1, the mass transfer episodes, and therefore the evolution of the
coalescence, is less violent. In these cases the mass of the ejecta is ~ 1074 Mg, ,
and the mass of the fallback material is ~ 1073 M. We have also found that the
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general structure of the merged remnants is the same found for double-degenerate
coalescences. It consists of the almost unperturbed core of the AGB star, surrounded
by a hot differentially rotating corona. The corona contains ~ 18% of the disrupted
white dwarf for eccentric mergers, and is somewhat larger, ~ 27%, for mergers with
nearly circular orbits. Surrounding this central compact object a heavy Keplerian
disk and an extended shroud, both formed by the rest of the mass of the disrupted
white dwarf, can be found. In mergers with eccentric orbits the debris region has
ellipsoidal shape, whereas for mergers with nearly circular orbits little mass is found
in the polar regions around the central object. The conversion of the orbital angu-
lar momentum to rotational one results in sizable rotational velocities of the central
compact object, which rotates as a rigid body at ~ 18 s~ and ~ 22 s~1, respectively,
for mergers resulting from the evolution of massive circumstellar disks and those re-
sulting from less massive ones. Also the peak velocities of the corona are larger
for the non-eccentric mergers, a consequence of the dynamical evolution during the
merger.

For the case of white dwarf collisions, we enlarged the parameter space studied
by Lorén-Aguilar et al. (2010), thus extending their work to cover more general pos-
sibilities. Specifically, we have considered 6 white dwarf masses and several different
trajectories of the interacting white dwarfs, performing a total of 71 simulations.
As already discussed by Lorén-Aguilar et al. (2010) there are three possible out-
comes for these dynamical interactions. The first possibility is that the interaction
results in the formation of an eccentric binary. The second one is a lateral colli-
sion, in which several mass transfer episodes occur. Finally, the last possibility is
a direct collision, in which only one catastrophic mass transfer episode takes place.
For sufficiently small distances at closest approach of the interacting white dwarfs
the outcome is a direct collision. For carbon-oxygen white dwarfs, this occurs when
there is a substantial overlap (35%) of both stars at closest approach, resulting in a
total disruption of the less massive star. In several direct collisions the material of
the disrupted less massive secondary reaches the critical densities and temperatures
to be ignited explosively, being this more frequent for helium white dwarfs, as it
should be expected. As the distance at closest approach increases the outcome of
the interaction is a lateral collision. Finally, for large distances at closest approach
an eccentric binary is formed. The transition between these regimes is naturally
related to the Roche lobe of the less massive white dwarf, Ry,. In particular, when
the radius of the secondary star is larger than 0.95 Ry, at closest approach, a lateral
collision occurs, whereas if it is smaller an eccentric binary is formed.

We analyzed as well the possible observational signatures of these dynamical in-
teractions. In short, we studied the emission of gravitational waves, the neutrino
signal, the light curves and the X-ray luminosity produced by the fallback mate-
rial. For the case of those interactions in which an eccentric binary is formed we
demonstrated that the gravitational wave emission would be detectable by eLISA
in all cases but in those interactions in which the merging stars have small masses
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and the eccentricity of the binary system is small. This is not the case for the lat-
eral collisions. However, the remnants of lateral collisions have a strong fall-back
X-ray emission that could be eventually detectable. Specifically, these interactions
have peak X-ray luminosities of ~ 10** erg s~!. Moreover, the light curve decays
as a power law with index —5/3. In direct collisions the physical conditions for a
detonation are met in several cases. This is not the case for lateral collisions. In
most lateral collision a few SPH particles reach detonation conditions, but the det-
onation front is rapidly quenched and does not develop. At odds, in most direct
collisions a vigorous detonation develops and the final explosion results in the total
disruption of either the less massive white dwarf or both stars. For those dynami-
cal interactions in which a powerful explosion develops we computed the late-time
bolometric light curves, obtaining a broad range of variability, depending of course
on the mass of synthesized nickel. For instance, direct collisions involving massive
enough white dwarfs, such as the 0.8 Mg + 1.0 Mg and 0.8 Mg + 1.2 Mg systems,
have peak luminosities typical of normal Type la supernovae. For these events, given
that the temperatures and densities attained during the merger are rather high, we
also assesed the possibility of detecting the neutrino signal in a Super-Kamiokande
detector. However, we found that even for the most favorable conditions, when the
energy threshold of noise is zero, just ~ 0.04 neutrinos would be detectable for the
0.8 My + 1.0 M, direct collision at a maximum distance of 1 kpc. Finally, the single
narrow pulse of gravitational wave radiation that is produced in direct collisions will
not be detected by the current or planned gravitational wave detectors.

We also studied the possibility that some of the mergers studied in this work
and in previously computed double-degenerate mergers may be the progenitors of
high-field magnetic white dwarfs. We have proved that the material accreted by
the unperturbed more massive star has a hot, differentially-rotating corona. The
temperature gradients in this region are large, and convection sets in. This region
is therefore prone to magneto-rotational instability. The resulting aw dynamo pro-
duces high magnetic fields, with typical values of ~ 107 G, which moreover do not
diffuse outwards neither penetrate in the primary, remaining confined to the sur-
face layers. This model naturally answers one observational property of high-field
magnetic white dwarfs. In particular, it predicts that on average high-field magnetic
white dwarfs should be more massive than regular field white dwarfs. However, it is
also observationally found that, in general, high-field magnetic white dwarfs are slow
rotators, while we found that the remnants of double-degenerate mergers rotate fast
initially. To solve this eventual discrepancy we argued that the merger remnant can
be braked to a large extent through magneto-dipole radiation, if the rotation and
magnetic axes are misaligned. Moreover, in a follow-up paper Kiilebi et al. (2013)
found that, even if magneto-dipole radiation is not efficient enough to slow down
the remnants to the observed rotation periods, the magnetospheric interaction of
the white dwarfs with the Keplerian disk results in a significant spin-down. They
reproduce the observed rotation periods for magnetic white dwarfs of ~ 107 G with
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this braking mechanism. Finally, we have also shown that in the local sample the ex-
pected number of double-degenerate mergers is roughly consistent with the number
of high-field magnetic white dwarfs.

Having shown the feasibility of generating high-field magnetic white dwarfs in
double-degenerate mergers, we also studied the possibility of reproducing the ob-
servational properties of the anomalous X-ray pulsar 4U 0142461, assuming that it
is the remnant of the coalescence of a binary white dwarf system. To this end we
used the results of Boshkayev et al. (2013b) to approximate the mass and radius of
this star. This study is the more recent calculation of the theoretical mass-radius
relationship of general-relativistic, uniformly rotating white dwarfs. With these data
we were able to fit simultaneously the IR, optical and UV fluxes of this AXP em-
ploying a composite spectrum of a black blody and a dust disk. Having done so,
we obtained that the mass of the white dwarf, and found that the characteristics
of the disk resemble those obtained from our simulated remnant of the coalescence
of a 0.6 My + 1.0 My white dwarf binary system. Using the results all the above
mentioned data we were able to estimate the age, the magnetic field and the X-ray
luminosity from rotational energy loss. The inferred age, ~ 64 kyr, is in agreement
with the white dwarf cooling age, and the X-ray luminosity, ~ 2 x 10%® erg s~! agrees
with the observed value, while the magnetic field needed to explain the observations
is B ~ 2.3 x 103G. Finally, we also found that the cyclotron frequency associated to
this magnetic fiel could explain the absorption feature observed in the spectrum at
~ 10'® Hz, an interesting result.

In summary, in this work we have computed several coalescences of two white
dwarfs, under different assumptions, and for various scenarios. We have also searched
for the observational counterparts of these interactions, and found that both AXPs
and high-field magnetic white dwarfs could be the result of mergers in which a
powerful detonation does not occur. On the contrary, we have found as well that for
some of our mergers a powerful detonation is very likely, leading to a thermonuclear
(Type Ia) supernova outburst. Depending on the initial conditions, masses and
physical characteristics of the coalescing stars the nickel masses synthesized during
the most violent phases of the dynamical interaction show a large range of variation,
and so do the peak bolometric luminosities. Moreover, for the interactions studied
here we have characterized as well their observational properties. This includes not
only the nucleosynthesis, but also the late-time light curve, the neutrino signal, the
gravitational wave radiation pattern, and the fall-back luminosities, thus presenting
a multimessenger picture of these processes. Of course, much remains still to be
done, but the present work represents an important step forward that will need to
be eventually expanded and completed in the future.






Appendix A

Characteristics of the SPH code

The hydrodynamic evolution of the interacting white dwarfs has been followed us-
ing a Smoothed Particle Hydrodynamics (SPH) code. SPH is a Lagrangian particle
numerical method. It was first proposed by Lucy (1977) and, independently, by
Gingold & Monaghan (1977). The basic principle of SPH methods consists in dis-
cretizing the fluid in a set of elements, referred to as particles. These particles are
not point masses, but have a spatial dimension (known as the “smoothing length*,
h), over which their properties are smoothed using a kernel function, W. The code
used in this work has been developed and used over the last ten years starting by
Guerrero et al. (2004), and later used, among others, in Lorén-Aguilar et al. (2009)
and Lorén-Aguilar et al. (2010). In this work, we have updated and made the nec-
essary changes to follow appropiately the interactions presented previously. In the
following we explain the main features that characterize our SPH code.

A.1 Kernel and tree

We use the standard cubic spline kernel of Monaghan & Lattanzio (1985):

. 1-22+34% 0<qg<1
W(r.h) = —5432-0a)° 1<g<?2 (A1)
0 q=>2,

where ¢ = r/h and r is the distance.

The search of neighbors and the evaluation of the gravitational forces are per-
formed using an octree (Barnes & Hut, 1986). This is a tree method which allows to
directly calculate the force in the gravitational N-body problem. The computational
load of this method grows only as N log N. In this approximation, the gravitational
force and potential for a given particle due to distant nodes is computed using
quadrupole corrections. When distant particles are considered, the gravitational
interactions are softened using the kernel (Hernquist & Katz, 1989).
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A.2 The calculation of the density

The density of a particle i is computed using a summation over neighbouring particles
j. Specifically, we use the following expression:

psum,i(hi) - ijW(’rl - rj‘7 hl)? (AQ)
J

where r; is the possition of particle i, m; its mass, and psym,; the SPH density. To
determine the smoothing length of each particle we use the iteration method of Price
& Monaghan (2007) to ensure that the SPH density is consistent with the standard
prescription of the smoothing length:

m; 1/3
Pi

where 1 ~ 1.2 is a dimensionless parameter which specifies the size of the smoothing
length in terms of the average particle spacing. To this end, the root of the equation

pi(hi) = pisum(h;) =0 (A4)

is computed using a Newton-Raphson iteration method. We also consider the effect
of the gradient of the smoothing length on the SPH equations, which is given by:

o dh; OWi;(hy)
0= (1 apizmj . . (A.5)

A.3 Artificial viscosity

To deal numerically with shocks, where on the macroscopic scales of a simulation the
very steep gradients appear as discontinuous, artificial viscosity is usually added to
the SPH equations. The SPH code employed in the simulations uses a prescription
for the artificial viscosity, II, based in Riemann-solvers (Monaghan, 1997):
v
Hij = —aij_l—]Vij . éij (Aﬁ)
Pij
where the signal velocity is taken as v?j-g = G;; —min{0, v;; - €;;}, Gj = (cs;+csj)/2 s
the averaged sound speed, p;; = (p; + p;j)/2 is the average density, v; is the velocity
vector of particle i, v;; = v; — v;, &; = r;;/|r;;| and rj; = r; —r;. @;; is the average
of the variable viscosity parameters «; of Morris & Monaghan (1997),
do; a; — o

= : A.
dt T + SZ ( 7)
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where o* = 0.1, 7; = lcs , 1~ 0.2 and S; = max(—V-v;,0). Additionally, to suppress
artificial viscosity forces in pure shear flows the viscosity switch of Balsara (1995) is
also used:

V-vl;
| V-v |z + | V xv |z —|—1074CSZ'/hZ'.
In this way the dissipative terms are largely reduced in most parts of the fluid and
are only used where they are really necessary to resolve a shock, if present.

fi= (A.8)

A.4 Evolution equations

Within this approach, the SPH equations for the momentum and energy conservation
read respectively

dv; P. P
= - | 5o Fii(hi) + —&-Fij(h
dt zj:mJ[P?Qz i )+P?Qj i(hy)
- 1; (1 1
+ fijTJ (@Fij(hi) + Q_jFij(hj)> ]rij — Vo, (A.9)
d i P, 1L
2= Zm] Z.7 <p2 + —2 fz]> Vij * Tij +¢&; (AlO)

where we have used a function F(r/h) such that the gradient of the kernel is
ViWij(h) = Fij(h)r;;. We also take into account the energy released by nuclear
reactions €, P is the pressure and ® the gravitational potential. However, sometimes
it is advisable to use a different formulation of the equation of energy conserva-
tion (Guerrero et al., 2004; Lorén-Aguilar et al., 2005, 2009). Accordingly, for each
timestep the variation of the internal energy is computed using Eq. (A.10) and si-
multaneously the variation of temperature is computed using:

m; T, | (0P ILj—

= Fij( = WF

o Zcm il <p§ <0T>p R
vij T+ _C’f (A.11)

where C), is the specific heat. In order to avoid errors made when computing the
temperature from the internal energy in degenerate regions, we compare the temper-
atures obtained when using Eqs. (A.10) and (A.11). If the difference between this
temperature and that of Eq. (A.11) is larger than 5%, we consider the temperature
obtained using Eq. (A.11). Otherwise, we follow the temperature evolution of the
SPH particles using Eq. (A.10). Using this prescription energy is best conserved.
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Regarding the integration method, a predictor-corrector numerical scheme with
variable timestep (Serna et al., 1996), which turns out to be quite accurate, is used.
The sequence initiates by predicting variable values (denoted by primes) at t,41
according to

t 1 = Tn+ VAL, +al(At,)?/2
Vil = Vpta,At,
w,, = u,+u,At,

w1 = Ta+ThAL,

The above predicted quantities are then used to compute aj, ;, @], ; and T 41
at rp1’ using Egs. (A.9), (A.10) and (A.11) respectively. The predicted quantities
are then used to correct the positions, velocities, thermal energies and temperatures:

Cpil = Thyg+ Al —a),)(At,)?/2
Votl = Vo + B(al,, —al)At,
Up41 = u/n-i-l + C(ﬁ;H-l - ﬁ;z)Atn
T = Ty +C(T,, —T))At,

where B = 1/2 is required to obtain accurate velocities to second order and the
values of A and C are somewhat arbitrary. We adopt A =1/3 and C' = 1/2.

A.5 Equation of state and nuclear network

In our calculations we consider 14 nuclear species. These are He, C, O, Ne, Mg,
Si, S, Ar, Ca, Ti, Cr, Fe, Ni and Zn. The thermodynamical properties of matter
are computed using the Helmhotz equation of state (Timmes & Swesty, 2000). This
equation of state assumes planckian photons, an ideal gas of ions, and an electron-
positron gas with an arbitrary relativistic and degeneracy degrees. To return the
electron-positron thermodynamic quantities, interpolation in a table of the helmholtz
free energy is used (Timmes & Swesty, 2000). All other derivatives are analytic
(chapter 24 of Cox & Giuli (1968)). The most salient feature of this equation of
state is its thermodynamical consistency.

The nuclear network adopted considers captures of «a particles, and the associ-
ated back reactions (photo-disintegrations), the fusion of two carbon nuclei and two
oxygen nuclei and the reaction between carbon and oxygen nuclei. All the ther-
monuclear reaction rates are taken from the REACLIB data base (Cyburt et al.,
2010). The screening factors adopted in this work are those of Itoh et al. (1979).
The nuclear energy release is computed independently of the dynamical evolution
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with much shorter timesteps, assuming that the dynamical variables do not change
during these time steps. An hydrostatic nuclear network is a good approximation
for exothermic reactions at SPH resolutions, since otherwise the ~ 10?7 g massive
particles become rapidly explosive on time-scales approaching the Courant limit.
Nevertheless, when photo-disintegrations occur the temperatures and the specific
heat are updated, following the procedure detailed in Raskin et al. (2010). Nu-
clear abundances are obtained by means of an iterative pseudo-Gaussian elimination
technique based on a two-step linearization procedure (Wagoner, 1969).

A.6 Timesteps

The timesteps (At,,) are the same for all SPH particles. They are determined com-
paring the local sound velocity with the local acceleration and imposing that none of
the SPH particles travels a distance larger than its corresponding smoothing length.
Also the change in the internal energy is taken into account. This is done specially
to limit the excessive remove of internal energy from the nuclear network when ma-
terial undergoing photo-desintegration experiences a kind of abrupt phase change
through a strongly endothermic reaction. Therefore, the timesteps are computed in
the following way:

A" = min A¢
(2
hr o AP ul !
AP = min [ fuy | =, fr——, fu A ————
I3 9 yJU —1
|aft| " e ult — ul

with fp, = 0.5 and f, = 0.3. Adopting all these prescriptions, energy is conserved at
the level of 1%, and angular momentum at the level of 1073% in all simulations.

A.7 Parallelization

In order to perform simulations with a large number of SPH particles the code
needs to be parallized. Our code uses the Message Passage Interface (MPI) libraries,
and adopts a conservative strategy for the parallization. This strategy consists of
parallizing just the most computationally-expensive subroutines. These are those
subroutines involving summations over the neighbouring particles, for each particle.
The procedure followed to handle these computations is the next one. First the
complete tree structure is calculated in all processors. Then, each processor performs
the corresponding tree walk and neighbour search for just the number of particles it is
responsible for. We equally distribute particles into processors in order to balance the
computational work of every processor. So, for simulations with N particles ran in m
processors, each processor has the list of neighbours for N/m particles. During the
tree walk, also the gravitational forces and potentials are computed. The neighbour
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Figure A.1: Picture of the computer cluster.

list is then used to compute the density equation, Eq. (A.2) first. After using the
equation of state to compute the necessary thermodynamic variables, a data transfer
is needed before computing Egs. (A.9) and (A.10). After performing additional
computations, as the nuclear network calculation, a final MPI communication before
finishing the time iteration is performed, so that all processors start the next iteration
with the necessary data. We conducted a set of tests to assess if this approach is
efficient, and we found that large computing time savings were obtained. The current
version of the code incorporates the MPI libraries together with shared memory
(OpenMP) functions in order to obtain faster computations, which will allow to
increase the resolution in our simulations.

A.8 Computer cluster

The SPH simulations described in this work were done in a computer cluster built by
ourselves. We started its construction in 2011 and since then it has been continously
upgraded, becoming an essential tool for performing our calculations. Figure A.1
shows a recent image of the computer cluster, named atria.

The cluster is composed of 55 computers with Intel Sandy Bridge processors with
velocities of 3.1 GHz and 4 Gb of RAM. The computers are linked with Gigabite
switches that ensure fast enough communications, an essential feature for parallel
computations. We have installed a Linux operating system in all the nodes. A
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master node has been defined to which external connection is possible. Moreover,
the master node makes a virtual copy of the users home to every node through NFS
in order to make the information accessible from every of them. Since, fortunately,
the number of users of the cluster is limited, at most two people running processes
at the same time, we have not installed any quee system to prioritize the jobs yet.
Nevertheless, we judge that possibly in the future installing such a system will be
necessary. The number of computers, however, is sufficiently large to dissipate a
considerable amount of heat, thus increasing the temperature of the cluster room.
At high temperatures computers run slower and some warning messages are issued.
All this required studying the most appropriate position of the air conditioning unit
in order to generate an efficient air flow, allowing to cool efficiently the front part of
the nodes. Doing so, we managed to keep all the magines within the temperature
margins recommended in the manual.
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