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Zusammenfassung

Die Wechselwirkungen von Binérsternen, die auf dynamischen Zeitskalen stat-
tfinden, gehoren zu den anspruchsvollsten Prozessen, die in der Astronomie mod-
elliert werden miissen. Sie werden am besten durch multidimensionale und mul-
tiphysikalische Simulationen beschrieben. Der Schwerpunkt dieser Arbeit liegt
auf der numerischen Modellierung einiger der am wenigsten erforschten stellaren
Wechselwirkungen, wobei ein besonderes Augenmerk auf solche mit weiflen Zw-
ergen gelegt wird. Diese Arbeit prasentiert drei verschiedene Studien unter Ver-
wendung von dreidimensionalen hydrodynamischen Simulationen. An erster Stelle
wird die Emission von Gravitationswellen wahrend gemeinsamer Hiillenvorgange
untersucht, wobei die Chancen fiir ihre Entdeckung mit zukiinftigen weltraum-
basierten Detektoren abgeschétzt werden. Gegenstand der zweiten Studie ist
die Gezeitenzerstorung eines weiflen Zwergs durch einen Neutronenstern. Hier
wird gezeigt, wie die genaue Modellierung dieser Ereignisse die Beriicksichtigung
einer Vielzahl von physikalischen Prozessen erfordert. Dabei wurden Magnetfelder,
Kernreaktionen und Neutrinoemission in der Studie beriicksichtigt. Zuletzt wird
in einer dritten Studie aufgezeigt, wie Verschmelzungen zwischen niedrigmassigen
weiflen Zwergen (deren Gesamtmasse deutlich unter dem Chandrasekhar-Limit
liegt) unter den richtigen Bedingungen zu thermonuklearen Explosionen fiihren
kénnen. Die Ergebnisse dieser Arbeit betonen, wie dynamische Wechselwirkun-
gen zwischen Sternen eine Vielzahl von hellen Transienten hervorrufen konnen
und wie der Einsatz fortschrittlicher multidimensionaler und multiphysikalischer
Codes fiir ihre Modellierung dazu beitragen wird, unser Verstandnis der Physik
und der damit verbundenen Prozesse zu verbessern.

Abstract

Binary stellar interactions that take place on dynamical timescales are some of
the most challenging processes to model in astronomy, and are best described by
multidimensional, multi-physics simulations. The focus of this thesis is on the
numerical modeling of some of the least explored stellar interactions, with a spe-
cial emphasis on those involving white dwarfs. This work presents three different
studies using three-dimensional hydrodynamic simulations. In the first place, the
emission of gravitational waves during common-envelope events is studied, esti-
mating the chances for their detection with future space-based detectors. Secondly,
the tidal disruption of a white dwarf by a neutron star is studied, showing how the
accurate modeling of these events requires the inclusion of a multitude of physi-
cal processes including magnetic fields, nuclear reactions and neutrino emission.
Finally, through a third simulation, it is shown how mergers between low-mass
white dwarfs, with total masses substantially below the Chandrasekhar limit, can
lead to thermonuclear explosions under the right conditions. The results of this
thesis stress how dynamical interactions between stars can produce a multitude
of bright transients, and how the use of advanced multidimensional, multi-physics
codes for their modeling will help improve our understanding of the physics and
processes involved.
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1. Context and theoretical back-
ground

The fate of stars in binary systems is dictated by how they interact with each
other. These interactions not only shape the evolution of the stars, but also give
rise to some of the brightest events in the Universe. Modeling them involves
accounting for a wide variety of physical processes such as fluid dynamics, nuclear
reactions, magnetic fields, gravitational waves, neutrino emission, or radiative
transfer, spanning an incredibly broad range of temporal scales. Interactions that
take place on dynamical timescales are among the most challenging to model
and are responsible for a multitude of different astronomical transients. The next
generation of automated transient facilities and observatories is expected to be able
to detect an unprecedented number of transients, and having accurate models will
be crucial for their interpretation.

In this thesis, we make use of the advances in numerical techniques, espe-
cially the development of advanced, nearly Lagrangian, adaptive-mesh-refinement
magnetohydrodynamic (MHD) codes, which coupled with the growing accessibil-
ity of computational resources, allow us to study, with an extraordinary level of
detail, several types of astrophysical events not yet fully understood. In particular,
we place special emphasis on events involving white dwarfs (WDs), as they are
the most common type of stellar remnant, and they are known to originate some
of the brightest events in the cosmos, such as Type Ia supernovae. Their inter-
actions with other stars have the potential of resulting in highly energetic events,
but the large parameter space, and the difficulties in the modeling of fast-evolving
astrophysical interactions, mean that only a handful of possible events have been
thoroughly studied.

This has been explored in three articles published in the peer-reviewed journal
Astronomy & Astrophysics! and which constitute the results section of this thesis
(Chapter 2). In Section 2.1 we studied the emission of gravitational waves (GW)
during common-envelope events having WDs as the companion of the giant star,
and analyzed their detectability by the next-generation GW detectors. Section 2.2
looks at one of the strongest regimes of interaction as we study the merger of a WD
with a neutron star (NS), performing the first ever three-dimensional (3D) MHD
simulation of such an event. In Sec. 2.3 an intermediate regime of interaction is
studied as we look at the explosive outcome of the merger between a helium white
dwarf (HeWD) and a low-mass carbon-oxygen white dwarf (COWD), combining
3D MHD simulations with radiative transfer to unveil a new type of thermonuclear
transient.

https://www.aanda.org/
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As each article shown in Chapter. 2 includes an introduction to the corre-
sponding topic, the introduction of this thesis provides instead a general overview
of several relevant aspects of astrophysics, and it is structured as follows: Sec-
tion 1.1 introduces WDs, some of the physics relevant for their modeling, and
transients that can be produced by these stars. Section 1.2 gives a brief overview
of the importance of binary systems, how they may affect the evolution of the
stars, and the difficulties in modeling them. The different types of interactions
between the stars forming a binary are described in Sec. 1.3, including a brief
introduction to the topic of GWs in Sec. 1.3.3 in order to highlight the important
role that multi-messenger astronomy will play in the coming decades. Finally,
Sec. 1.4 discusses the relevance of numerical modeling in modern astrophysics,
what the current challenges are, and how they were addressed in our simulations.

1.1. White dwarfs

White dwarfs are the most common type of stellar remnant, and are generally
understood as the end product of the evolution of stars born with masses below
~11 Mg (Siess, 2007). These stars have been extensively researched, and a com-
plete review of the topic is out of the scope of this thesis. Here, we will only give
a brief overview of some of the basic properties of WDs and the physical princi-
ples governing them. A much more comprehensive description of WDs and the
evolutionary phases that stars go through until reaching this stage can be found
in reviews such as Koester and Chanmugam (1990) or Althaus et al. (2010). At
this final stage of the star’s life, nuclear burning has stopped, and the stellar ma-
terial, composed of a fully degenerate plasma, is supported by electron degeneracy
pressure. This makes WDs a peculiar type of stellar object. With sizes on the
order of a couple of thousand kilometers (Shipman and L., 1979; Carvalho et al.,
2016), they are much more compact than stars undergoing nuclear reactions. But
they are still considerably larger than NSs and stellar-mass black holes (BHs), the
other two types of stellar remnants that have their origin in more massive stars.

The nuclear composition of this degenerate plasma varies depending on the
initial mass of the progenitor of the WD. For those stars that are not massive
enough to begin burning helium in their core (initial masses below ~2.3 M, ac-
cording to Kippenhahn et al., 2012), what remains at the end of their evolution is
the bare helium core after the outer layers of the star are shed, forming a so-called
HeWD. According to standard stellar evolution, and excluding binary interac-
tions, HeWDs can only reach masses up to ~0.48 M, (Kippenhahn et al., 2012),
since stars with cores more massive than this will eventually reach central densities
and temperatures high enough to fuse helium into heavier elements in their core,
following a different evolutionary path. For stars more massive than this threshold
(but with initial masses still below ~11 M), their final fate will be WDs made
out of mixtures of carbon, oxygen, and neon. As the mass of the star increases,
so does the fraction of heavier elements, and among these more massive WDs we
can distinguish between COWDs and oxygen-neon white dwarfs (ONeWDs).

But there is a limit to how massive WDs can get. As no nuclear burning is



taking place in their interior, the force that has to challenge the gravitational
collapse is the one exerted by electron degeneracy pressure. The conditions in
the plasma forming WDs are so extreme that quantum mechanical effects become
dominant. This happens when the average distance between particles is on the
order of the de Broglie wavelength. For the densities and temperatures found
inside WDs, the electrons in the gas satisfy this condition, and therefore their
behavior begins to be dominated by quantum effects. The main one being that the
distribution of their kinetic energy can no longer follow the Maxwell distribution,
as they now must obey Pauli’s exclusion principle, stating that no more than one
particle can occupy each individual quantum state. Under these conditions, the
equation of state (EoS) of the electron gas is decoupled from the temperature and
takes the form

1 3 2/3 h2 5/3 5/3
Po= o <_) — (ﬁ) = 1.0036 x 103 (ﬁ) (cgs) (1.1)
™
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in the non-relativistic case, and
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in the relativistic case (the derivation of these relationships and the ones that
follow in this section can be found in textbooks such as Kippenhahn et al., 2012).
With P, being the pressure of the electron gas, p being the density of the gas, u, the
mean molecular weight per free electron, m, the atomic mass unit, m, the electron
mass, h the Planck constant, and ¢ being the speed of light in vacuum. In a state
of complete electron degeneracy, the pressure of the ionized gas (P,o,) is negligible
with respect to P, and therefore, the gas pressure is P = P, + P, ~ P,. This
means that the structure of WDs can be approximated with polytropic models.
Polytropic relations take the form

P=Kp'ti/m, (1.3)

where K is a constant and n is the polytropic index. It is straightforward to see
that Eq. (1.1) and Eq. (1.2) satisfy this relation for n = 3/2 and n = 3 respectively.
Assuming hydrostatic equilibrium and applying Eq. (1.3) to the Poisson equation,
one arrives at the Lane-Emden equation:

1 d [ ,dw
i - n— 1.4
ZQdZ(Z dz)+w 0, (1.4)

which can be used to obtain the following relationship between the mass and the
radius of a polytropic stellar model

Roc M5, (1.5)

A step-by-step derivation of the Lane-Emden equation and the mass-radius rela-
tionship can also be found in Kippenhahn et al. (2012). For the non-relativistic
degenerate gas (n = 3/2) this results in an interesting

Roc M7V, (1.6)
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implying that the size of the star will decrease as its mass increases. This means
that the more massive the WD gets, the higher its density and compactness, and
the more important the relativistic effects become. However, as it can be seen
from Eq. (1.5), for a fully relativistic WD (n = 3) this mass-radius relationship
will break down. As WDs become more relativistic with increasing mass, one
would expect that, physically, there should be a smooth transition between the
solutions of Eq. (1.4) for n = 3/2 and n = 3. Nonetheless, for n = 3 the central
density results to be independent of the total mass of the star, and in fact there is
only one possible solution for the mass of a relativistic degenerate polytrope. This
mass was first derived in Chandrasekhar (1931), and hence receiving the name of
Chandrasekhar mass:

M. (1.7)

This is therefore the maximum mass attainable by a WD supported by electron
degeneracy pressure, as, at this mass, the polytropic relations state that the central
density will grow to infinity as the radius approaches zero.

As stated previously, the nuclear composition of WDs consists mainly of He,
C, O, or Ne, and therefore p, ~ 2. This gives a value for the Chandrasekhar mass
of Mc, = 1.46 M. For masses larger than this value, the electron degeneracy
pressure will not be able to counteract gravity, and the star will collapse. It
is important to notice that this limit is derived just from electron degeneracy
pressure, and does not take into account additional physics such as magnetic fields,
rotation, or nuclear reactions. In fact, nuclear reactions may onset before reaching
Mcy. As the mass of a WD increases, its radius decreases, and therefore the central
density grows to ever-higher values, where nuclear reactions can occur. Under
degenerate conditions, nuclear burning takes place on extremely short timescales,
and it can result in a thermonuclear runaway process that completely unbinds the
star. This is thought to be the process responsible for Type la supernova (SN)
(Arnett, 1969), which are believed to be caused by the ignition of '2C in the center
of COWDs. The importance of Type Ia SNe for astronomy and the search of their
progenitors has been extensively discussed in the literature (e.g. Taubenberger,
2017; Ropke and Sim, 2018; Ruiter, 2019; Liu et al., 2023), and will be further
discussed in Sec. 3.2. Here, we would just like to draw attention to the fact
that the now commonly accepted progenitor systems for this type of transient are
those in which a COWD interacts with another star, either by receiving mass and
increasing its central density until the conditions for C burning are met at masses
close to My, or by being perturbed in such a way that its center is compressed to
the point where a C ignition takes place (e.g. double-detonation scenario Woosley
and Weaver, 1994), even at masses substantially below Mcy,.

WDs therefore have the potential to generate extremely energetic transients,
since when the conditions for nuclear burning are met inside the degenerate gas,
the outcome can be a thermonuclear explosion. These conditions seem to be
met almost exclusively through binary stellar interactions. Binary interaction is a
broad and complex topic, and in Sec. 1.2 we will only give a brief introduction to it.
For a comprehensive description of the topic, the reader is referred to specialized
textbooks like Eggleton (2006), Benacquista (2013), or Tauris and van den Heuvel
(2023).
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1.2. Binary stars

The situation of our Sun as an isolated celestial body is not the universal norm.
Binarity is a frequent phenomenon in stellar systems. In fact, most massive stars
in the Universe are not born as single stars, but rather they are formed in systems
containing two or more stars (Mason et al., 2009; Sana and Evans, 2011; Chini
et al., 2012; Moe and Di Stefano, 2017; Almeida et al., 2017) held together by
gravitational attraction.

Stars that are born in binaries can experience lives effectively identical to the
ones of those born in isolation, as long as they are far enough from their respective
companion. But that is not the case for the large majority of massive stars. Sana
et al. (2012) claims that 71% of the stars born with masses larger than 15 Mg, will
interact with a companion over the course of their lifetimes.

These interactions can completely alter the evolution of the stars that form-
ing the binary by transferring mass and angular momentum between the stars,
modifying their structure and chemical composition, inducing enhanced mixing in
their interior, or even directly leading to a merger between the stars. A modern
review on the topic of binary evolution and interactions between stars in massive
binaries can be found in Marchant and Bodensteiner (2023).

There are multiple types of binary interactions, acting on different timescales.
In stellar evolution, the main timescales considered are the nuclear, thermal and
dynamical timescales (see e.g Kippenhahn et al., 2012). These represent estimates
of how quickly stars react to changes caused by different processes. The nuclear
timescale describes how quickly a star changes due to the nuclear reactions taking
place in its interior, which is the timescale that dictates the changes in the evolu-
tionary stage of unperturbed stars. It can be approximated as the time the star
needs to radiate away all the energy that can be released by nuclear reactions in
its current state

ty ~ Ey (1.8)

n ™~ L ) .
where F, is the available nuclear energy budget of the star, and L is the luminosity.
The thermal timescale, or Kelvin-Helmholtz timescale, is defined as the timescale
required for a star to radiate away its gravitational potential energy. This gives
estimates for how quickly a star readjusts its thermal structure, which normally
governs contraction and expansion of stars. It can be approximated as

GM?

2RL
where G is the gravitational constant, M is the mass of the star and R its radius.
Dynamical timescale is usually the smallest among the considered timescales, and

it represents the timescale for the star to react to a perturbation of its hydrostatic
equilibrium. It is usually estimated as the free-fall timescale

RB
tdyn — G_M .

In binary systems there are additional timescales to consider that are often much
more difficult to define, such as the timescale for tidal interaction (e.g. Damiani,

(1.10)
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C. and Lanza, A. F., 2015)

h
tiqa ~ —, (1.11)
T
where h is the orbital angular momentum and 7 is the tidal torque, or the timescale

for orbital decay due to GW emission

5 2 4

taw A 5¢(1+g)°a* ’ (1.12)
256G3 M3q

where ¢ is the ratio between the masses of the binary (¢ = mg/m; < 1) and a is

the orbital separation (e.g. Peters, 1964; Zwick et al., 2020).

The focus of Chapter 2 is on modeling interactions that take place on dynamical
timescales. In binaries, these interactions normally occur as a result of processes
acting on longer timescales that reduce the distance between the stars. One of the
most frequent mechanisms to initiate a dynamical stellar interaction is not actually
a change in the orbital separation between the stars, but rather the change in the
mass or radius of one of them due to reaching a new evolutionary stage. This
usually happens on nuclear timescales, for example, when a star depletes its core
of hydrogen, leaving the main-sequence, it enters a giant stage, with their outer
layers greatly expanding and potentially getting close enough so that its companion
can make its presence felt.

Other physical processes do, in fact, change the orbital parameters of the
binary system and can bring the stars closer to each other. As an example, the
gravitational pull of an external third body can dramatically alter the orbit of the
binary and make its component interact. This can happen on an extremely short
timescale, as is the case in globular clusters, where the number of stellar objects
is so large that three-body interactions are frequent and can lead to very close
encounters between stars. Alternatively, it can also occur over longer periods of
time, as in the case of hierarchical triples, stable stellar systems formed by an inner
binary in relative proximity and a distant third body. In these hierarchical triples,
the outer object can induce perturbations in the orbit of the inner binary, such
as the Lidov-Kozai mechanism (Lidov, 1962), which over thousands of years will
bring the inner binary to a more eccentric orbit, decreasing the minimum orbital
separation and forcing an interaction between the components.

On the much longer tgw timescale, acting over millions of years, gravitational
radiation will effectively shrink the orbit of every binary system, as it loses energy
in the form of GWs. Due to the weakness of this effect at large orbital separations
(the time for a binary system to merge due to GW radiation is proportional to
the fourth power of its orbital separation Peters, 1964; Zwick et al., 2020), this
mechanism is more apparent in binary systems that already have very tight orbits.
It is also important in old binary systems, whose components have already reached
their final evolutionary stages, potentially having experienced interactions in the
past. Over a period of time comparable to the age of the Universe, these systems
will lose energy and angular momentum due to GW emission, causing their orbital
separation to shrink, which can eventually lead to faster-paced interactions.

10



1.3. Stellar interactions

1.3.1. Tidal interaction

The global effect of tides in binary systems is mainly the transfer of orbital an-
gular momentum into the rotational angular momentum of the stars. The exact
interplay between the orbital motions and the effects they have on the stars is very
complex, and we refer the reader to Eggleton (2006) for a comprehensive depiction
of them. In a simplified picture, whenever the stars in a binary have their rota-
tional plane misaligned with their orbital plane, have a noncircular orbit, or are
out of corotation, the binary will be out of tidal equilibrium (Darwin, 1879; Hut,
1980). In a binary out of tidal equilibrium, the bulges caused in the stars by the
tidal forces will be misaligned, effectively producing a torque that results in the
aforementioned exchange between orbital and rotational angular momentum. The
torque attempts to restore tidal equilibrium, trying to induce the circularization
of the orbit, tidal synchronization, and the alignment of the rotational spins (Hut,
1981). This results in a transfer of angular momentum, modifying the orbital
parameters until a state of equilibrium is reached. If, as a result of these changes,
the orbital separation decreases past a certain point, a mass-transfer episode will
be induced (Sec. 1.3.2). It is important to note that it is not always possible
to restore tidal equilibrium. If a star is rotating faster than a critical value for
a given eccentricity, the torque will actually induce an increase in orbital eccen-
tricity (Eggleton, 2006). The same will happen in an initially circular orbit if the
angular momentum of the orbit is lower than three times the sum of the rotational
angular momentum of the stars in the binary (Hut, 1980). This is the so-called
Darwin instability (Darwin, 1879), and it can induce stellar mergers on relatively
short timescales.

Tides can also alter the evolution of the stars in a binary, even without origi-
nating mass-transfer episodes or mergers. If a binary is in tidal equilibrium, tidal
synchronization implies that the rotational period of the stars matches the or-
bital period of the binary. At sufficiently short orbital separations, this can result
in the rotation of the stars being fast enough to induce an enhanced rotational
mixing inside of them that can even prevent the buildup of a chemical gradient
between the core and envelope (de Mink et al., 2008). This can make stars born at
short orbital separations skip the giant stage altogether, resulting in a completely
different type of stellar evolution (Maeder, 1987).

1.3.2. Mass transfer

Mass transfer takes place when part of the gas belonging to one of the components
of a binary system is no longer gravitationally bound to its parent star but rather
to its companion, with the mass-losing star being referred to as the donor and the
receiving star as the accretor. A commonly used approximation to understand
the behavior of mass transfer is through the concept of the Roche potential. The
following descriptions of the Roche potential and criteria for mass transfer stability
are loosely adapted from Eggleton (2006). This potential is computed by treating
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Figure 1.1: Geometry of the Roche potential for a mass ratio M;/M,; = 2. The
dotted lines show selected equipotential surfaces. The vertical line shows the
rotation axis of the system. The Roche lobe is the surface marked as the plain
line surrounding both stars. The Lagrange points Ly, L, and L3 are indicated in
blue.

the stars in a binary as point masses and taking into account the motion of the
stars around each other. Under the assumption of a circular orbit, the Roche
potential takes the shape

GM, GM,s w2r§
™ T9 2 ’

b =— (1.13)
where r and 7 are the distances to the center of the stars with masses M; and Mo,
r3 is the distance to the rotation axis of the binary and w is the angular velocity
of the binary. An example of the shape of this potential for the case M; = 2M, is
shown in Fig. 1.1. The two Roche lobes are defined as the two separate volumes
confined within the equipotential line that crosses through the internal Lagrange
point L;. The Roche lobes are evidently non-spherical. Despite this, it is useful to
define an average Roche lobe radius as the one of a sphere with the same volume
as the Roche lobe. This can be done by computing their volume numerically, but

a more straightforward way is to take the following approximation from Eggleton
(1983), which is correct to a 1%:

_ 0.49a
0.6+ ¢ 2/31In(1 4 ¢1/3)’

Ry, (1.14)

where ¢ = M; /M and a is the orbital separation. The material contained within
the Roche lobe of a star will be gravitationally bound to that star. If a star is
in hydrostatic equilibrium, its surface will correspond to an equipotential surface.

12



Therefore, if at any point a star reaches the size of the Roche lobe, the material
on its surface can be transferred to the other star through the L; point, and a
mass-transfer episode will ensue. This can happen as a result of a decrease in the
orbital separation or due to a star expanding (or, on occasions, due to both stars
expanding). The topic of mass transfer is complex, and here we will only briefly
introduce some idealized scenarios. We refer the reader to specialized textbooks
(e.g. Eggleton, 2006; Benacquista, 2013; Tauris and van den Heuvel, 2023) for a
more comprehensive description.

The evolution of a mass transfer episode when one of the stars has reached the
point of Roche Lobe Overflow (RLOF) depends mainly on three factors: how the
orbit evolves, how the radius of the donor star reacts to the mass loss, and how
the accretor reacts to the mass gain.

In an ideal scenario, if the mass and orbital angular momentum of the binary
are conserved during the mass transfer, the reaction of the orbital separation to
the change in mass distribution is to shrink the orbit if the mass of the donor (M)
is larger than the mass of the accretor (M,) and to widen it if My < M,. This
conservation of total mass and orbital angular momentum does not hold true in
the majority of the cases. We have already mentioned how tides exchange orbital
angular momentum into rotational angular momentum, but this is not the only
scenario. For example, the accretor may not be able to accept mass at the rate
that the donor is losing it and some mass can be ejected in the form of stellar
winds or jets. It can also occur that part of the donated mass reaches the Lo
point and forms a circumbinary disk, carrying away angular momentum from the
binary. In these cases, where the angular momentum and the total mass of the
binary are not conserved, the mass transfer is considered non-conservative and the
change in orbital separation due to the mass transfer is much more complicated
to model. A detailed description of the different types of non-conservative mass
transfer modes can be found in Soberman et al. (1997). Some of them prove to
be almost impossible to accurately model with simple analytic or semi-analytic
prescriptions.

Regarding the evolution of the donor star to the mass loss, it is important to
note that whenever a star loses mass, its hydrostatic and thermal equilibrium are
momentarily perturbed. The star will then readjust itself, attempting to restore
a state of equilibrium, which results in a change in its radius. But the loss of
mass also changes the size of the Roche lobe. Depending on how the slope of the
mass-radius relationship of the star compares to that of its Ry, and how quickly
hydrostatic and thermal equilibrium are restored, we can distinguish between three
different modes of mass transfer.

For simplicity, and again following Eggleton (2006), we can introduce &1, £.q
and &, as the slope
_ dlogR
~ dlogM

of the mass-radius relationship for the Roche lobe radius, for the star restor-
ing hydrostatic equilibrium (on a dynamical timescale) and for the star restoring
thermal equilibrium (on a Kelvin-Helmholtz timescale), respectively. Generally
speaking, £,q4 > & will hold because the dynamical timescale of a star is much

§

(1.15)
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shorter than the Kelvin-Helmholtz timescale and due to this the restoration of
hydrostatic equilibrium is considered to be an almost adiabatic process.

If &, < & and &, < &oq, the mass transfer is considered stable. The size of
the Roche lobe decreases slower than the radius of the star, and the mass transfer
will proceed on the timescale of whatever processed triggered the RLOF (e.g. the
expansion of the star on a nuclear timescale, a loss of angular momentum caused
by tides, GW emission or even the non-conservative nature of mass transfer itself).

If &aa > &1 > &eq, the adiabatic response of the star to the mass loss keeps the
stellar radius smaller than the Roche lobe radius, but mass transfer will proceed
on a thermal timescale as the star attempts to restore thermal equilibrium. This
is normally referred to as self-regulating mass transfer.

Finally, if &, > aq > &eq the mass transfer is dynamically unstable. The Roche
lobe radius decreases faster than the star can readjust, and the mass-transfer rate
increases in a runaway process. A dynamically unstable mass transfer will almost
inevitably lead to a transient event such as a stellar merger (events that will
be studied in Sec. 2.2 and Sec. 2.3) or a common-envelope (CE) event (which
is the main scenario studied in Sec. 2.1), depending on the properties and the
evolutionary stage of both donor and accretor.

As mentioned in the last paragraphs, even using the approximate model of
the Roche potential, mass transfer is very challenging to model analytically. Fur-
thermore, real scenarios can differ on a substantial degree from this simplified
approach. The mass of the stars is not concentrated in a single point, orbits will
not be perfectly circular, and the use of an average Ry, is inaccurate as the lobes
are not spherical, among other limitations. On top of this, the interaction of mass
transfer with tides adds another layer of complexity that makes analytic modeling
of these interactions increasingly difficult. As a result, the only consistent method
to accurately model these processes will be the use of numerical simulations.

Understanding the outcome of these interactions is crucial for binary evolution
and the formation of the progenitors of astronomical transients. Many observed
transients are the direct outcome of binary interactions, but in some cases, even the
formation of the progenitors of these events results difficult to understand without
a complicated interplay between two stars over the course of their evolution. This
is specially highlighted in the case of binaries formed by two compact-objects in a
tight orbital configuration. Compact objects (WDs, NSs and BHs) are remnants
of increasingly more massive stars, and these stars cannot be born too close to one
another, as during their lives they will go through evolutionary stages where their
radii are several orders of magnitude larger than the observed orbital separation
of some of these systems. Therefore, the stars in these binary systems must have
been formed at a substantially larger separation between them and interacted with
each other in such a way that the end result is in a tight orbit. There are many
proposed formation channels involving different interactions between the binaries
at different evolutionary stages. A good overview of the evolutionary channels to
form double-compact-object systems can be found in Tauris and van den Heuvel
(2023). In the last years, this topic has received copious amounts of attention
(e.g. Kalogera et al., 2007; Belczynski et al., 2016; Kruckow et al., 2018; van Son
et al., 2020) in an attempt to explain the formation of the progenitor systems
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of the merging BHs and NSs detected with GW observatories. These formation
channels often invoke a CE event as the responsible for the orbital shortening, as
it is one of the few interactions that can significantly reduce orbital separations in
very short timescales. However, the difficulty in modeling this stage makes it one
of the largest uncertainties for the binary evolution channels (Ivanova et al., 2013;
Vigna-Gémez et al., 2018). A detailed description of the CE phase, its implications
on astrophysics and the current state of its modeling is out of the scope of this
thesis, but can be found in reviews such as Ivanova et al. (2013); Répke and De
Marco (2023). What follows is a brief introduction to this stage, and to some of
the challenges involved in its modeling.

Common-envelope evolution

The term common-envelope event (Paczynski, 1976) is used to describe the stage
of a binary system in which a companion star and the core of a giant star orbit
each other inside the envelope of the giant. This phase is commonly accepted
to be the result of an unstable mass transfer, originated when a star in a binary
enters a giant stage. As the outer layers or envelope of the giant star expand on
a short timescale, a mass transfer episode onsets. If the accretor cannot keep up
with the rate at which mass is being fed to it, this mass transfer will result in
the engulfment of the accreting companion by the envelope. From this point on,
the companion and the core of the star will orbit around the center of mass of
the system, surrounded by the dense medium formed by the envelope. Dynamical
friction with the envelope will transfer orbital energy and angular momentum,
heating it up while reducing the orbital separation between the core and the
companion. The process will come to an end when either enough energy has been
injected into the envelope to completely unbind it from the system, ejecting it,
or when the orbital separation has decreased so much that it leads to a merger
between the core and the companion. This is what makes CE one of the few
astrophysical processes capable of dramatically changing the orbital parameters
of a binary system on very short timescales, playing a fundamental role in several
evolutionary channels that lead to the formation of GW progenitors.

The modeling of this stage is very challenging, mainly due to the broad range
of spatial scales involved as two small cores orbit inside an extended envelope,
and due to the amount of physics that dictate the evolution. Several approaches
are used while attempting to explain the observations of post-CE systems. The
simplest ones being fully parametric (Webbink, 1984; de Kool et al., 1987; Nele-
mans et al., 2000; Hirai and Mandel, 2022), and relate the energy or angular
momentum required to eject the envelope with the final orbital separation of the
binary. But these models do not capture the underlying physics and are unable
to reliably predict the outcome of the CE event. The same applies to 1D sim-
ulations, that must parametrize the drag force, and despite this parametrization
being physically motivated, it is not self-consistent. Furthermore, 1D simulations
must assume symmetry in the problem while this type of interaction is inherently
3D, and ultimately, these 1D simulations will have a limited use and must be com-
bined with more accurate representations of the event. The only approach that
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can self-consistently model the interaction between the cores and the envelope is
3D simulations. These simulations are substantially more expensive and also come
with a set of challenges, which will be briefly discussed in Sec. 1.4. Despite the
progress that these simulations have made, even the most accurate simulations of
CE events currently available (e.g. Moreno et al., 2022; Ondratschek et al., 2022;
Lau et al., 2022) still struggle to accurately reproduce the measured orbital sepa-
rations of observed post-CE binaries for all the types of systems (Ropke and De
Marco, 2023).

The final orbital separation after the ejection of the envelope is a key parameter
for binary evolution. It is the current consensus that the double-compact-object
binaries that result in the mergers detected by GW observatories must have gone
through at least one CE stage if their progenitor system formed as an isolated
binary. Due to the steepness of the dependence of the orbital decay rate caused
by GWs with respect to the orbital separation (Peters, 1964), if the result of a CE
is a distance too large between the components, a merger cannot take place within
a Hubble time. This argument applies to the formation of all interacting binaries
containing at least one compact object, like the ones studied in this thesis. The
NS-WD binary studied in Sec. 2.2 must have undergone a CE phase during its
evolution (Toonen et al., 2018), and the WD-WD binary merger shown in Sec. 2.3
is presumed to have experienced at least two mass transfer episodes (potentially
two CE events) and even the merger itself could take place during a CE, depending
on the outcome of it. In order to contribute to the elucidation of this enigmatic
phase of binary evolution, in Sec. 2.1 we studied the feasibility of detecting GW
signals from CE events, which would effectively track the orbital evolution of
the core and companion inside the envelope, revealing crucial information for
understanding the processes involved in CE events.

1.3.3. Gravitational waves

The last type of stellar interaction that will be discussed in this thesis is the
release of GWs. These waves arise as a direct consequence of general relativity.
The Einstein field equations (Einstein, 1915) take the form:

1 us

R, — §g,WR = 86—4GTW , (1.16)
with R, being the Ricci tensor, R the Ricci scalar, g,,, being the spacetime metric
and T}, the stress-energy tensor of the matter. These equations describe how
gravitational fields are generated by the mass of matter. The origin of GWs can be
derived from Eq. (1.16) by assuming a weak gravitational field (see Maggiore, 2007;
Creighton and Anderson, 2011, for a step by step derivation). In this scenario,
the spacetime metric can be written as a flat spacetime plus a perturbation:

Guv = Npw + h,uu ) (117)

with 7, being the flat Minkowski spacetime and h,,, being the perturbed metric.
This is called the linearized gravity approximation. Applying it to Eq. (1.16) and
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defining the trace-reversed metric perturbation,

_ 1
Py = Ty — 577W77°“5ha5, (1.18)

one obtains

. . i _ 167G
Oy + 100 h s — 88,0y — 00, hy = —C—ZTW , (1.19)

where [ is the d’Alambertian operator [0 = 0" d,. Choosing the Lorentz gauge

(0”hy = 0) this becomes a simple wave equation:

- 167G

Ohy = —C—4TW, (1.20)
with the matter stress-energy tensor providing a source term. This means that in
vacuum, where the right-hand side of Eq. (1.20) becomes zero, the metric pertur-
bation solutions will be waves that propagate at the speed of light, and matter
can generate them. The release of GWs plays a very important role in binary
dynamics, especially for stellar remnants, as they carry away energy and angular
momentum. The first indirect evidence of their existence came in 1974 with the
detection of the Hulse-Taylor binary pulsar (Hulse and Taylor, 1975), and the sub-
sequent observations that showed that its orbital period was declining at a rate
consistent with the release of GWs predicted by general relativity (Weisberg et al.,
1981). Gravitational waves were detected directly for the first time on September
14th, 2015 (Abbott et al., 2016b), when the two detectors of the Laser Interferom-
eter Gravitational-Wave Observatory (LIGO) simultaneously observed the signal
arising from a merger between two BHs. This signal, named GW150914, meant
direct confirmation of yet another prediction of general relativity, and also opened
a new window for the exploration of the cosmos. We are no longer restricted to its
study by means of detecting electromagnetic (EM) signals or particles like cosmic
rays and neutrinos. We could now start to observe the Universe using this new
type of radiation that carries additional information about its source.

The frequency of the gravitational waves released by a source depends on its
ability to generate oscillations in its quadrupole moment. In the case of orbiting
binaries, since half a rotation around the center of mass translates into a full
rotation of the mass quadrupole moment, the frequency of the released GWs is
twice the orbital frequency of the system (fow = 2 fom), with additional power
being radiated at frequencies that are harmonics of the orbital frequency in the
case of eccentric orbits (Peters and Mathews, 1963). This radiation of GWs takes
energy and angular momentum away from the binary, shrinking the orbit and
increasing the orbital frequency (and therefore the GW frequency as well). The
amount of energy radiated in the form of GWs is very small in most cases, but
it is inversely proportional to the fifth power of the orbital separation (Peters,
1964). Therefore, the orbit-shrinking effect of GWs is very weak for wide binaries,
but it accelerates over time as the binaries come to ever-tighter orbits, becoming
dominant in short period compact-object binaries.

Gravitational waves stretch spacetime itself as they propagate. The method
devised for their detection is to measure the relative change in distance between
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two points in space caused by this stretching. This is by no means an easy task, and
the current state-of-the-art detectors LIGO (Aasi et al., 2015), Virgo (Acernese
et al., 2014) and KAGRA (Akutsu et al., 2021) are designed to be able to measure
changes in the length of the arms of the detectors as small as ~107'®cm. As of
today, we only have observatories that can “listen” to GWs in two frequency bands:
between ~10-1000 Hz with the aforementioned detectors, and, with much lower
sensitivity, between ~1-100nHz by measuring perturbations in the travel time of
the signal of known pulsars. Despite the engineering feat that GW observatories
represent, the technique employed for the detection of signals means that the
physical size of the detectors constrains the range of GW frequencies that can be
observed. The detectors of the LIGO-Virgo-KAGRA (LVK) Collaboration operate
in the Hz—kHz band as they measure the change in travel time of a laser signal
across their detector arms with lengths on the order of a couple kilometers. The
longer the arms, the lower the frequencies that the detectors can potentially be
sensitive to. These observatories use Fabry-Perot cavities to bounce back and forth
hundreds of times the laser signal, effectively increasing the length of the detector
arms by as many times as the signal is reflected. On the other hand, the detectors
of the International Pulsar Timing Array (IPTA) collaboration (Manchester, 2013)
measure perturbations in the arrival time of the signal from Galactic pulsars,
therefore having “detector arms” with sizes on the order of thousands of light
years, making them able to detect GWs on the frequency range of nHz, albeit
with a much lower sensitivity than the kHz detectors.

While the search for GWs on the nHz frequency band is recently showing
promising progress (EPTA Collaboration et al., 2023a,c,b; The International Pul-
sar Timing Array Collaboration et al., 2023; Agazie et al., 2023), the observations
in the ~10-1000 Hz band have already produced groundbreaking advances in as-
tronomy. This band of the GW spectrum is populated by signals originated by
the mergers of compact objects, and since the beginning of their search for these
signals, the LVK Collaboration has already detected almost a hundred events. The
vast majority of these being binary BH (BBH) mergers, but a small fraction of
these events have been BH-NS and binary NS (BNS) mergers. With our current
detectors, the coalescence of BNS or BH-NS systems results more challenging to
detect than BBH mergers, as they release GW with frequencies higher than the
observatories can currently detect. Nonetheless, they provide a unique opportu-
nity for astronomy, as BNS mergers (and BH-NS mergers if the BH is not large
enough to engulf the NS before its disruption) are the progenitors of some of the
most energetic EM transients known (Nakar, 2007; Metzger et al., 2010; Metzger,
2017; Nakar, 2020). This means that EM counterparts can arise from these events,
opening the window for multi-messenger astronomy. GW170817 (Abbott et al.,
2017; Abbott et al., 2017) provided the first detection of a binary NS merger, and
it was detected alongside a short gamma-ray burst (sGRB) (Goldstein et al., 2017,
Savchenko et al., 2017) and a kilonova (Troja et al., 2017; Alexander et al., 2017),
confirming BNS mergers as progenitors of these types of transients.

In the coming decades, if the technical challenges involved are overcome, a new
generation of ambitious space and lunar-based GW observatories (Seto et al., 2001;
Harry et al., 2006; Robson et al., 2019; Harms et al., 2021) will make it possible
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to detect signals from wider binaries with frequencies in between the currently
existing kHz and nHz detectors. These observatories could additionally target
systems and events that are not necessarily driven by GW release, but that rather
release them due to the change in mass distribution as a result of other types of
interaction, such as mass transfer or tidal effects. Detections of such systems would
provide valuable insight into processes normally not accessible to EM astronomy.
One example already presented is the identification of the progenitors of bright
transients, but GW signals could also help to shed light on not-yet fully understood
astrophysical processes such as the CE phase. As the frequency of the GWs tracks
the orbital frequency of their progenitor binary, they provide information about
the orbital parameters and their evolution. In Sec. 2.1 we show how the GW
signals released during these events passively trace the orbital evolution inside the
envelope of the core of the giant star and the companion during these events. This
information would normally be hidden, as the EM signals from the CE interior
would be shielded by the envelope. The same principle applies for the GW signals
that originate in SNela (e.g. Seitenzahl et al., 2015) or in core-collapse SNe (e.g.
Kotake and Kuroda, 2017; Mezzacappa and Zanolin, 2024), where detections could
help improve our understanding of the mechanisms at play during the explosions.
These signals could even be used to obtain information about nuclear physics and
how matter behaves at the densities found inside NSs.

1.4. Numerical modeling in astrophysics

Real life scenarios often depart from the idealized pictures and approximations
required for analytical models. Although the fundamental physical processes in-
volved in most of the astrophysical phenomena may be known, the interplay be-
tween them can add exponential layers of complexity.

The power of numerical modeling becomes evident when considering all the
different physics participating in astrophysical processes. The stability of stars
involves, among other physical processes, gravitational forces, nuclear reactions,
radiative transfer or magnetic fields. As mentioned in earlier sections, analytic
approximations frequently fall short in representing stellar interactions beyond a
few idealized scenarios. For the rest of the cases, hydrodynamical simulations are
often the most accurate modeling technique and have become a fundamental part
of modern astrophysics. Hydrodynamic simulations have been used to improve
our understanding of an innumerable amount of astrophysical phenomena such
as stellar evolution (e.g. Eggenberger et al., 2008; Paxton et al., 2011), stellar
convection (e.g. Horst et al., 2021; Leidi et al., 2023), SNe (e.g. Powell et al., 2023;
Gronow et al., 2020), stellar mergers (e.g. Schneider et al., 2019), mass transfer
(e.g. Bobrick et al., 2017) and many more. Despite the invaluable insights provided
by simulations, they face limitations imposed by the specific numerical techniques
employed and the availability of computational power. As a result, the physics
that will be included in a simulation, and their accuracy, have to be carefully
considered for the individual scenario and the temporal and spatial scales that
are aimed to be simulated. Another aspect that must be taken into account when
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simulating astrophysical phenomena is the dimensionality of the problem. Certain
scenarios can be assumed to have spherical symmetry, and this allows them to be
recreated using 1D simulations with a comparatively low computational cost. This
has traditionally been the case of stellar evolution for single stars (Heger et al.,
2000; Paxton et al., 2011, 2013, 2015; Paxton et al., 2019). However, some physical
processes are inherently multi-dimensional, such as magnetic fields or convection,
and they must be approximated via simplified prescriptions in order to model them
in 1D simulations (Buldgen, 2019). Precise modeling of non-spherically symmetric
processes requires treating them with 2D or 3D simulations, which are increasingly
more expensive but provide the most accurate modeling of complex astrophysical
phenomena.

The physical conditions inside stars span many orders of magnitude in tem-
perature, density and pressure, resulting in a broad range of characteristic length
scales and timescales in their interior. This results in a challenging setup for hy-
drodynamical simulations. Ensuring numerical stability of the models requires
an increasingly higher spatial and temporal resolution as the gradients in density
and pressure become steeper. This makes simulating the entire structure of stars
highly complex due to the simultaneous action of processes across several spatial
and temporal scales. In order to overcome these challenges, techniques such as
adaptive mesh refinement (AMR, Berger and Oliger, 1984) have been employed
to optimize the consumption of computational resources. These techniques allow
the use of different spatial resolutions in the simulation domain, and therefore
resolution can be concentrated exclusively where it is required. But there is a
fundamental issue that cannot be easily overcome. As only a finite number of
temporal steps can be realistically simulated, the maximum timescale that can be
effectively modeled becomes unavoidably limited by the smallest temporal scale
that needs to be resolved in the simulation. Furthermore, numerical stability
criteria such as the CFL condition (Courant et al., 1928) constrain the relation-
ship between spatial and temporal resolutions, indirectly imposing a limit on the
spatial resolution that can be employed. This is one of the main challenges in
hydrodynamic simulations.

When attempting to simulate more than one star simultaneously, another level
of complexity is added, as the different scales of both stars and the timescale
of the interactions between them need to be resolved, and they can differ by
several orders of magnitude. In this thesis, we study two scenarios that represent
some of the most extreme examples of this challenge: the CE phase and NS-WD
mergers, which will be discussed in Sec.2.1 and Sec.2.2 respectively. Both cases
face the same fundamental challenge; one of the stars is substantially larger than
its companion.

The issues of simulating giant stars and the CE stage in hydrodynamic simula-
tions and what can be done to address them are thoroughly discussed in Ohlmann
(2016). The CE stage takes place over timescales of years, whereas the dynamical
timescale inside the core of the giant star or the companion can be on the order
of a fraction of a second. To be able to successfully simulate a system with such
a disparity in timescales, approximations must be made. As the timescale of the
event is still much shorter than the nuclear timescale in the core, nuclear reactions
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can be in principle disregarded. Additionally, to limit the minimum resolvable
timescales, the core of the giant star and the companion can be replaced by point
masses that only interact gravitationally with the rest of the simulation. Com-
bined with a softened gravitational potential for the point masses, this greatly
reduces the computational cost, allowing for the simulation of several dynamical
timescales of the CE interaction.

NS-WD mergers present similar challenges regarding the broadness of the tem-
poral and spatial scales that need to be covered, with the added difficulty of steeper
density and pressure gradients and the necessity of modeling additional physical
processes, as this time nuclear reactions or neutrino emission may play a role in
shaping the dynamics of the event. In the same way as in Ohlmann (2016), we
have tackled these challenges with the use of the AREPO code, which is the main
numerical tool used to perform the simulations shown in Chapter 2, with detailed
descriptions of the methods being given in each respective paper.

1.4.1. The AREPO code

AREPO (Springel, 2010; Pakmor et al., 2011, 2016; Weinberger et al., 2020), is a
3D MHD code that uses an unstructured, moving, Voronoi mesh that moves along
with the local flow velocity. This allows the code to combine some of the benefits
of both Lagrangian and Eulerian AMR formulations of hydrodynamics. Eulerian
grid codes allow for better resolving shocks and fluid instabilities than Lagrangian
Smoothed-particle hydrodynamics (SPH) simulations, but in turn, they do not
inherently conserve angular momentum, and advection errors can rapidly accu-
mulate in setups with large bulk velocities such as binaries or accretion disks. On
the other hand, Lagrangian schemes conserve angular momentum but cannot ac-
curately resolve hydrodynamic instabilities nor low-density material. The moving
mesh of AREPO makes it behave as a quasi-Lagrangian code, providing a great
conservation of angular momentum while retaining the accuracy and highly adap-
tive resolution of Eulerian grid codes, and allows for the use of local time steps
instead of global time stepping.

On top of these fundamental advantages of the code, AREPO is in constant
development and has received a large set of feature updates such as the inclusion of
nuclear reactions (Pakmor et al., 2013) or general relativity (Lioutas et al., 2024).
This makes the code extremely flexible, and despite the fact that it was initially
developed for cosmological simulations (Vogelsberger et al., 2014; Sijacki et al.,
2015), it performs exceptionally well in modeling any astrophysical phenomena
that require covering a large range of spatial and temporal scales. The code is
currently being used to produce state-of-the-art simulations of several types of
events, ranging from cosmology and galaxy formation (e.g. Grand et al., 2017;
Marinacci et al., 2018; Naiman et al., 2018; Springel et al., 2018; Pillepich et al.,
2018; Nelson et al., 2019; Pakmor et al., 2023; Ferlito et al., 2023) to Type Ia
SNe and thermonuclear explosions (e.g. Gronow et al., 2021; Pakmor et al., 2021;
Glanz et al., 2023; Burmester et al., 2023), tidal disruption events (e.g. Goicovic
et al., 2019; Vynatheya et al., 2023; Ryu et al., 2024), compact-object mergers (e.g.
Zhu et al., 2015; Lioutas et al., 2024) or CE events (e.g. Ohlmann et al., 2017;
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Sand et al., 2020; Ondratschek et al., 2022; Moreno et al., 2022). The simulations
presented in this thesis are only possible thanks to the flexibility and angular
momentum conservation of the AREPO code. The resolution achieved for these
processes would have been computationally unattainable with other codes.

For this research, we have further improved the capabilities of the code by
adding new physics. In order to compute GW signals, we implemented the cal-
culation of the quadrupole radiation from Newtonian gravity, following the same
approach as Seitenzahl et al. (2015). This is described in detail in the methods
section of Sec. 2.1. We have also implemented cooling via the release of ther-
mal neutrinos, which is important in the regimes of high density and temperature
found in Sec. 2.2 and Sec. 2.3.
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2. Results

This chapter presents the main results of the thesis. It comprises three articles
that have been accepted for publication in the peer-reviewed journal Astronomy
& Astrophysics'. The arrangement of sections follows the chronological order of
acceptance dates by the journal. As of the writing of this thesis, the first and
second articles are already published, whereas the third is still in the production
stage by the journal and will be published in the coming months. Each article is
prefaced by a brief introduction providing additional context.

https://www.aanda.org/
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2.1. Publication I: GW emission from
dynamical stellar interactions

This article studies the GW signals released by three types of stellar interactions
between the components of a binary system, taking place on dynamical timescales.
The first one is a merger between two main-sequence stars, the second one being a
successful CE ejection, and the third one a core merger resulting from a failed CE
ejection. The primary motivation for this study stemmed from recent publications
(Ginat et al., 2020; Renzo et al., 2021), which suggested that GW signals released
during CE events could be detectable by the future space-based observatory LISA.
As described in Sec. 1.3.2 and Sec. 1.4, the CE stage is extremely challenging to
model, and previous works had to rely on semi-analytical methods to estimate
the shape and frequency of the GW signals released during these events. This
publication aims to corroborate the findings from the previous works by the means
of 3D MHD simulations, which provide the most accurate modeling of this stage
of binary evolution.
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ABSTRACT

We are witnessing the dawn of gravitational wave (GW) astronomy. With currently available detectors, observations are restricted to
GW frequencies in the range between ~10 Hz and 10 kHz, which covers the signals from mergers of compact objects. The launch of
the space observatory LISA will open up a new frequency band for the detection of stellar interactions at lower frequencies. In this
work, we predict the shape and strength of the GW signals associated with common-envelope interaction and merger events in binary
stars, and we discuss their detectability. Previous studies estimated these characteristics based on semi-analytical models. In contrast,
we used detailed three-dimensional magnetohydrodynamic simulations to compute the GW signals. We show that for the studied
models, the dynamical phase of common-envelope events and mergers between main-sequence stars lies outside of the detectability
band of the LISA mission. We find, however, that the final stages of common-envelope interactions leading to mergers of the stellar
cores fall into the frequency band in which the sensitivity of LISA peaks, making them promising candidates for detection. These
detections can constrain the enigmatic common-envelope dynamics. Furthermore, future decihertz observatories such as DECIGO or
BBO would also be able to observe this final stage and the post-merger signal, through which we might be able to detect the formation

of Thorne-Zytkow objects.

Key words. binaries: close — gravitational waves — magnetohydrodynamics (MHD)

1. Introduction

Mass transfer between stars in binary systems can lead to many
different outcomes. Some of these outcomes can dramatically
change the systems (Langer 2012; De Marco & Izzard 2017).
Whenever the stars that form a binary get close enough to each
other so that one of them fills its Roche lobe (because of either a
change in the evolution stage of the stars or in the orbital parame-
ters), mass transfer will start. Unstable mass transfer can become
dynamical and lead to a common-envelope (CE) event or even
a full stellar merger. In a CE event, the accretor is engulfed in
the envelope of the giant donor (Paczynski 1976) and the stel-
lar cores transfer orbital energy to the envelope. This shrinks the
orbital separation. The energy injected in the envelope can lead
to its ejection (successful CE event). As a result, the orbit will
cease shrinking, and the outcome of the interaction is a binary
system in a tighter orbit (Ivanova et al. 2013). In contrast, if the
companion fails to eject the envelope of the giant star, it will
continue to inspiral and ultimately result in a merger of the core
of the giant star and the companion (CE merger).

With the upcoming launch of the Laser Interferometer Space
Antenna (LISA; Baker et al. 2019), we may have a new tool
for the study of these dynamical phases of CE events and stel-

lar mergers, as they are promising sources for gravitational
wave (GW) signals (Ginat et al. 2020; Renzo et al. 2021). Com-
pared to the detectors of the LIGO'-Virgo-KAGRA? network
(Aasietal. 2015; Acernese et al. 2014; Akutsu et al. 2021),
which operates in a frequency band centered on hundreds of Hz,
LISA will have a peak sensitivity centered at ~4 mHz. The gap in
between those frequency bands is proposed to be covered in the
future with decihertz observatories such as the DECi-hertz Inter-
ferometer Gravitational wave Observatory (DECIGO; Seto et al.
2001) or the Big Bang Observer (BBO; Phinney 2003). The fre-
quency range of LISA will allow it to detect signals from wider
binary systems (the frequency of the GWs released by a binary
system is twice the orbital frequency: fow = 2 X forp). Simi-
larly to the case of compact object mergers, the GWs produced
by a stellar binary system shift to higher frequencies as the orbit
shrinks. In the case of stellar mergers and CE events, the rate
at which the orbital separation decreases is generally not gov-
erned by the emission of GW radiation, but is mainly driven
by mass transfer and drag forces. Although not dynamically

! Laser Interferometer Gravitational-Wave Observatory.

2 Kamioka Gravitational Wave Detector.
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Table 1. Summary of the simulations.

Model M,(total) Mj(core) M, ap fow,o final JGwW final
(Mo] [Mo] (Mo]  [Ro] [Hz] [Ro] [Hz]
MS-merger 9 - 8 62 53x10° 50 73x107
CE-merger 0.63 — 042 0.047 20x102 0.039 25x1072
Successful CE 2 0.37 0.99 49 6.8 x 1077 3.9 3.0%x 107

Notes. aj is the initial orbital separation, ag,, is defined as the separation between the stars right before disruption in the case of the MS star merger
and the CE merger. In the case of the successful CE, as the orbit is eccentric, agn, is defined as the semi-major axis of the orbital separation between
the core and the companion at the end of the simulation. fgwo and fowana are computed as twice the orbital frequency assuming a Keplerian orbit
and separation equal to ao and agp,, respectively. In the case of the successful CE ejection, only the mass of the core and the companion are

considered for the calculation of the Keplerian frequency.

dominant, GWs provide an interesting opportunity for observ-
ing such short-lived and elusive events.

Three-dimensional hydrodynamic (3D HD) or magneto-
hydrodynamic (3D MHD) simulations are one of the most
reliable (albeit expensive) ways of modeling CE events (see
Ricker & Taam 2012; Ohlmann et al. 2016; Staff et al. 2016;
Prust & Chang 2019; Reichardt et al. 2019; Sand et al. 2020;
Chamandy et al. 2020; Reichardtetal. 2020; Moreno et al.
2022; Glanz & Perets 2021; Lau et al. 2022a,b; Zou et al. 2022;
Ondratschek et al. 2022, for some recent examples) and mergers
between different types of stars, such as main-sequence (MS)
stars (Schneider et al. 2019) and white dwarfs (Munson et al.
2021; Dan et al. 2012; Zhu et al. 2015). In setups in which gen-
eral relativity (GR) is dynamically not relevant, these meth-
ods provide the most consistent predictions of the merger pro-
cess, and GWs can be derived from these simulations, but
this has rarely been done. In the case of white dwarf merg-
ers, predictions of the GWs that are released were obtained
using smoothed particle hydrodynamics (Rasio & Shapiro 1994;
Lorén-Aguilar et al. 2005), as they are a known target for LISA
(Baker et al. 2019). Most of the research done has focused on
the GWs that are emitted during the inspiral phase rather than
during the merger, however. There are predictions of the GWs
emitted during CE events (Ginat et al. 2020; Renzo et al. 2021),
but because it is difficult to fully model them, all of the research
so far has been based on analytic or semi-analytical models. The
reliability of these predictions is limited by the fact that the inter-
action between the inspiraling companion and the envelope is not
modeled in a self-consistent 3D MHD approach. Consequently,
they ignore the contribution of the envelope itself to the produc-
tion of GWs and employ an approximate drag force that drives
the inspiral.

For neutron-star mergers, however, 3D HD simulations
accounting for GR effects are common (Baiotti & Rezzolla
2017; Bauswein & Stergioulas 2019; Dietrich et al. 2021; Shibata
2015). This has broadly been applied for the study of GW signals
that are produced by neutron-star mergers as they can be detected
by the LIGO-Virgo-KAGRA network.

In this work, we fill the gap and derive GW signals from up
to date 3D MHD simulations of binary interactions for which GR
is not dynamically relevant. We revisit an already published sim-
ulation of a main-sequence star merger (Schneider et al. 2019)
and run two new simulations of a successful CE ejection and a
CE merger.

In Sect. 2 we briefly describe the methods we used for the
different simulations and how we computed the GW signals. In
Sect. 3 we explain the outcome of the simulations and discuss
the GW signals. We discuss the detectability of these events in
Sect. 4, and we summarize our main findings in Sect. 5.
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2. Methods

All simulations were carried out with the code AREPO (Springel
2010; Pakmor et al. 2011), which is a 3D MHD code that uses an
unstructured moving Voronoi mesh with a second-order finite-
volume approach. Gravity is Newtonian and was computed using
a tree-based algorithm. The energy loss by GWs is negligible and
was therefore not taken into account. For the successful CE ejec-
tion simulation, we included the impact of recombination energy
by using the OPAL (Rogers et al. 1996, 2002) equation of state
(EoS). We also used the OPAL EoS for the main-sequence star
merger, whereas for the CE merger, in which we consider only
the stellar cores, for which ionization effects are irrelevant, we
used the Helmholtz EoS (Timmes et al. 2000). The initial mod-
els of the main-sequence stars as well as the giant star were
created using the one-dimensional stellar evolution code MESA
(Paxton et al. 2011, 2013, 2015). The setups of the different sim-
ulations are summarised in Table 1.

2.1. Setups

2.1.1. Main-sequence star merger

For the merger between main-sequence stars, we used the sim-
ulation described in Schneider et al. (2019), involving two early
main-sequence stars with masses of 8 M and 9 M, with radii of
1.7 Ry and 1.9 R, respectively. It is computationally not feasible
to simulate the merger from the point of Roche-lobe overflow
until the merger, so the merging process was sped up artificially
for 1.5 orbits, and only then was the evolution of the merger fol-
lowed by the simulation.

2.1.2. Successful CE ejection

In giant stars, the dynamical timescale of the outer parts of
the envelope is orders of magnitude longer than in the core.
Accurately resolving the core requires that the simulation uses
time steps on the order of milliseconds, whereas dynamical
processes involving the envelope will occur on a timescale of
days. For this reason, the computational cost of simulating the
common-envelope phase with a fully resolved core and compan-
ion becomes too expensive, and therefore, approximations are
necessary.

For the successful CE ejection, we used one of the models
described in Ohlmann (2016) as primary star. We took a model
with a zero-age main-sequence (ZAMS) mass of 2 M, evolved
with MESA until the red giant (RG) stage, at which point it
had a radius of 49 Ri. This model was mapped onto an AREPO
grid. For this simulation, we used a version of AREPO with the
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same methods and the OPAL EoS as in Sand et al. (2020). We
replaced the core of the giant star and the companion with a
gravitation-only particle to limit the range in timescales, resolv-
ing their softening lengths with a minimum of 20 cells follow-
ing Ohlmann (2016). The softening length of both particles was
initially set to 2.47 R, and this value was reduced during the
simulation to ensure that it remained below 40% of the separa-
tion between the core and the companion. We did not include
magnetic fields in this simulation. The masses of the core and
companion were 0.37 My and 0.99 M, respectively. This stellar
model was then relaxed to re-establish hydrostatic equilibrium
(Ohlmann et al. 2017). For the relaxation process, we placed the
star in a box with a size of 7x10'3 cm and a uniform background
density of p = 107> gcm™ and evolved it for ten dynamical
timescales (8.2 x 10%s). During the first half of the relaxation,
we applied a damping force to remove spurious velocities; dur-
ing the second half, the star was let free to evolve on its own, and
we verified that the model remained hydrostatically stable. We
then simulated the common-envelope phase by placing the star
and its companion in a box with a side length of 1.6 x 10'> cm
(2.35 x 10*Ry) at an initial separation of 49 R, which corre-
sponds to the surface of the RG, with a corotation fraction of
95%.

2.1.3. CE merger

As we cannot simulate the entire common-envelope phase with
a fully resolved core and companion, we set up an entirely new
simulation to study the GW signals released by a CE merger
in which we considered only the part that generates the loud-
est highest-frequency GWs during the event: the merger of the
red giant core and its companion. To ensure that the companion
was not disrupted too far from the RG core, we chose a com-
pact object; in particular, we took a 0.6 M white dwarf (WD)
as a companion for which 50% of the mass was carbon and 50%
oxygen, and whose initial radius was 0.012 Rg. As first-order
approximation, we modeled the RG core as a 0.4 M, WD made
entirely of helium with a radius of 0.016 R,. The methods and
setup of the white dwarfs in this simulation are similar to those
of Pakmor et al. (2021). The stellar models were constructed as
simple hydrostatic equilibrium configurations assuming a uni-
form temperature of 2 x 107 K for the RG core and 10° K for
the companion. We obtained their density profiles following the
Helmholtz equation of state, and then we gave the AREPO cells
the appropriate masses. Both stars were given a seed magnetic
field set up in a dipole configuration with a polar surface field
strength of 10 G. The stars were relaxed separately to ensure
hydrostatic equilibrium because mapping the initial 1D models
to 3D can lead to discretization errors in the hydrostatic equilib-
rium. The relaxation process was the same for both stars: They
were placed in a box of 10'°cm with a static, uniform back-
ground grid density of p = 107 gcm™3. During the first half of
the relaxation, we applied a damping force that reduced potential
spurious velocities from discretization errors. During the second
half of the relaxation, the stars were left to evolve on their own
(without the damping force), and we verified that the density pro-
files were stable. The duration of the relaxation was chosen to be
ten times the dynamical timescale of each star, that is, 20 s for
the 0.6 M WD and 63 s for the 0.4 M RG core. After the relax-
ation, we placed the two relaxed stars into the same box with
a box size of 7.3 x 10" cm with a static, uniform background
grid with p = 107 gcm™3. This background density was chosen
to resemble the denser regions of a stellar envelope, but it has
very little effect on the dynamics of the merger because at this
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stage, it will be driven by the mass transfer and tidal interaction
between the core and the companion. The mass resolution of the
simulation was mee ~ 5% 1077 M. The initial distance between
the WDs was chosen to be three times the separation at the point
of Roche-lobe overflow, and then we artificially shrank the orbit
until the onset of a steady mass transfer in a similar fashion as for
the main-sequence star merger. This occurred at an orbital sepa-
ration of 3.25 x 10° cm. At this point, we started the unmodified
simulation of the merger.

2.2. Computing the gravitational waves

To compute the gravitational wave signal, we calculated
the approximate quadrupole radiation from Newtonian grav-
ity. We followed the same approach as in Seitenzahl et al.
(2015) and used the method by Blanchetetal. (1990) and
Nakamura & Oohara (1989) to compute the second deriva-
tive of the quadrupole moment. In this way, the gravitational
quadrupole radiation field in the transverse-traceless gauge hT"
takes the form

2G

hit (x,1) = 2 Pija(n) f dxp Quevr = 9 ® = 1 ®). (1)
c*R

Here, P is the transverse-traceless projection operator,

Piju(n) = (6ij — ming)(S i — njny)

- %(5;,‘ —nin ) (6, — ngny), (2
with the normalized position vector n = x/R and the distance to
the source R = |x|. As usual, G is the gravitational constant, c is
the speed of light, p is the density, v is the velocity, d; represents
a partial derivative with respect to the spatial coordinate i, and ©
is the Newtonian gravitational potential.

The amplitude of the GW radiation field can be written in
terms of the two unit linear polarization tensors e, and ey, and
when a line of sight is chosen, the amplitude of the GWs takes
the form
hit (e = I%(Aw;j +Axe)), 3)
where A, and Ay are the amplitudes of the two polarizations
as a function of time. We worked in Cartesian coordinates and
considered as line of sight the z-direction, corresponding to the
initial axis of rotation of our binary systems. In this line of sight,
the GW emission is strongest and therefore provides the most
optimistic scenario in terms of detectability of the signal. Along
this axis, the polarization amplitudes take the form

AL =An—Ay (4a)
Aj =2A,, (4b)
with A;; defined as

G 3
A,’j = (:—4 d Xp (2v,-vj - .X,‘aj(l) - xj(?,»(D). (5)

We implemented the computation of the terms Ay, Ay, Ay, Ayy,
Ay, and A, in AREPO following Eq. (5) in order to output the
emitted GW signal on the fly during the simulations.

The characteristic strain of a GW signal is defined as & .(f) =
2fh(f), where h is the Fourier transform of the time-domain
amplitude of the GW,

(6)
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Fig. 1. Evolution of the main-sequence star merger. Top (a): Strain of
the GW signal & over time (+ polarization in the z-direction, & = A% /D).
The amplitude is shown for an observer situated at a distance D. Bottom
(b): Orbital separation over time. The dashed black line indicates the last
stable orbital separation before disruption at 3.5 x 10'' cm.

with

A(f) = f e I A(r)dr, (7)
where A(t) is the amplitude of each polarization over time. We
calculated these values using a discrete fast Fourier transform
and a Tukey window (Abbott et al. 2016). To capture the main
features of the signal at its start and end, we used an asymmetric
Tukey window in the case of the successful CE ejection. The
signal-to-noise ratio (SNR) of a signal then takes the form (e.g.,
Moore et al. 2015)

= (P
SNR2=4f| df, 8
(SNR) | Sn(f)f 8

where S, is the noise power spectrum density of the detector. We
took the approximate values for LISA from Robson et al. (2019).

3. Results
3.1. Main-sequence star merger

A full description of the hydrodynamic outcome of the merger
between the main-sequence stars can be found in Schneider et al.
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Fig. 2. Characteristic strain of the GW signal released by the merger
of two main-sequence stars (in blue) assuming a distance of 1kpc to
the source along the polar axis. The LISA sensitivity from Robson et al.
(2019) is shown by the dashed orange line. The region shaded in gray
represents the frequency range spanning between twice the orbital fre-
quency at the beginning of the simulation and twice the orbital fre-
quency at the moment the star is disrupted (assuming the orbits to be
perfectly circular and Keplerian).

(2019). The initially more massive (primary) star transfers mass
to the initially less massive (secondary) star for a few days, drain-
ing angular momentum and shrinking the orbit. By the time the
orbital separation reaches the tidal disruption radius of the pri-
mary star, commonly approximated as

1/3
= (@) R, ©)

where M| and M, are the masses of the primary and the sec-
ondary stars and R is the radius of the disrupted star (primary), it
is disrupted, and its central material merges with that of the sec-
ondary star. The resulting remnant consists of a ~14 M, central
core with a 3 M, torus surrounding it. The gravitational waves
determined from the 3D MHD simulation of the merger event
are shown in Fig. 1.

The amplitude of the strain increases as the orbital separation
shrinks, and it peaks at the moment of the disruption of the pri-
mary star. Immediately after the merger takes place, the emission
ceases. This decline in signal strength is expected as the rem-
nant rapidly evolves to a mostly axisymmetric configuration. The
characteristic strain of the GWs is shown in Fig. 2 assuming a
distance of 1 kpc between source and detector. For this distance,
we obtain an SNR of 0.062 with LISA. The peak of the char-
acteristic strain is found at a frequency of about 5.4 x 107> Hz,
which corresponds to an orbital frequency of 2.7 x 107> Hz.

The Keplerian orbital separation for a system orbiting at this
frequency is 4.3 x 10" cm. This value is very similar to the sepa-
ration between the stars at the beginning of our computations.
The characteristic strain integrates the signal over the obser-
vation time, so that the longer the system spends at a certain
orbital frequency, the higher the associated characteristic strain
for that frequency. In our simulation, the binary system only
evolves through a small range of orbital separations before the
disruption between 4.3 x 10" cm and 3.5 x 10'! cm, which cor-
responds to a narrow GW frequency range from 5.4 x 107 Hz
to 7.3 x 107 Hz (shaded in gray in Fig. 2). Theoretically, we
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expect most of the GW's produced in our simulation to be within
this frequency range. We lack simulation data at larger separa-
tions, which explains the cutoff at frequencies below this range.
We could also have lower frequencies from ejected material after
the disruption, so the characteristic strain is not zero. The signal
at higher frequencies (smaller separations) originates from the
phase after disruption of the primary star, and hence, we see a
drop-off in the characteristic strain at frequencies higher than the
frequenciy corresponding to the separation equal to the tidal dis-
ruption radius of the star. The characteristic strain at these higher
frequencies (fgw > 107 Hz) comes from the weak post-merger
signal.

It is difficult to compute the tidal disruption radii in noncom-
pact interacting systems. The usual approximation for the tidal
disruption radius, shown in Eq. (9), is obtained by equating the
self-gravity force of the disrupted star with the gravitational pull
that it experiences from the companion object and assuming that
the radius of the star is much smaller than the separation between
the stars. Therefore, this approximation does not hold true when
the tidal disruption radius is on the order of magnitude of the
radius of the star.

To obtain a better approximation, we calculated the tidal
force across the disrupted star. First, we computed the gravita-
tional acceleration at the points of the star that are closest and
farthest from the companion:

GM,;
(d = Ry)?’
where d is the distance to the companion. To obtain the tidal
acceleration, we subtracted the contribution from the accelera-

tion on the near point from the contribution from the point far
out,

(10)

Agray =

1 1
idas = GM -
Atidal 1 d-R)’  (d+Ry)
4dR
=GM;——=—. (11)
(@ - Ry
The acceleration due to self-gravity is
GM

aser = =5 (12)

2
At the point of tidal disruption, d = r, and aygy = dser. There-
fore, equating Egs. (11) and (12), we obtain

M, 4Rgr,
My (7 - R

Solving Eq. (13) numerically for the tidal disruption radius, we
obtain a better approximation of its value. In the following, we
define the tidal disruption radius as the solution of Eq. (13)
unless stated otherwise.

Another source of uncertainty is the fact that the stellar radius
is difficult to define during ongoing mass transfer. For example,
using the original radius of the star from the MESA models, we
obtain a tidal disruption radius of 5.5 x 10'" cm, which is larger
than the initial separation of our system. When we consider as
the stellar radius the distance from the center in which 99% of
the stellar mass is contained, we obtain a more sensible value for
the tidal disruption radius of 3.5 x 10'! cm. Figure 1 shows that
the latter value matches the actual point of disruption well. With
this, we aim to show that the tidal disruption radius of a star
in a binary system can give us a rough estimate of the highest
frequency of the GWs that the merger would release during the
inspiral phase.

13)
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Fig. 3. Time evolution of the orbital separation during the successful
CE ejection. In blue we show the data from the AREPO simulation. The
black lines show the fit to these data with an exponential, a Gaussian,
and a linear orbital decrease.

3.2. Successful common-envelope ejection

The initial separation between the core of a giant star and its
companion is generally too large for the detection of the sys-
tem with LISA. The frequencies of the associated GWs are too
low because the radii of giant stars are on the order of 10 to
100 Ry. In order for these events to be detectable, the orbit
must shrink to a separation at which the orbital frequency is in
the appropriate frequency band for LISA. The evolution of our
simulation of a successful CE ejection is very similar to that of
Sand et al. (2020), but with an RG instead of an asymptotic giant
branch (AGB) star, and the whole interaction occurs on a shorter
timescale.

As soon as the simulation starts, the companion plunges into
the envelope and its orbit shrinks for a few hundred days, until
it ejects most of the envelope mass. From this point on, there is
little orbital evolution on the simulated timescale, and the binary
remains on an eccentric orbit with a semi-major axis of 3.6 R,
after 200 days. The evolution of the orbital separation is shown
in Fig. 3. At this final separation, the companion orbits the core
of the RG with a frequency of 0.017 mHz. In contrast to the other
two simulations, the GW signal is not shut down. Instead, the
main component of the signal evolves from low to higher fre-
quencies. The characteristic strain of this simulation is shown in
Fig. 4. It peaks at a frequency of 3.4 x 1073 Hz, which corre-
sponds to exactly twice the orbital frequency after the envelope
has been ejected. The final orbit is not perfectly circular; it has an
eccentricity of 0.1. Keplerian elliptic orbits emit GW's at multiple
harmonics (frequencies that are integer multiples) of the orbital
frequency (Maggiore 2008). We observe this in the characteristic
strain of the signal as further peaks located at frequencies equal
to the harmonics of the final orbital frequency. The frequency of
maximum strain is also still too far from the peak sensitivity of
LISA to be detectable; we obtain an SNR of 4.28 x 107%.

A common approximation used for calculating the GWs
generated by CEs is to only consider the core of the RG and
the companion as point-mass particles and neglect the effect of
the envelope on the GW signal (Ginat et al. 2020; Renzo et al.
2021). With our simulation, we can test how accurate this treat-
ment is. Figure 5 shows the difference in the characteristic strain
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Fig. 4. Characteristic strain of the GW signal released by the successful
common-envelope ejection (in blue) assuming a distance of 1kpc to
the source. The LISA sensitivity from Robson et al. (2019) is shown by
the dashed orange line. The vertical dashed gray line represents twice
the orbital frequency at the beginning of the CE (assuming a perfectly
circular and Keplerian motion). The dashed black line represents twice
the orbital frequency after the ejection of the envelope. The dotted black
lines represent the first four harmonics of the final orbital frequency
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of the GWs released by the entire system and the strain resulting
from the cores alone. The characteristic strain differs slightly at
the lowest frequencies, but is essentially the same at frequencies
higher than 3 x 10~ Hz. As most of the envelope mass is ejected
early on in the simulation when the orbital frequency of the sys-
tem increases rapidly, the envelope is not expected to contribute
significantly at GW frequencies much higher than twice the ini-
tial orbital frequency. As the system moves to higher orbital fre-
quencies by ejecting the envelope, the contribution to the GW
signal from the envelope necessarily decreases at higher frequen-
cies. The difference between the two characteristic strains should
therefore mostly be present at GW frequencies close to the one
corresponding to the initial orbital frequency. In any case, the
magnitude of this discrepancy is very small, therefore we can
safely state that the approximation holds true for these systems
in regard to their detectability with LISA. It is not clear whether
this also applies to a CE evolution that leads to a merger. If the
envelope is not completely ejected, it may contribute to the GW
signal at higher frequencies. Furthermore, while there is no sig-
nificant direct contribution of the envelope to the formation of
the GW signal, an accurate representation of the core-envelope
interaction in the simulations is still necessary to reliably deter-
mine the rate of inspiral and the final orbital separation between
the cores that ultimately shape the GW signal.

3.3. Common-envelope merger

The hydrodynamical evolution of the CE merger is summarized
in Fig. 6. From the beginning of the simulation, the less massive,
less dense core of the RG primary star transfers mass onto the
more massive and more compact companion. The orbit shrinks
for a few hundred seconds due to this mass transfer until it
reaches the point of tidal disruption and the RG core is dis-
rupted around the inspiraling WD companion. The companion
accretes a fraction of the mass of the former RG core, approxi-
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Fig. 5. Characteristic strain of the successful CE ejection. The charac-
teristic strain of the GWs released by the entire simulation (the core of
the RG, its envelope, and the companion) is shown in blue. In green
we show the characteristic strain of the GW signal produced by only
the core of the RG and the companion. The dashed gray line repre-
sents twice the orbital frequency at the beginning of the simulation. The
black lines show the characteristic strain produced by toy models (see
Sect. 3.4). The LISA sensitivity from Robson et al. (2019) is shown by
the dashed orange line.

mately 0.11 Mg. The remaining mass forms a disk-like structure
around the remnant. This structure is not axisymmetric imme-
diately after disruption, but it becomes so after a few hundred
seconds.

The strain of the GWs (Fig. 6, bottom) is quite similar to the
emission of the merger between MS stars, with a few differences.
For the WDs, the merger occurs on a shorter timescale (hundreds
of seconds instead of days). The amplitude of the GWs does not
noticeably increase immediately before the merger, but its max-
imum value rather remains mostly constant until the disruption.
Moreover, the post-merger signal is initially more pronounced
than in the case of the MS star merger. The explanation for this
stronger post-merger signal is the initial lack of axial symmetry
in the remnant. As the disk homogenizes, the signal declines.

There is again a narrow range of orbital separations before
the binary is disrupted. Our initial separation is 3.25 x 10° cm,
which corresponds to a GW frequency of 2 x 1072 Hz. No signif-
icant contribution to the signal is expected at frequencies lower
than this value in our simulation. The computation of the tidal
disruption radius for this simulation is even more challenging
than in the case of the MS star merger because the disrupted star
is a WD. This means that its radius will increase as it loses mass.
Eq. (13) shows that the tidal disruption radius increases with the
stellar radius. Therefore, the tidal disruption radius is underesti-
mated when the initial value of the radius of the RG core is used.
When the distance from the center in which 99% of the stellar
mass is contained is used as the radius, we find r, = 2.4 x 10° cm
following Eq. (13), which corresponds to a GW frequency of
3.17 x 1072 Hz, assuming the orbit to be perfectly circular and
Keplerian. The top panel of Fig. 6 shows that this value matches
the point of disruption well.

Computing the characteristic strain (Fig. 7), we find that it
peaks at a frequency of 2 X 1072 Hz, which matches twice the
orbital frequency at the beginning of the simulation. This is
expected because this is the largest orbital separation that we
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Fig. 6. Evolution of the CE merger. Top: Orbital separation over time. The dashed black line indicates the computed tidal disruption radius at
2.4 x 10° cm. Middle: Hydrodynamical evolution of the core merger resulting from a CE merger. The density is color-coded. The computation of
the gravitational waves starts at the onset of steady mass transfer. The more massive companion shreds mass from the less massive, less dense core
of the RG. The separation between the two objects slowly decreases until it reaches the point of tidal disruption at ~840 s. The companion accretes
a fraction of the mass from the former RG core (~0.11 M), while the remaining mass forms a disk-like structure around it. Bottom: Strain of the
GW signal over time released by the CE merger (cross-polarization in the z-direction, 1 = A% /D).

simulated, therefore we do not predict any significant GW sig-
nal at lower frequency. In this frequency range, LISA is far more
sensitive than in the case of the MS star merger. For this reason,
the characteristic strain of the CE merger ejection peaks above
the sensitivity curve of LISA for a signal that lasts only a few
minutes, generating an SNR of 6.6 at a distance of 1kpc. The
post-merger signal also contributes some high-frequency com-
ponents to the characteristic strain. There is some relatively high
strain up to frequencies close to 0.1 Hz. These higher frequen-
cies are in the correct range for future decihertz GW observato-
ries such as DECIGO or BBO. We computed the SNR for the CE
merger simulation with DECIGO and BBO using the sensitivity
curves described in Yagi & Seto (2011), and we obtained values
of 896 and 1865, respectively, at a distance of 1 kpc. If designed
according to current plans, these instruments would be able to
detect the final disruption of CE-mergers with a much higher
SNR due to the increase in sensitivity and the higher frequency
band.

The computed value of the tidal disruption radius has been
underestimated and thus overestimates the highest frequencies
released by the binary before the merger (end of the region
shaded in gray in Fig. 7). It is still within a factor of two from the
peak frequency, however, and can be used as an upper bound.

3.4. Toy model for CE inspiral

Based on our successful CE ejection simulation, we modeled the
plunge-in of the companion inside the red giant envelope with

simple analytical formulae in order to determine how the charac-
teristic strain obtained from them compares with the strain of our
simulation. We used three functional forms to model the orbital
decay: an exponential, a Gaussian, and a linear function, defined
as

aexp(t) = (ao — dfinal) e_é + dfinal, (14a)

agauss(t) = ((10 - aﬁnal) 6_(£)2 + Qfinal (14b)
- n 1 -1 n t< )

(1) = {(ao a al)( T) + dfinal T. (140)
Afinal t>T

Here ap and agqny have the values specified in Table 1, and 7
in each formula was chosen to be the timescale of the orbital
decay such that it fits the rate observed in our successful CE
simulation. We find 7 = 1.47 x 10%s for the exponential and
Gaussian models, and 7 = 2.94 x 10° s for the linear model. We
followed these models for a time equal to the longest time in our
simulation. Figure 3 shows that the Gaussian model captures the
early part of the plunge-in best, whereas the exponential model
matches it better at a later stage. In these simple models, we
assumed no eccentricity, such that there is a smooth decrease of
the orbital separation. We can then compute the GW's that would
be released by two point-masses following the orbital evolution
as described in Creighton & Anderson (2011),

4Gu (v(t)

2
At = = (7) cos ¢(1) (15a)
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Fig. 7. Characteristic strain of the GW signal of the CE merger (in blue)
assuming a polar distance of 1kpc to the source. The sensitivities of
LISA (Robson et al. 2019), DECIGO, and BBO (Yagi & Seto 2011) are
shown as dashed orange, green, and red lines, respectively. The region
shaded in gray represents the frequency range spanning between twice
the orbital frequency at the beginning of the simulation and twice the
orbital frequency at the moment when the star is disrupted.

4Gu

2
A(t) = —F (@) sin ¢(7), (15b)

c2

GM, otal 1
T)‘ and ¢(1) is

the phase of the GWs, which we obtained by numerically solving
¢ = 2nfow(®) = 4nfop(?). For these toy models, we assumed
that the point-masses are always on a Keplerian circular orbit in
order to obtain the instantaneous value of the orbital frequency.
We calculated the characteristic strain of these toy models and
compare it with the data from our simulations in Fig. 5. As we
explicitly specified a final orbit, we have a sharp peak at twice
the final orbital frequency of the system, and no features at its
harmonics as there is no eccentricity. In general, the shape of the
strain of the toy model GWs reasonably matches the strain of
the AREPO simulation. For the lowest frequencies produced by
our simulation, the three toy models give the same value for the
GW strain as in the hydro simulation when only the core masses
were taken into account. For frequencies greater than 3x10~° Hz,
the exponential model reproduces the shape of the strain in the
simulation best. The three toy models produce an SNR similar
to the SNR in the simulation (4.00 x 10~ for the exponential,
4.16x 10~* for the Gaussian model, and 4.17x 10~ for the linear
model). We conclude from this that the models capture the strain
of the GWs in the specified frequency range moderately well
and can be used as simple toy models for the inspiral of our CE
simulation.

Assuming that this approach also holds valid in a CE merger
scenario, we applied it to the phase leading up to our CE merger
simulation in order to estimate the GW signal produced dur-
ing its inspiral phase. Disregarding any potential signal from the
envelope, we took two point mass particles with the masses of
our WD and the core of the RG to compute the reduced mass in
Egs. (15a) and (15b) and shrank the orbit according to Eq. (14) at
a rate that resembles what we observe in our accurate simulation
of the successful CE ejection (r = 1.47 x 10° s in the exponential
and Gaussian models, and T = 2.94 x 10° s for the linear model).
However, instead of stopping the inspiral at a distance of 3.6 R,

where u is the reduced mass, v(7) is defined as
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Fig. 9. Characteristic strain of the GW signal released by the CE merger
(in blue) assuming a distance of 1 kpc to the source along the polar axis.
The sensitivities of LISA (Robson et al. 2019), DECIGO, and BBO
(Yagi & Seto 2011) are shown as dashed orange, green and red lines,
respectively. The region shaded in gray represents the frequency range
spanning between twice the orbital frequency at the beginning of the
simulation and twice the orbital frequency at the moment when the star
is disrupted (assuming the orbits to be perfectly circular and Keple-
rian). The black lines show the characteristic strain produced by our toy
models.

we let the orbit shrink to a separation of agng = 3.25 x 10° cm,
equal to the initial orbit used in our simulation of the CE merger.
With these toy models, we obtained an estimate of the charac-
teristic strain of the GWs released during the earlier stages of a
CE merger ejection. The orbital evolution of our toy models is
shown in Fig. 8.

As observed in our previous simulations, the orbital fre-
quency shifts from lower values up to the initial values of the CE
merger simulation, while the strength of the GWs increases. The
duration of this inspiral phase differs between our toy models,
as we stopped them the moment they reached a separation equal
to the initial orbital separation in our core merger simulation.
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The more time the system spends orbiting at a certain orbital
frequency, the greater the strain of the GWs associated with that
frequency. The exponential model has the highest value for the
characteristic strain at high frequencies because it spends more
time at orbital separations close to the desired final orbit, and the
linear model has the lowest SNR because it reaches its final orbit
faster. The signal during this stage crosses the peak sensitivity of
LISA, and therefore, most of the SNR for this observatory could
actually come from this phase depending on the exact rate of
the orbital decay. With the chosen toy models, we indeed obtain
SNR values for the inspiral phase of 191.1 for the exponential
model, 84.5 for the Gaussian, and 10.5 for the linear model (to
compute the SNR in these toy models, we ignored the character-
istic strain at frequencies higher than twice the orbital frequency
at the final orbital separation because this part of the characteris-
tic strain is just numerical noise introduced by the fast Fourier
transform on nonperiodic data). The final part of the inspiral
phase begins to enter the frequency range of DECIGO and BBO,
and because of the planned increase in sensitivity with respect to
LISA, they would be even better able to measure this final stage
of the CE merger, obtaining DECIGO SNRs of 6784, 2961, and
299 and BBO obtaining SNRs of 13957, 6092, and 616 for the
exponential, Gaussian, and linear models, respectively.

4. Discussion

We computed the SNRs for all our simulations following Eq. (8),
and assuming a polar distance to the source of 1kpc. This dis-
tance is small and provides a best-case scenario for the detection
of these events. The SNR is inversely proportional to the dis-
tance between detector and source, that is, if the event were to
take place at 10kpc rather than 1kpc, the SNR would be ten
times lower.

In the case of the merger between two MS stars, we obtain
an SNR of 0.062, which suggests that these events are not suit-
able candidates for LISA sources. In Fig. 2 we show that the
characteristic frequency of the GWs of this type of mergers is
too far from the peak sensitivity of LISA. We started the simu-
lation only a few days prior to the merger, whereas LISA could
theoretically observe such a system for a few years before the
disruption takes place, building up more signal and producing a
higher SNR, but the frequency of these GWs will still be in the
low-sensitivity band. The strength of the produced signal would
increase in the case of a more massive merger (GW amplitude

o Mflffrp; Creighton & Anderson 2011), where M pirp, is the chirp
mass of the binary,

(mymyp)*3

My = ————.
TP my +mp)!

(16)
However, it would also likely mean a larger tidal disruption
radius, leading to lower GW frequencies and a decreased LISA
sensitivity. The maximum frequency of GWs released by these
systems before disruption can be estimated as twice the orbital
frequency at the point where the separation between the stars
equals the tidal disruption radius. We conclude that even at
higher masses or longer observing times, the mismatch between
the frequency of the GWs and the peak sensitivity of LISA
makes main-sequence star mergers an unlikely GW source for
this observatory.

Figure 4 shows that in our simulation of a successful CE
ejection, the final orbit reached is not tight enough to produce
GWs in a frequency that LISA can detect even at an optimistic
distance of 1kpc. As indicated by Renzo et al. (2021), the final
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orbit resulting from a CE ejection has to shrink below one solar
radius to be in a frequency range where LISA has a chance to
detect them. Unfortunately, we do not observe a sufficient orbital
shrinkage in this simulation or in any of the other simulations
resulting in successful CE ejection that we analyzed (Sand et al.
2020; Ondratschek et al. 2022; Moreno et al. 2022). Therefore,
we do not obtain any detectable GW signal from the dynamical
phase of successful CE ejections for the LISA mission. Our final
orbital separations are in line with those from Iaconi & de Marco
(2019), showing that most simulations of successful CE ejec-
tions produce final orbits larger than 1 R,

Different setups might shrink the orbit further. All our setups
involved giant stars with loosely bound envelopes that require
less energy to be transferred from the binary orbit to eject
them. It is possible that CE events in which the giant star has
a more strongly bound envelope might result in tighter final
orbits. There are some indications that the final orbits reached
in our simulations are too large compared to observations
(Iaconi & de Marco 2019). Many of the close binaries used as
LISA verification targets (Stroeer & Vecchio 2006; Kupfer et al.
2018) will have evolved through a successful CE phase. It is
not clear whether their orbits shrink to the current tight orbits
after the CE or in the dynamical phase of the CE. This further
shrinking stage after the dynamical plunge-in could be due to a
self-regulated inspiral, as suggested by Ivanova et al. (2013) or
other mechanism draining angular momentum from the binary
orbit (e.g., a circumbinary disk) such that the GWs are in the
frequency band of LISA.

Figure 7 showed that the frequencies of the GWs in our CE-
merger simulation are in a band in which LISA is more sensi-
tive than in the case of the merger between two main-sequence
stars. Computing the SNR, we obtain a value of 6.6, even though
the total simulated time in this case is only a few thousand sec-
onds. The frequency of the post-merger signal of this simulation
is close to the optimal frequency range of decihertz GW obser-
vatories such as DECIGO and BBO, and the signal from our
merger would produce SNRs of 896 and 1865, much higher than
LISA due to the much higher planned sensitivity of the detec-
tors, and because their frequency bands are able to best detect
the post-merger signal. In Fig. 9 we showed that a large frac-
tion of the GW signal is likely to be produced during the inspiral
phase: As the orbital separation decreases, the frequency of the
GWs will move from low frequencies (where LISA is not very
sensitive) up to higher frequencies, crossing the peak sensitiv-
ity of LISA. The exact rate of the orbital decay strongly impacts
the SNR, and at the same time, the dynamical plunge-in is one
of the lesser known stages of the CE phase. A detection of such
an event could provide information about stellar interiors in RG
stars and the drag forces that the companion experiences while
spiraling into the envelope. For example, different density pro-
files of the star lead to differences in the temporal evolution of
the drag forces, causing very different waveforms and SNRs.
Even if we were to observe the electromagnetic counterpart but
do not detect the GW signal, a slow inspiral might be ruled out
and a rapid plunge-in through the envelope might be indicated.
Therefore, accurate models for this inspiral stage are required
for generating waveform templates and estimating the detection
rates. In turn, future observations may reveal binary dynamics.

Using semi-analytical models and smoothed particle hydro-
dynamics simulations, Ginat et al. (2020) computed the wave-
form and characteristic strain of the inspiral phase of CE
mergers. Their simulations covered the initial phase of the CE
stage, but their models were stopped at larger orbital separations
than the initial separation in our simulation, and a core merger
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was assumed to take place. The authors showed that the GWs
released until that point might be observable by LISA. In our 3D
models, we followed the final disruption in detail, probing down
to shorter orbital separation (higher frequencies), and our find-
ings confirm that statement. The disruption on its own already
produces a strong signal that could be detected if the source were
close enough to LISA. Although we did not compute a detailed
model of the late inspiral phase, our estimates using toy models
of the inspiral point in the same direction as those of Ginat et al.
(2020). With SNRs ranging between approximately 10 and 191
(depending on the model), the signal from the entire CE event
could be strong enough for a detection with LISA. We also com-
puted the SNR for the signals of these toy models with DECIGO
and BBO. If their final design achieves the planned sensitivity,
they might be able to detect the final phase of the inspiral in CE
mergers with a much higher SNR than LISA, ranging between
approximately 300 and 7000 for DECIGO and between 600 and
14 000 for BBO, allowing them to be found at much larger dis-
tances.

Our findings about the detectability of these events with both
LISA and the decihertz observatories are expected to hold for
different masses for the core of the giant and also the inspiral-
ing companion. Depending on the exact masses, we might enter
a regime in which the CE merger of two white dwarfs leads
to runaway thermonuclear burning and to an explosive event
(Pakmor et al. 2021), which, in contrast to type Ia supernovae, is
expected to contain substantial amounts of H and He in its ejecta
(this corresponds to the so-called core degenerate supernova sce-
nario of Soker 2011). However, we did not include nuclear burn-
ing here. In the event that one of the stars explodes, the GW
signal will diverge from our results from that point on. The
explosion could release a strong GW signal (Seitenzahl et al.
2015) and the emission would cease immediately thereafter.
If the explosion occurred during or after the disruption of the
core, mainly the high-frequency components of the GWs will be
affected, which does not alter the SNR significantly, and makes
the system an interesting candidate for a multimessenger detec-
tion.

Changing the mass of the companion changes the tidal dis-
ruption radius of the core, and thus the highest GW frequency
reached by the system before the disruption. A higher-mass com-
panion such as a neutron star will disrupt the core at a larger dis-
tance and will also produce a stronger signal because the GW
amplitude is proportional to MCS}?FP, but the maximum frequency
is more sensitive to the core radius and mass than to the compan-
ion mass.

If the companion were to be a neutron star, the formation
of a Thorne-Zytkow object might be observed (Thorne et al.
1977; Hirai & Podsiadlowski 2022) because the strength and fre-
quency of the GW signal during the inspiral and merger would
not sensibly differ from the one we computed here. In particular,
these objects are predicted to show high-frequency features in
the post-merger signal, for whose detection decihertz observato-
ries would be very well suited.

5. Conclusions

We have computed the GW signal released during the merger
between two MS stars, a successful CE ejection, and a CE
merger in order to study their detectability with LISA. The sim-
ulations were carried out with the 3D MHD code AREPO.

The GWs from mergers between main-sequence stars are
found to be outside the sensitivity range of LISA at distances
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equal to or larger than 1kpc. This result holds true for every
merger between main-sequence stars, regardless of their masses.
The tidal disruption radii of stars in binary systems can be used
to approximate the cutoff frequency of the GWs released by
these systems during their mergers.

From our simulation of a successful CE ejection, we find that
the final separation between the core of the giant star and the
companion is too large to release GWs in the frequency range
where LISA could detect them. This result applies to all suc-
cessful CEs that we simulated, but observations seem to suggest
smaller final orbits, which would move the final systems closer
to the frequency range of LISA. We also find that during success-
ful CE ejections, the GWs emitted by the envelope contribute to
the whole signal mostly in the lowest frequency range. This plays
a very small role for the detection of such a system, and thus the
signal associated with the envelope can safely be ignored.

Computing the GWs originating from the last stage of a CE-
merger in 3D HD simulations of the interaction of the core of a
giant star with a WD companion, we find their frequency inside
the frequency range of LISA. They might therefore be detectable
depending on the distance. We also used toy models to estimate
the contribution to the GW signal from the inspiral phase and
showed that it further increases the chances of detecting these
systems. Such a detection would help to better understand the CE
stage. The time evolution of the GWs gives an accurate depiction
of how the orbital frequency changes as the companion inspirals
through the envelope. GWs could serve as probes to study the
interior of giant stars, helping us model the drag forces experi-
enced by the companion and the density profile of the star. The
exact conditions required for a successful ejection of the enve-
lope or those leading to a merger are not fully known; detections
of these events would place constraints on these cases. These
events would probably have a detectable electromagnetic coun-
terpart that could make them a suitable target for multimessenger
astronomy.
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2.2. Publication II: Self-consistent MHD
simulation of jet launching in a NS-WD
merger

Mergers between compact objects are extremely energetic events and the most
likely progenitors of several of the brightest EM transients. The first detection
of GW signals from binary BH and binary NS mergers (Abbott et al., 2016a,
2017) sparked a renewed interest in these types of events, and since then, their
EM counterparts have been thoroughly studied (e.g. Narayan et al., 1992; Metzger
et al., 2010; Metzger, 2017; Nakar, 2020). Massive binary WD mergers have been
studied in depth as promising candidates for the origin of Type Ia SNe (Soker,
2018; Ruiter, 2019). The second most frequent type of compact-object merger,
following WD mergers, are the mergers between NSs and WDs (Nelemans et al.,
2001; Toonen et al., 2018). Despite being forecasted to be much more frequent,
NS-WD mergers have been studied in substantially less detail than those between
BBHs, BNSs and BH-NS.

The reason for this disparity is two-fold. In the first place, the aforementioned
GW detections have motivated the scientific community to look for a better un-
derstanding of the observed mergers. Secondly, the most accurate technique for
modelling these events is 3D MHD simulations. And although at first glance
mergers between NS and WD could seem easier to model, as the effects of general
relativity (GR) are less relevant than in the other presented cases, they provide a
unique challenge that is not present in any other kind of double compact object
merger: the disparity in scale.

The radius of NSs is comparable to that of the Schwarzschild radius of stellar
mass BHs, on the order of tens of kilometers (Abbott et al., 2018; Lattimer, 2021).
In comparison, the radius of WDs lies on the order of thousands of kilometers
(Shipman and L., 1979; Carvalho et al., 2016). This difference in size means that
modeling mergers between WDs and NSs or BHs requires covering a much broader
range of spatial scales than those between WD-WD, NS-NS, BH-BH or BH-
NS. This has historically placed NS-WD mergers out of reach of 3D simulations.
There have been attempts to model them by scaling down the size of the WD (e.g.
Paschalidis et al., 2009, 2011) or by reducing the problem to two dimensions (e.g.
Ferndndez and Metzger, 2013; Fernandez et al., 2019; Zenati et al., 2019). In recent
years, with the increasing availability of computational power and improvements
in computational techniques, the first 3D simulations of these mergers have been
performed by employing relatively low resolution with SPH methods (e.g. Bobrick
et al., 2017; Zenati et al., 2020; Bobrick et al., 2022).

The following paper makes use of the angular momentum conservation and
unparalleled capabilities of the AREPO code (Springel, 2010; Pakmor et al., 2011,
2016; Weinberger et al., 2020), which excels in resolving a broad range of spatial
and temporal scales, to perform the first high-resolution 3D MHD simulation of a
NS-WD merger.
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ABSTRACT

The merger of a white dwarf (WD) and a neutron star (NS) is a relatively common event that produces an observable electromagnetic
signal. Furthermore, the compactness of these stellar objects makes them an interesting candidate for gravitational wave (GW) astron-
omy, potentially being in the frequency range of LISA and other missions. To date, three-dimensional simulations of these mergers
have not fully modeled the WD disruption or have used lower resolutions and have not included magnetic fields even though they po-
tentially shape the evolution of the merger remnant. In this work, we simulated the merger of a 1.4 M NS with a 1 M, carbon oxygen
WD in the magnetohydrodynamic moving mesh code AREPO. We find that the disruption of the WD forms an accretion disk around
the NS, and the subsequent accretion by the NS powers the launch of strongly magnetized, mildly relativistic jets perpendicular to the
orbital plane. Although the exact properties of the jets could be altered by unresolved physics around the NS, the event could result
in a transient with a larger luminosity than kilonovae. We discuss possible connections to fast blue optical transients (FBOTs) and
long-duration gamma-ray bursts. We find that the frequency of GWs released during the merger is too high to be detectable by the
LISA mission, but suitable for deci-hertz observatories such as LGWA, BBO, or DECIGO.

Key words. stars: jets — white dwarfs — magnetohydrodynamics (MHD) — stars: neutron — gravitational waves — magnetic fields

1. Introduction

Binary systems formed by a neutron star (NS) and a white dwarf
(WD) are one of the most abundant double compact object sys-
tems in the Galaxy (Nelemans et al. 2001), second only to WD-
WD systems. If the two compact objects are born with a short
orbital separation, the release of energy in the form of grav-
itational waves (GWs) can make the binary system merge on
timescales shorter than the age of the Universe. This process can
be accelerated if the binary has undergone a common-envelope
(CE) phase, where the drag in the envelope drives the orbital
shrinking and may even lead to a prompt merger. When the
orbit has decreased to the point where the WD fills its Roche
lobe, a mass transfer episode commences. The stability of this
mass transfer depends primarily on the mass of the WD. For suf-
ficiently low-mass WDs, the mass transfer will be stable, and
the system can be observed as an ultra-compact X-ray binary
(Nelson et al. 1986). If the WD mass is above a critical value

* Movies associated with Fig. 1 are available at https://zenodo.
org/records/8284075

of Mwp = 0.2 My (Bobrick et al. 2017), the mass transfer will
be unstable and the system will merge on a dynamical timescale,
leading to a variety of electromagnetic transients (Metzger 2012;
Fernandez et al. 2019; Zenati et al. 2019, 2020; Bobrick et al.
2022; Kaltenborn et al. 2023) and a burst of GWs, similar to the
ones released by binary black hole (BH) mergers (Abbott et al.
2016) and binary NS mergers (Abbott et al. 2017) that have
been detected by the LIGO'-Virgo-KAGRA? (LVK) Collabora-
tion (Aasi et al. 2015; Acernese et al. 2014; Akutsu et al. 2021),
albeit in a different frequency range.

The GWs released by these systems prior to the merger
make these binaries a likely source (van Zeistetal. 2023;
Abdusalam et al. 2020) for the LISA? mission (Robson et al.
2019). The GWs released by the merger itself will have higher
frequency and will be better captured by proposed deci-hertz
observatories such as space-based DECIGO* (Seto et al. 2001)

Laser Interferometer Gravitational-Wave Observatory.
Kamioka Gravitational Wave Detector.

Laser Interferometer Space Antenna.

DECI-hertz Interferometer Gravitational wave Observatory.
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and BBO® (Harry etal. 2006) or the Moon-based LGWAS
(Harms et al. 2021). The post-merger signal which could origi-
nate as accretion onto the NS excites oscillation modes of the NS
(Schutz 2008), would be in the frequency range of the LVK net-
work (Aasi et al. 2015; Acernese et al. 2014; Akutsu et al. 2021).

The electromagnetic signal released during these merg-
ers has been proposed to explain several fast-evolving tran-
sients such as AT2018kzr (Gillanders et al. 2020) or AT2018cow
(Metzger 2022), as well as long gamma-ray bursts (GRBs) such
as GRB 211211A (Yang et al. 2022; Zhong et al. 2023) or GRB
060614 (King et al. 2007). NS-WD mergers are also predicted to
result in magnetars, and were suggested to cause some fast radio
bursts (FRBs) such as FRB 190824 and FRB 180916.J0158+65
(Zhong & Dai 2020).

In this work, we aim to study such a merger by the
means of magnetohydrodynamic (MHD) simulations. Previ-
ous studies have looked into several different aspects of these
mergers. Fernandez et al. (2019) and Zenati et al. (2019) used
two-dimensional (2D) hydrodynamic simulations to study the
accretion disk resulting from the disruption of the WD and the
nuclear reactions that would take place on it. Paschalidis et al.
(2011) performed the first fully general relativistic simulations of
mergers between NSs and scaled-down “pseudo-WDs” and stud-
ied whether the remnant would collapse into a BH. Zenati et al.
(2020) and Bobrick et al. (2022) ran three-dimensional (3D)
simulations of NS-WD mergers using smooth particle hydro-
dynamics (SPH) starting from realistic initial conditions. The
enormous range of scales required for this simulations, spanning
over ten orders of magnitude in density, forced previous works to
revert to two-dimensional models or a relatively low resolution
when simulating these events. Furthermore, none of the exist-
ing hydro simulations have yet included magnetic fields, which
could be decisive in shaping the merger and post-merger dynam-
ics (Zhong & Dai 2020). In this paper, we study the dynamics
of the disruption and present the first high-resolution, 3D MHD
simulation of a NS-WD merger.

2. Methods

For our simulations, we use the AREPO code (Springel 2010;
Pakmor et al. 2011, 2016; Weinberger et al. 2020). AREPO uses
the finite volume method to solve the 3D, fully compressible
equations of ideal MHD with gravity:

dp

o TV (ow =0, (1
a(gtu)+V-(pu®u+pt0[I[—B®B)=pg, )
%—f +V-[(E+ po)u—B®B-w)] =p(g-u), &)
%+V-(u®B—B®u):0, “

where p denotes the density, u the velocity, B the magnetic field’,
Pt = p+|BJ?/2 the total pressure, p the gas pressure, E the total
energy density per unit volume, and g the gravitational accel-
eration. Equations (1)—(4) are discretized on an unstructured,
moving, Voronoi mesh as described in Pakmor et al. (2016).
The boundary conditions are periodic for all variables except

5 Big Bang Observer.
% Lunar Gravitational-Wave Antenna.

7 Here we use the Lorentz-Heaviside notation, B = b/ V4x.
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the gravitational potential, which we compute by assuming
that the density outside of the box domain is 0. Hyperbolic
fluxes are computed at cell interfaces using the five-wave HLLD
solver of Miyoshi & Kusano (2005), and the strength of mag-
netic monopoles is kept under control using the Powell scheme
(Powell et al. 1999). The grid is generated at each timestep from
a set of mesh-generating points that move with the local veloc-
ity of the fluid with small corrections to keep the mesh regu-
lar, leading to a nearly Lagrangian scheme. The resolution of
the simulation can be changed locally by refining or de-refining
the mesh following a set of criteria. The main criterion enforces
the same mass for all cells within a factor of two of a chosen
target mass and a maximum volume ratio between neighboring
cells of a factor of five. On top of these criteria, we employed
additional refinement criteria which are described in detail in
Sects. 2.1 and 2.2. Self-gravity is included with a tree-based
algorithm for the gas cells, and via exact force computation for
the NS. We performed these simulations using Newtonian grav-
ity, as the processes and dynamics that we aim to resolve are suf-
ficiently distant from the NS. The equation of state (EoS) used in
our simulations is the Helmholtz EoS (Timmes et al. 2000). We
assume that the simulation takes place in a regime where the gas
is completely transparent to neutrinos, and they leave the system
without interactions. Therefore, neutrino transport simplifies to
a cooling process. We take into account thermal neutrino cool-
ing by implementing® the fits from Itoh et al. (1996). The energy
lost to GW is negligible and not taken into account, as it is not
dynamically relevant for the part of the merger that we simulate.
We computed the GWs in the same way as Moran-Fraile et al.
(2023) by calculating the approximate quadrupole radiation from
Newtonian gravity. We did not use a nuclear network as nuclear
processes are predicted to play a minor role in the dynamical
evolution of the disruption (Zenati et al. 2019).

2.1. Stellar setup

We took a 1.4 My NS as a primary star in our binary sys-
tem, and for the companion we took a 1 My WD composed of
an equal-by-mass mixture of carbon and oxygen with a cen-
tral density of p. = 3.4x10’gcm™ and an initial radius of
5.3 x 10% cm (defined as the radius containing 99.9% of the stel-
lar mass). The WD model was generated with a uniform initial
temperature of 5 x 107 K. We then obtained the density profile by
assuming hydrostatic equilibrium and mapped it into 3D using
a healpix-based algorithm following Pakmor et al. (2012) and
Ohlmann et al. (2017). We used the Helmholtz EoS to compute
the values of the internal energy for the AREPO cells given the
temperature. We added an initial dipole magnetic field with an
polar surface value of 10° G to the WD. The magnetic dipole
field is set up along the z-axis, and we imposed a cutoff radius
in the center of the star with a size equal to two times the radius
of the smallest AREPO cell to avoid an arbitrarily large value for
the magnetic field in the center of the WD.

This WD is relaxed in isolation to ensure hydrostatic equi-
librium, as deviations from equilibrium could appear due to dis-
cretization errors when mapping the one-dimensional profiles to
the unstructured 3D mesh of AREPO. For the relaxation we place
the star in a box of 10'°cm side length with a uniform back-
ground grid of density p = 107> gcm™>. The total relaxation time
is chosen to be ten times the dynamical timescale of the star, cor-
responding to 11 s. During the first half of this time we apply a

8 Adapting Frank Timmes’ scripts which can be found in:
https://cococubed.com/code_pages/nuloss.shtml
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damping force to reduce the spurious velocities that could have
arisen during the mapping. During the second half of the relax-
ation, the star is left to evolve on its own (with no damping force
being applied), and we check that the density, pressure, and inter-
nal energy profiles remain stable.

Due to the difference in the dynamical timescales of a NS and
a WD, it is computationally unachievable to resolve the hydrody-
namic evolution of both the NS and the WD in one simulation.
We therefore model the NS as a gravitation-only point particle
with a mass of 1.4 M. To limit the pressure gradient next to our
point mass NS, we used a softened gravitational potential. We
found that low-resolution inside the softening length produces
issues with energy conservation from the beginning of the sim-
ulation. At the same time, increasing the resolution close to the
NS becomes prohibitively expensive for small values of the soft-
ening length. Experimentally, we increased the resolution while
decreasing the size of the softening length, and we found a good
compromise between computational expense and energy conser-
vation by using a softening length of 8.4 x 107 cm and enforce a
minimum of 40 cells per dimension within the softening length.

The gravitational potential inside the volume enclosed by the
softening length deviates from a Newtonian potential. Therefore,
we consider this region unresolved, and we report the values
obtained by the simulation within this volume solely as a ref-
erence as they may deviate from realistic ones. As a point mass,
the only characteristic for a NS that we assume is its mass and
we do not model any other physical property. Thus, we cannot
give it a magnetic field with the current implementation of MHD
in AREPO. We could set a dipole configuration in the background
around it, but as the mass contained in the background is so small
compared with the one of the WD, as soon as accretion onto the
NS starts, the initial magnetic field around the NS will become
dynamically irrelevant. Therefore, we did not establish an initial
magnetic field around the NS.

2.2. Binary setup

The target mass resolution of our simulation is mg =
5%x1077 M, which results in ~2 X 10° AREPO cells before fur-
ther refinement. Due to the extreme pressure and density gra-
dients in the neighborhood of the NS, we further increased the
resolution in a disk-like region around the NS where a large frac-
tion of the gas ends up after the disruption of the WD. We define
this region as a cylinder centered on the NS with a radius of
6 x 10% cm (approximately half of the tidal disruption radius of
the WD) and a height of 5x 107 cm. In this region, we imposed
the same refinement and derefinement conditions as within the
softening length of the NS, which in turn means ensuring a min-
imum of ~6 million particles in this region. We allowed for fur-
ther refinement if the mass of the cells inside this region exceeds
our target mce;. With this setup, the typical total number of cells
in the simulation is ~8.1 million.

At the beginning of the simulation, the stars were placed in
a Keplerian circular orbit at a distance of 2.27 x 10°cm, which
corresponds to 1.5 times the separation at Roche-lobe overflow
(RLOF, Eggleton 1983). The WD is initially set to solid-body
rotation in co-rotation with the NS at the point of RLOF. The
orbit is then artificially shrunk on a timescale longer than the
dynamical timescale of the WD so that potential tidal effects
can still take place. This is done using the scheme described
by Pakmor et al. (2021) that removes angular momentum from
the binary system. We stopped shrinking the orbit at the point of
RLOF (corresponding to an orbital separation of 1.52 x 10°cm),
when a steady mass transfer sets in. At this point, the system

has a total angular momentum of L = 8.3 x 10°°g cm? s~!. From
here on, the system was left to evolve on its own and the WD dis-
ruption takes place on a few dynamical timescales. As the outer
layers of the WD cannot be fully resolved, there is some numer-
ical mass loss during the orbit-shrinking stage. Part of this mass
will be accreted by the NS before the onset of the steady accre-
tion stream. Furthermore, as explained in Bobrick et al. (2017),
the tidal force exerted by the NS deforms the WD making it not
completely spherical and its gravitational potential not perfectly
Keplerian. This results in our initial orbit having a small eccen-
tricity (~0.001), which also contributes to a small amount of
mass transfer before the end of the orbit shrinking process. The
amount of mass accreted into the softening length at the time that
we stop the orbit shrinking is 10~ M. This initial mass trans-
fer is dynamically irrelevant, but during this stage the ampli-
fication of the magnetic fields around the NS already begins.
Table 1 shows the initial parameters and important timescales
of the numerical setup for easy reference.

3. Results

The hydrodynamical evolution of the merger is summarized in
Fig. 1°, and the temperature is shown in Fig. 2. After the end
of the artificial orbital shrinkage ( = 0s), a steady mass trans-
fer developed. Moreover, during this stage, a small fraction of
mass from the WD left the binary through the Lagrange point,
L,. The transfer of mass and angular momentum makes the orbit
shrink further, and after four complete orbits (+ = 80s, Fig. 1b)
the WD becomes closer to the NS than its tidal disruption radius
and is torn apart at an orbital separation of 1.14 x 10° cm. By
this point, 0.005 M, of gas has been unbound. This takes place
mainly through the L, point, with a smaller fraction of the gas
being also ejected along the polar axis of the NS. The disruption
unbinds another 0.01 M, of material. The disrupted stellar mate-
rial initially forms a spiral arm and then starts to be accreted onto
the NS (Fig. 1d).

The infalling material intersects itself while accreting, devel-
oping shear instabilities and shocks that heat the gas and trans-
port angular momentum outwards. In this transient process, the
orbit of the disrupted material circularises and a disk is formed
due to the tidal interaction of the turbulent, infalling material
with the NS (Figs. le,f). The temperature in the shocks reaches
values up to T = 9 x 10% K (Fig. 2), but the hottest regions of the
shocks remain at rather low densities of <10° g cm™3. Therefore,
only minor nuclear burning is expected to take place in these
shocks. The regions close to the NS heat up rapidly, reaching
temperatures of 10'° K inside the softening length. In this region,
nuclear reactions are essentially unavoidable. By ¢ ~ 160 s, the
disrupted material has formed a disk-like structure around the
NS. As the NS does not have a surface and its gravitational
potential is softened, the accreted mass accumulates inside the
volume of the softening length. In our simulation, any “acretion”
is not onto the NS, but into this volume. During the 150 s follow-
ing the disruption of the WD (¢ < 230s), 0.056 M, of material is
accreted into the gravitationally softened volume at an average
rate of 3.7 x 107 M s™!. The density inside this region keeps
increasing as material is accreted. At the time of the WD disrup-
tion, the maximum density is p = 2x 107 gecm™>, and at the end
of the simulation it has reached a value of p = 1.4 x 10° gcm™.
As we did not model nor resolve the physical processes around

° Additional movies are available in https://doi.org/10.5281/
zenodo.8073873 and in https://jmoran2611.github.io/
publications/nswd2023/
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Table 1. Mass of the NS (Mys), mass of the WD (Mwp), orbital separation after the end of the artificial orbital shrinkage (ay), orbital separation
at which the WD is tidally disrupted (dgisrupiion)> time elapsed until the disruption of the WD (Zgisruption)» j€t launching (#ie(, jaunch), and end of the
simulation (#s,); total magnetic energy (Epo) and average magnetic field strength ((By)) at the beginning of the simulation and the value of the

dipole magnetic field seed at the equator of the WD (Bgeeq)-

Mnys Mwp ao Qdisruption Tdisruption  Ljet, launch Ifin Espy (Bo) Bieed
[Mo] [Mo] [cm] [cm] [s] [s] [s] [erg] [G] [G]
1.4 1 1.52x10° 1.14x10° ~80 ~140 242 2x10* 25x107 10°
p (g/cm®)
10’ 102 10% 10* 10° 108 107 108

Fig. 1. Hydrodynamical evolution of merger. The panels show density slices in the orbital plane from the beginning of the simulation (panel a)
until we stop it at ¢ = 242 s (panel j). The region with a softened gravitational potential is shown in a blue dashed line.

and at the NS, we observe an artificial accumulation of mate-
rial inside the softened volume. Part of this material should be
accreted onto the NS, potentially through an accretion disk. Dur-
ing several stages of the simulation the combination of temper-
atures and densities inside the softened volume are suitable for
a strong nuclear burning, which would also impact the density
and temperature profiles in the neighborhood of the softening
length.

The tidal interaction of the NS with the nonuniform accretion
disk generates shocks, producing spiral density waves (Figs. 1i,j)
that transfer angular momentum (Fig. 3a). The heat dissipa-
tion produced by the shocks speeds up the transfer of angular
momentum, increasing the accretion rate (Fig. 3c). This culmi-
nates in a rapid accretion event at ¢ = 242 s, where we observe
a peak accretion rate of 3 x 1073 My s™!. At this point, 0.077 M,
of gas has been accreted into the gravitationally softened vol-
ume. Inside the gravitationally softened volume, the gas rotates
as a solid body and transitions to a quasi-Keplerian rotation in
the accretion disk. The distribution of angular momentum and
mass during the simulation can be seen in Figs. 3a,b. Most of
the mass and angular momentum after the disruption of the WD
is concentrated at a distance from the NS equal to the tidal dis-
ruption radius of the WD. It is initially slowly pushed out of
this region by the turbulent motions and the shocks. When the
spiral waves are developed they transport momentum outwards
very efficiently, as can be seen by the rapid change in the angular
momentum distribution between ¢ = 180 s and ¢ = 2425s.
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At t = 242 s we stop the simulation as we cannot resolve the
accretion and energy errors start accumulating in the simulation.
Considering every AREPO cell with a total energy larger than
zero as unbound material, by the time we end the simulation,
0.94 M, of gas remain gravitationally bounded when only taking
into account potential and kinetic energy. This number decreases
to 0.93 M when also including magnetic and internal energy in
the total energy.

3.1. Magnetic field amplification

The evolution of the magnetic energy in the simulation is shown
in Fig. 4. As explained in Sect. 2.1, the WD is given an ini-
tial magnetic field seed with a value of 10° G at the equator. As
soon as mass transfer begins, shear within the accretion stream
amplifies the magnetic field around the NS, while compression
of the magnetic field lines amplifies it in the shocked regions.
The amplification process is complex and involves a com-
bination of several mechanisms including magneto-rotational
instability (MRI; discussed in more detail in Appendix A);
Kelvin-Helmholtz instabilities and dynamo processes, similar to
what is observed in 3D simulations of common-envelope evo-
lution (Ondratschek et al. 2022); main-sequence star mergers
(Schneider et al. 2019); binary white dwarf mergers (Zhu et al.
2015); or binary neutron star mergers (Obergaulinger et al.
2010; Kiuchietal. 2015; Aguilera-Miret et al. 2020). This
amplification process begins as soon as we start the simulation,
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Fig. 2. Slice through orbital plane showing the temperature at selected
times.

and the NS begins to accrete the pseudo-vacuum surrounding it
as well as part of the mass lost by the WD during this stage. By
the time the artificial orbital shrinking phase finishes, the mag-
netic energy (Ep) of the system has increased from an initial
value of 2x 10* erg up to a value of 7.0 x 10 erg, with the
fields reaching values of up to 5.6 x 10!! G inside the gravita-
tionally softened volume around the NS.

This initial amplification of the magnetic energy due to the
NS accreting the pseudovacuum is unavoidable. To ensure that
the amplification is not boosted by our artificial orbit shrinkage,
we have performed two more simulations. In both of them we
have placed the stars at a distance of 1.1 times the distance of
RLOF. In the first one, we let the stars evolve freely (keeping
constant orbital separation), and in the second one we shrank
the orbit further down to the distance of RLOF before letting it
evolve freely. At this initial distance of 1.1 times the separation
at RLOF, the accretion of mass lost from the WD by numeri-
cal effects is the main source of magnetic amplification rather
than the accretion of the pseudo-vacuum. In both simulations,
the total magnetic energy is amplified to values of ~1 x 10*® erg
on a timescale of 25 s, matching the magnetic energy generated
in our fiducial simulation at this separation, but generating it
on a shorter timescale. The simulation left to evolve freely at
a separation equal to 1.1 of the separation at RLOF remains at
a constant orbital separation, and after this initial fast amplifica-
tion the growth of the magnetic energy slows down and plateaus
at around 2 x 104 erg. In contrast, in the simulation where we
shrank the orbit down to the point of RLOF, a steady mass trans-
fer set in and the magnetic fields continued to be amplified with
the evolution of the total magnetic energy matching the one
of our fiducial simulation. Hence, we conclude that this initial
phase of magnetic amplification previous to the start of our sim-
ulation is self-consistent and independent of the artificial orbital
shrinking.

The amplification of the magnetic field takes place domi-
nantly in a toroidal direction around the NS, following the accre-
tion stream, as evidenced by the ¢ component of the magnetic
energy in Fig. 4. When a steady mass transfer sets in, the ampli-
fication of the magnetic field speeds up as the NS begins to
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Fig. 3. Evolution of the disrupted material around the NS. Panel a: Z
component of the angular momentum with respect to the distance to the
NS for selected times. Panel b: distribution of gas mass with respect to
the distance to the NS for selected times. The distance at which the WD
is disrupted is shown by the black dashed line. Panel c: rate in My s™!
at which mass is accreted onto the gravitationally softened volume.

accrete the outermost layers of the WD. At this initial stage,
the e-folding growth time of the magnetic energy peaks at a
value of ~20s. As the orbit shrinks and the mass transfer rate
increases, the magnetic energy keeps steadily growing, with an
abrupt increase shortly after the disruption of the WD due to
the turbulent motions. At this point, the total magnetic energy
has increased to 6.7 x 10* erg, reaching maximum local val-
ues of up to 5 x 10'2 G inside the gravitationally softened region
around the NS. During the period of rapid accretion onto the NS
driven by the spiral waves (t ~ 240s), there is a second phase
of fast amplification of the magnetic fields with Eg raising up to
5x 10" erg and reaching maximum values of 2.3 x 10'3 G next
to the NS.

3.2. Jet-launching

The magnetic fields generated throughout the entire event power
two polar outflows launched in opposite directions (Fig. 5).
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respectively).

After the onset of mass transfer, regions with a magnetic-to-fluid
pressure ratio (py/ps) larger than one develop perpendicular to
the orbital plane (third column in Fig. 5), where the magnetic
pressure exceeds the dynamic pressure. In these regions, the
Maxwell stresses dominate the dynamics, driving the collimated
ejecta (note the white-to-blue shades in the upper panels of
Fig. 6). As a result, since the beginning of the simulation, a small
fraction of the accreting mass is ejected along the polar axis of
the NS following the direction of the steepest magnetic pres-
sure gradient. This outflow becomes faster and more collimated
as the energy associated with the radial component of the mag-
netic field (Ep; in Fig. 4) increases. At t ~ 140s (Figs. 5e-h)
the outflows become distinguishable as highly magnetized, high-
entropy gas ejected perpendicular to the orbital plane with veloc-
ities close to 1% of the speed of light, c. By r ~ 170 s (Figs. 5i-1),
a bipolar jet structure has developed with characteristic veloci-
ties of ~0.05¢, reaching maximum velocities of 0.08c. In spite of
the large entropy of the jets, the (relativistic) specific enthalpy,
h =1+ €/c* + pr/(pc®) (where € is the internal energy per unit
mass), is very close to unity, indicating the ejection of a cold and
highly magnetized jet. The computed values of / provide a proxy
for the asymptotic Lorentz factor of the fluid, I's, ~ 1.005-1.01
(T ~ h, according to Bernoulli’s law along streamlines). Likely,
this is a lower bound, since after the formation of a low-density
polar funnel, matter further ejected through the jet will be accel-
erated to higher terminal speeds. The strength of the jets varies
in time and evolves unevenly in the two directions. During the
late period of accretion dominated by the spiral waves, the out-
flow above the orbital plane weakens, while the outflow below
the orbital plane greatly increases in strength with typical veloc-
ities v ~ 0.08¢ and a maximum velocity of v ~ O.1c at r = 242s
(Figs. 5g—t). The outflows are initially launched at a distance
of ~4.4x10% cm from the NS, which roughly corresponds to
five times its softening length. In the ejecta, py/ps~ 10, and
locally py/pr reaching values of ~1000 close to the gravitation-
ally softened volume around the NS. The energy and luminos-
ity of the jets is shown in the upper panel of Fig. 7. There, we
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measure a non-monotonically growing jet energy along with a
growing luminosity, with imprinted variability timescales down
to ~25 s (Fig. 7 bottom panel, showing the ratio jet-energy-to-jet-
luminosity, which provides a idea of the timescale of changes in
the jet luminosity). Likely, this timescale is an upper bound of
the smallest variability timescales induced by the jet interacting
with the surrounding, stratified medium, dictated by the time it
takes Alfvén or sound waves to cross the jet transverse radius
(~1-2s; see, e.g., Aloy et al. 2002; Matsumoto et al. 2017 for
analogous jets propagating in stellar environments). Capturing
the jet—environment interaction requires a very large numerical
resolution on the jet, which we are lacking here, as outside of
our disk-like region surrounding the NS the resolution criteria
fall back to target a mass per cell of mge = 5 X 1077 M. Also, in
our case, it depends on the operative definition of matter belong-
ing to the jet. While the impact of small variations of the radial
velocity threshold adopted to define the jet on its energy is negli-
gible, the choice of the threshold may induce moderate changes
for the luminosity variability timescale. Shorter timescales may
be induced by the dynamics of the accretion/ejection of mat-
ter in the vicinity of the (here unresolved) NS, but likely at
later times (in analogy to what is found for jets induced in col-
lapsars Aloy et al. 2000; Matzner 2003; Morsony et al. 2010;
Gottlieb et al. 2020). The jets eject material at an average rate
of ~3 x 10 My s~ and have opening half-angles oscillating
between ~22° and 25° for the top jet and between 18° and 22°
for the bottom jet. As the accretion rate increases, the region of
gas with the highest p,/ps draws closer to the gravitationally
softened volume around the NS, and by # ~ 242 s the material is
launched from the outer regions of the softened volume.

As gravity inside the softening length around the NS diverges
from a realistic gravitational potential, we must be careful when
interpreting processes that have an origin close to the softened
volume. Also, nuclear reactions can massively change the energy
budget of the central region. As the jet is initially launched at a
reasonably large distance from the NS, we consider its formation
a realistic physical effect rather than an artifact of the numerical
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Fig. 6. Slices through midplane perpendicular to the orbital plane of the
binary, centered on the NS at two times during the jet evolution. The
top row shows the r¢ component of the Maxwell stress tensor in the gas
normalized by the centrifugal component of the Reynolds stress tensor.
The bottom row shows the specific enthalpy of the gas.

model. However, as the region of acceleration draws closer to
the NS, we must consider the jet-launching at later stages unre-
solved. Moreover, we used a nonrelativistic version of AREPO,
and therefore gas moving at velocities close to 0.1c is no longer
accurately treated, contributing to our decision to stop the simu-
lation during the fast accretion event that takes place at r =242s.

3.3. Gravitational waves

Figure 8 shows the GWs released during the simulation as seen
from the top of the orbital plane, which is the viewing angle that
results in the loudest signal, providing a best-case scenario for
their observation. The cross (hx) and plus () polarizations of
the GWs have been computed using the approximate quadrupole
radiation in the same way as in Moran-Fraile et al. (2023), and
the characteristic strain is defined as h.(f) = 2fh(f), where h is
the Fourier transform of the time-domain amplitude of the GW:

- 1 . ~

h(f) = R V(O + ()P, (%)
with

h(f) = f ) e F (). (6)

During the accretion of the outer parts of the WD, the amplitude
of the waves oscillates in the time domain (Fig. 8a) mainly due
to the eccentricity of the binary orbit at this stage, but it does not
significantly rise or fall prior to the merger, while the frequency
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Fig. 7. Time evolution of energy and luminosity of the jets. Top: energy
in the jets is shown by the plain blue line and the jets luminosity is
shown in a blue dashed line. Bottom: energy divided by luminosity over
time.

remains approximately constant. The emission reduces abruptly
shortly after the tidal disruption of the WD. Only higher fre-
quency components due to the lack of perfect axial symmetry of
the accretion disk remain in the signal (Fig. 8a).

The characteristic strain (Fig. 8b) shows a strong peak at
f = 0.1Hz, which roughly corresponds to twice the orbital
frequency of the binary at t = 0s (fo, = 4.8x 1072 Hz). As
expected from binary star dynamics, the frequency of the GWs
released corresponds to twice the orbital frequency of the sys-
tem. This can be used to explain some of the main features seen
in the characteristic strain. Because we only simulate the merger
from an initial orbital frequency of ~0.05 Hz, we miss the GWs
released during the previous stages of the evolution of the binary,
which would emit GWs mainly at frequencies below the peak.
NS-WD binaries are expected to release GWs below this fre-
quency during their inspiral stage (van Zeist et al. 2023).

In our simulation, the orbital frequency of the binary does not
change substantially before the tidal disruption of the WD, and
the amplitude of the GWs decreases sharply after the disruption,
explaining the narrow peak that we observe in the characteris-
tic strain (Fig. 8b). The higher frequency components of the GW
signal produced primarily after the disruption have a much lower
amplitude than the GWs released prior to the merger. Between
f =0.2Hz and f = 0.5 Hz, they show a mainly constant charac-
teristic strain ~50 times smaller than at the peak. For higher fre-
quencies, the strain drops down another order of magnitude, and
at frequencies higher than 5 Hz we become limited by the sam-
pling rate of our simulation. Frequencies on the order of some
hertz and higher may arise from material close to and inside
the softened volume, and they should therefore be considered
unresolved.

The characteristic frequencies of the signal released during
and after the merger make this event an ideal target for deci-hertz
observatories such as BBO and DECIGO, which, for a source at
a distance of 1Mpc, would produce a signal-to-noise ratio (S/N)
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Fig. 8. Gravitational waves produced in simulation. Top: strain of GW
signal h times the distance D to the source, observed from the z-
direction (polar axis), over time. Bottom: characteristic strain of GW
signal assuming a distance of 1Mpc to the source along the polar axis.
The sensitivities of LISA (Robson et al. 2019); DECIGO and BBO
(Yagi & Seto 2011); LIGO, VIRGO, and KAGRA (Abbott et al. 2020);
and LGWA (Dupletsa et al. 2023) are shown as dashed orange, green,
red, purple, brown, and yellow lines, respectively. The gray shaded area
denotes the frequencies below two times our initial orbital frequency
where signal coming from the inspiral phase of the binary is expected
to be present.

of approximately 115 and 50, respectively. The S/N is defined as

* [h(f)P
4
jo‘ Sa(f) ok

where S, is the noise power spectrum density of the correspond-
ing detector given by Yagi & Seto (2011). For the moon-based
LGWA, the signal is not loud enough at 1 Mpc, and the merger
would have to take place significantly closer to be detected.

S/N =

4. Discussion and summary

We performed the first 3D-MHD simulations of the merger
between a 1 My, COWD and a 1.4 M NS. We find that the dis-
ruption of the WD takes place a few dynamical timescales after
reaching the separation of RLOF. The mass transfer from the

WD to the NS and the ensuing disruption of the WD amplify
any pre-existing magnetic fields by several orders of magnitude,
producing magnetic fields up to 10'3 G.

The strong magnetic fields generated during the event launch
two mildly relativistic jets perpendicular to the orbital plane with
velocities on the order of 0.05-0.1¢c. These values should be
taken as order-of-magnitude estimates because several aspects
of the final outcome of these mergers are expected to depend on
the physics that are not resolved in our simulations.

As we model the NS as a point mass particle with a soft-
ened potential, not only gravity inside the softened volume devi-
ates from a realistic gravitational potential, but we also do not
provide any physical model for accretion onto the NS, which
would potentially be limited by the Eddington accretion lumi-
nosity, dramatically changing the conditions in the neighborhood
of the NS. As the conditions around the NS allow for nuclear
burning, we have run a simulation in which we couple the MHD
solver to a 13 isotope nuclear network following the same meth-
ods as in Gronow et al. (2021) and Pakmor et al. (2021). In this
simulation, the production of °Ni is observed both outside and
inside the softening length. While the first effect is resolved and
physical, the burning inside the softening length is unresolved
but may still be physical. While we must exercise caution when
interpreting these results, which will be studied in more detail in
follow up publications, they do provide support for the idea that
mergers between NS and WD result in iron rich transients such
as AT2018kzr (Gillanders et al. 2020).

As reported in Sect. 5 the jet is initially launched sufficiently
far from the NS, so we consider its origin physical, but as accre-
tion into the softened potential increases, the jet becomes faster
and its acceleration region draws closer to the NS. A shorter soft-
ening length will lead to larger flow accelerations close to the
NS, potentially generating stronger magnetic fields, which may
alter the properties of the jet. Moreover, because the velocities of
the ejected material reach up to 0.1c, our Newtonian treatment
becomes less accurate and a relativistic solver is needed at some
point (e.g., Lioutas et al. 2022).

The merger of our two compact stellar remnants releases
GWs in the deci-Hertz frequency range. We observe that GWs
at the moment of WD disruption are released mainly at a fre-
quency of 0.1 Hz, and the post merger releases higher frequency
GWs, making these mergers an ideal target for proposed deci-
Hertz observatories such as DECIGO, BBO, and LGWA. We
only report GWs up to frequencies of ~5 Hz as higher frequency
components will mainly originate from the regions of the sim-
ulation with characteristic frequencies smaller than that which
correspond to the softened volume. To obtain accurate GW sig-
nals of higher frequencies, accretion on to the NS must be mod-
eled. With a hydrodynamically resolved NS, one could excite
oscillation modes that would result in GWs with frequencies up
to kilohertzs, which would be in the range of the LVK network
(Schutz 2008).

The long-term evolution of the merger remnant is difficult to
predict. At the point we ended the simulation, there was 0.94 M,
of gravitationally bound gas. If this material were to be accreted
onto the NS, it could lead to an accretion-induced collapse into
a BH as we approach the maximum mass for an NS depend-
ing on the EoS. The jets have steadily ejected material at a
rate of 3x 107 My s~'. We cannot predict the long-term evo-
lution of this rate, as the launching region enters the unresolved
volume at the end of the simulation. Additionally, the amount
of mass ejected by the jet is likely dependant on unresolved
or non-modeled physics. In particular, accurately modeling the
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accretion onto the NS can dramatically change the outcome.
The accretion would release a great amount of the gravitational
energy budget that is contained on the disk that and could con-
tribute to the heating or ejection of the material as well as the
release of neutrinos.

Nuclear reactions also inject energy into the gas, reducing
the amount of gravitationally bound material. Depending on the
amount of mass that these non-modeled effects can unbind, the
NS may survive or collapse into a BH.

Despite the limitations of our current simulations, we show
that a bipolar jet is self-consistently launched. The duration of
the jetted ejection is difficult to estimate from the period of time
computed so far. A rough extrapolation of the mass accretion
rate onto the unresolved central compact object implies that the
bound mass around the unresolved NS may be swallowed on
scales of few thousand seconds. We find that the variability of
the jet-luminosity happens down to timescales of ~25s. This
is probably an upper bound induced by the moderate numer-
ical resolution of the jets combined with the effective criteria
employed to define the matter in the jet. The power at (signif-
icantly) smaller variability timescales would be induced by the
changes close to the neutron star, which we cannot resolve.

The jet may be sustained for a sizeable fraction of the
accretion time. The transient produced by this merger may
share a number of qualitative similarities with other jetted ejec-
tions resulting from, for example, the tidal disruption of main-
sequence stars by black holes (e.g., Mimica et al. 2015), with
some key differences. Firstly, due to the compactness of the
WD (compared to a 1 M, star), the disruption takes place very
close to the NS and, as a result, a large fraction of the dis-
rupted material is still gravitationally bound. In analogy to jetted
tidal disruption events (TDEs), the accretion of most of the WD
mass onto the central object on scales of thousands of seconds
will likely produce a very luminous transient. Secondly, the jets
launched during this event may asymptotically reach velocities
of the order of the escape velocity at the jet basis.

Assuming the NS does not collapse into a BH despite the
accretion, we expect asymptotic jet velocities close to those
observed in objects such as galactic microquasars (20.9¢, e.g.,
Mirabel & Rodriguez 1998), with typical Lorentz factors of
two to ten. As a result, the spectrum of this event could be
characterized by an initial soft X-ray or UV flash that will
evolve into progressively lower frequencies. This would make
this event resemble some fast blue optical transients (FBOTs;
see, e.g., Drout et al. 2014; Ho et al. 2023; Prentice et al. 2018;
Coppejans et al. 2020). These transients have also been observed
in the outskirts of galaxies, suggesting an origin related to old
stellar populations, for which a NS-WD merger would be a good
match. Depending on the properties of the interstellar medium
surrounding the NS-WD merger, a bright, weeks-to-months-long
radio signal may be observed (see Mimica et al. 2015). The
luminosity of this transient could be larger than that of typical
kilonovae (~10*' erg s™!; Metzger 2017), not only because of the
larger mass and velocity of the ejecta, but also because the sim-
ulated event does not appear to harbor optimal conditions for the
production of r-process yields. The presence of lanthanides in
kilonovae obscures these events due to their large contribution
to the opacity. If, however, the NS eventually does collapse into
a BH, significantly higher (ultrarelativistic) jet speeds could be
produced, resulting in some long or possibly ultra-long GRB-
like transient (Thone et al. 2011; Levan et al. 2014).

We obtain an average neutrino flux of 2 x 10* ergs™!, which
would put this transient one order of magnitude below the fluxes
predicted for supernovae. However, we caution that in our sim-
ulations the neutrino luminosity is dominated by the unresolved
conditions next to the NS.
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The magnetically driven jet observed in our simulations
is promising when it comes to explaining some recently dis-
covered astrophysical transients. Therefore, a better numerical
resolution of the material in the jet is desirable, and this can
easily be achieved by changing the refinement criteria applied
in our AREPO simulations. Future modeling work on mergers
between WDs and NSs includes the addition of nuclear reactions
to our simulations (for models including nuclear reactions, see
Bobrick et al. 2022), paying special attention to the treatment of
nuclear burning inside the unresolved regions, and a more accu-
rate modeling of the physics around the NS, ideally including
accretion onto the compact object.
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Appendix A: MRI the grid cells in Fig. A.1. We find that in the regions closest
to the NS, where most of the magnetic field amplification takes

In order to analyze how well we resolved the MRI amplifica- place (see Fig. 4), the fastest growing mode of the MRI is well

tion in our simulation, we computed the fastest growing mode resolved.

following Rembiasz et al. (2016) and compare it to the size of

Arrr/Ax
109 10t 102

0.015 R

Fig. A.1. Number of cells per wavelength Ayg; of the fastest growing MRI mode. Top: Slices through the orbital plane, centered on the NS. Bottom:
Slices perpendicular to the orbital plane, centered on the NS.
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2.3. Publication III: Faint Ca-rich transient
from the double-detonation of a 0.6 M
COWD

This paper presents a 3D MHD simulation of a merger between a 0.4 My HeWD
and a 0.6 My COWD using the AREPO code. This setup originated as a follow-up
study of the CE merger simulated in Sec. 2.1. That simulation consists of the
merger of a 0.6 My, COWD with a 0.4 My degenerate red giant (RG) core, but it
does not include nuclear reactions, as it was not expected that nuclear burning
would have a meaningful effect on the dynamics of the merger as a result of the low
mass of the COWD. WD mergers are one of the leading candidates for explaining
Type la SNe, but previous studies have shown that only COWDs with masses
close to 1 Mg, are capable of synthesizing enough *°Ni to power SNela lightcurves,
and no explosion has been found for masses below ~0.8 Mg. Despite this, in
the simulation shown in Sec. 2.1 very high temperatures and densities were locally
found shortly after the CE merger, warranting a more detailed inspection. This led
to two new simulations where the MHD solver was coupled to a nuclear network.
In first place, a re-computation of the simulation shown in Sec. 2.1, this time
accounting for nuclear reactions, and secondly a new setup with a colder HeWD
replacing the hot RG, core which is the main system studied in the following
publication.
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ABSTRACT

We have computed a three-dimensional hydrodynamic simulation of the merger between a massive (0.4 M) helium white dwarf (He
WD) and a low-mass (0.6 M) carbon-oxygen white dwarf (CO WD). Despite the low mass of the primary, the merger triggers a
thermonuclear explosion as a result of a double detonation, producing a faint transient and leaving no remnant behind. This type of
event could also take place during common-envelope mergers whenever the companion is a CO WD and the core of the giant star
has a sufficiently large He mass. The spectra show strong Ca lines throughout the first few weeks after the explosion. The explosion
only yields < 0.01 M, of *°Ni, resulting in a low-luminosity SN Ia-like lightcurve that resembles the Ca-rich transients within this
broad class of objects, with a peak magnitude of My, ~ —15.7mag and a rather slow decline rate of Amtl",j’1 ~ 1.5mag. Both,
its lightcurve-shape and spectral appearance, resemble the appearance of Ca-rich transients, suggesting such mergers as a possible

progenitor scenario for this class of events.

Key words. white dwarfs, stellar merger, supernovae, hydrodynamics, radiative transfer, nucleosynthesis

1. Introduction

Binary white dwarf (WD) systems are the most common type
of double compact objects in our galaxy (Nelemans et al. 2001).
Consequently, their mergers are a common occurrence. These
mergers can take place because gravitational wave emission
(GW), common-envelope events, three-body interaction, and
other processes can shrink the orbit of the binaries down to the
point of Roche-lobe overflow (RLOF), giving rise to a variety of
astronomical transients depending on the mass and composition
of the involved WDs. These mergers have been primarily stud-
ied with the goal of finding the progenitors of Type Ia supernovae
(SNe Ia, Liu et al. 2023), which are thought to be produced by
thermonuclear explosions in carbon-oxygen (CO) WDs. To en-
hance the chance for the ignition of a thermonuclear explosion
and to ensure the production of the ~0.5 My of *°Ni required
to power the lightcurve of a normal SN Ia, most of the previ-
ous research has focused on mergers involving CO WDs with
masses above 0.9 M, (Sim et al. 2010; Shen et al. 2021). The ex-
act mechanism that initiates the explosion is debated, but most of
the proposed scenarios involve a so-called “double-detonation”.
In this scenario, a helium (He) shell surrounding the CO WD is
ignited initially. The detonation of the He shell converges near
the core of the CO WD. In the convergence point, the density
and temperature are greatly increased and a detonation wave is
launched that propagates outwards incinerating the CO WD ma-
terial. But higher-mass CO WDs are less abundant in nature than
their lower-mass counterparts both among single stars (Kepler
et al. 2007) as well as in binaries (Nelemans et al. 2001; Toonen
et al. 2012). If low-mass CO WDs were to produce some type

of detectable transient, they could potentially be much more fre-
quent than SNe Ia due to their ubiquity. At masses ~ 0.6 M, the
central density of CO WDs is one order of magnitude below that
of their 0.9 My counterparts, making the conditions for carbon
ignition (Seitenzahl et al. 2009) difficult to attain, even under the
double-detonation scenario. For these low-mass CO WDs to ex-
plode, a new mechanism for their detonation must be found or
they must be enveloped in a very massive He shell that generates
a more potent compression than in the classic double-detonation
scenario, compressing the CO WD core enough to reach the con-
ditions of carbon ignition.

Only material burned at densities over p > 10’gcm™ is able
to produce SONj (see, e.g., Sim et al. 2010), and therefore any
potential explosion of a low-mass CO WD would result in a very
low °Ni yield. As a direct consequence of the low *°Ni yield,
these explosions would produce transients much fainter than SN
Ia.

Here we present a three-dimensional magnetohydrodynamic
(3D MHD) simulation of the merger between a 0.4 M, He WD
and a 0.6 M, CO WD exploding in a double detonation scenario
with no bound remnant. The outcome is a faint transient that
shares features with Ca-rich transients (Perets et al. 2010; Wald-
man et al. 2011; Kasliwal et al. 2012; Taubenberger 2017; Shen
et al. 2019). Throughout this paper we use the term “Ca-rich”
but we note that it is debated whether a substantial amount of
calcium is required to excite the Ca line in the late spectra(Shen
et al. 2019; Jacobson-Galan et al. 2020).

The thermonuclear explosion takes place minutes after the
disruption of the He WD as the disrupted material is accreted by
the CO WD.
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2. Methods
2.1. Hydrodynamic explosion simulation

The hydrodynamic simulation is carried out with the ARepPo code
(Springel 2010; Pakmor et al. 2011, 2016; Weinberger et al.
2020), which is a 3D MHD code that uses a second-order finite
volume approach on an unstructured moving Voronoi mesh. In
our simulation, we employ similar methods as in Pakmor et al.
(2021). We use explicit refinement and de-refinement for cells
that are more than a factor of two away from the target mass
of the cells (Myrger = 5 X 1077 My), which results in ~ 2 x 10°
AREPO cells. Self-gravity is treated as Newtonian and computed
using a oct-tree based algorithm. We use the Helmholtz equa-
tion of state (Timmes & Swesty 2000) including Coulomb cor-
rections. We also include a 55 isotope nuclear reaction network
coupled to hydrodynamics (Pakmor et al. 2012a, 2021; Gronow
et al. 2021) that includes the following isotopes: n, p, “He, !'B,
12-13¢ 13-15N 15-170) 18R 19-22Ng 22-23N,, 23~ 26Mg 25~ 27A1
28— %osl 29-31p 31-33g 33- 35Cl 36— 39Ar 9K 4°Ca 3G, My, 47V
BCr, San, 5256 e, 55Co, and °°8-%Ni. We use the JINA reac-
tion rates (Cyburt et al. 2010). Nuclear reactions are computed
for all cells with T > 2 x 107 K, but we limit burning at shock
front as described by Pakmor et al. (2021).

2.2. Setup

Our initial binary system consists of a 0.6 M, WD with an equal-
by-mass mixture of carbon and oxygen and an initial radius of
0.0121 R,!, and a 0.4 M, WD composed entirely of He with a ra-
dius of 0.0156 R. Our simulation is set up similar to that of Pak-
mor et al. (2021). The stellar models are constructed in hydro-
static equilibrium assuming a uniform temperature of T = 10° K
We map the density profiles to a 3D mesh in AREPO and assign
the cells the appropriate internal energy for the given temper-
ature using the Helmholtz equation of state. The stars are first
relaxed separately to ensure hydrostatic equilibrium and remove
noise introduced by the mapping process. The relaxation pro-
cedure is the same for both stars: they are placed in a cubic
box of 2 x 10'% cm sides, with a uniform background grid den-
sity of p = 10 gecm™ and a thermal energy of 10'*erg /g
(T ~5x10° K). The duration of the relaxation is chosen to be
ten times the dynamical timescale of each star, i.e. 20 s for the
0.6 M, CO WD and 37s for the 0.4 M, He WD. During the
first half of the relaxation, we damp the spurious velocities in-
troduced by discretization errors. During the second half of the
relaxation, the stars are left to evolve freely without the damping
force, and we check that the density profiles remain unchanged.

After the relaxation, we place both stars in a box with a
size of 7.1 x 10" cm and uniform background density of p =
107> gem™3. To avoid large tidal forces when putting the WDs
together in the box, we chose the initial distance between the
WDs to be 9.4 x 10° cm, which is equal to three times the separa-
tion at the point of RLOF. We then artificially shrink the orbit on
a timescale larger than the dynamical timescales of the WDs so
that potential tidal effects can still take place. This orbital shrink-
ing follows the scheme described in Pakmor et al. (2021), and it
is stopped at the point of RLOF, when a steady mass transfer sets
in. This happens at an orbital separation of 3.14 x 10° cm, with a
total angular momentum of L = 3.2x 10°° gcm?s~!. From this
point on, we let the system evolve freely. We run the simulation
with the nuclear network disabled during the artificial inspiral in
order to reduce the computational cost, as no significant fraction

! Defined as the radius in which 99.9% of the stellar mass is contained
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of mass is expected to undergo any nuclear reaction during this
stage. We enable the nuclear network once the artificial orbital
shrinking is terminated.

2.3. Prediction of observables

For a precise computation of the optical spectrum emitted by
the event, we postprocess the simplified nucleosynthesis of our
AREPO run by following the thermodynamic trajectories of 10°
tracer particles during the explosion and using them as an in-
put for a 384 isotope nuclear reaction network (Seitenzahl et al.
2010; Pakmor et al. 2012b; Seitenzahl & Townsley 2017) to ob-
tain more accurate nucleosynthetic yields in the ejecta and as-
suming solar metallicity (Asplund et al. 2009). The explosion is
simulated in ArEPO until the ejecta reach homologous expansion.
At this point, the ejecta structure as determined in the nucleosyn-
thetic postprocessing step is mapped to the three-dimensional
Monte Carlo radiative transfer code ARTIS (Sim 2007; Kromer
& Sim 2009; Bulla et al. 2015; Shingles et al. 2022) following
the methods described by Gronow et al. (2020) to derive syn-
thetic observables. The postprocessed yields of the ejecta struc-
ture are mapped to a 503 Cartesian grid on which the Monte
Carlo radiation transfer is computed. We track 10® energy pack-
ets as they propagate through the ejecta for 100 logarithmically
spaced timesteps between 2 and 60 days after the explosion.

3. Results
3.1. Merger and double detonation

The evolution of the system is visualized in Fig. 1 and in the
complementary movies”. Both stars are initialized with a dipolar
magnetic field with a value of 10 G at the equator; nevertheless,
magnetic fields play a minor role in this simulation. When reach-
ing the point of RLOF, He is transferred from the larger, less
massive He WD onto the surface of the CO WD. Being com-
posed of fully degenerate matter, the He WD expands as it loses
mass, increasing the mass-transfer rate. This shrinks the orbit
in a runaway process that ends when the He WD is tidally dis-
rupted by the CO WD after 550 s. The disrupted stellar material
initially forms a spiral arm, efficiently transferring angular mo-
mentum outwards (Fig. 1d-g). This allows a large fraction of the
disrupted gas to spiral inwards, closer to the CO WD, where it
begins to form a non-homogeneous He “shell” that completely
engulfs the CO WD. This process is complex and we refer the
reader to the complementary movies for a better visualization.
Due to a tidal interaction, part of the infalling material inter-
sects itself and gets “trapped”, forming an overdense and cold
fluid parcel. While the rest of the accreting material circularizes
and heats up due to shear and turbulent motions, this overdense
structure remains colder with respect to the surrounding gas that
forms the He “shell”. As the fluid parcel draws closer to the sur-
face of the CO WD, it gets compressed and increases its density
up to3x10° gem™

When this overdense material reaches the surface of the CO
WD, it shears against it (the overdense material is best identified
in Fig. 2a as the colder region), heating up and compressing the
contact region. The shear dredges up a small fraction of C and
O from the primary that is mixed with He in the “shell”. In this
shearing layer, the density reaches values of up to 3 x 10° gcm™
and temperatures of 7 x 108 K.

2 available on Zenodo (https://doi.org/10.5281/zenodo.

8268166, showing the temperature, magnetic fields, temperature and
kinetic pressure)
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Table 1. Final abundances and energy released by the He and CO deto-
nations, and in the entire event.

He CO Total
detonation  detonation
Energy released 3.0 3.8 6.8
[10%° erg]
Yield
(1073 Mo)
“He 320 0.0 320
12c 4.6 61.6 66.2
160 1.1 208 209
20Ne 0.4 18.0 18.4
Mg 0.7 27.2 27.9
28si 6.7 168 175
328 16.7 71.8 88.5
36Ar 9.3 94 18.6
40Ca 18.8 5.6 24.4
“Ti 6.3 0.0 6.3
BCr 6.0 0.0 6.0
SONj 33 4.7 8.0

A He detonation takes place 381.5s after the disruption of
the He WD. The detonation is shown in Fig.2. The explosion
originates from the region between the cold and overdense He
structure and the CO WD (Fig.2b & Fig.2f. The shock propa-
gates through the CO WD heating and compressing the mate-
rial while the detonation wave propagates around the CO WD
(Fig. 2c and Fig. 2g) releasing 3 x 10°° erg of nuclear energy
(Table 1). The shocked CO does not reach temperatures or den-
sities high enough to trigger burning inside the CO WD as the
shock passes through it. The shock wave converges at a dis-
tance of 2.7 x 108 cm from the center of the CO WD (Fig. 2d &
Fig.2h) 2.7s after the first detonation, compressing the material
to densities of p = 1.2x 10" gecm?® and temperatures up to T =
4.5x 10° K, igniting a carbon detonation that propagates out-
ward incinerating the CO material and releasing 6.8 x 10 erg
(Table 1). The CO WD is completely disrupted, with the ejecta
having a partial axial symmetry due to the interaction with the
disrupted stellar material located mainly on the orbital plane.

3.2. Ejecta and radiative transfer

The final yields and explosion energies of the merger are listed
in Table 1. Out of the total ejecta mass of about 1 Mg, a substan-
tial amount (about 33%) is composed of He that remain unburnt.
O contributes around 20% to the total ejecta mass, whereas the
iron group elements (IGEs) only constitute less than 5%. The re-
mainder consists of intermediate mass elements (IMEs), with Ca
making up around 2.5% of the final composition. The ~ 0.08 M,
of He that is ignited burns mainly into *°Ca and 32S, and this
burning is the origin of all the **Ti and *8Cr produced in the
simulation. A small fraction of the burnt He produces '>C and
around 40% of the total *°Ni yield of the event. After the CO
detonation a ~30% of the initial '2C remains unburned, while
the rest of was burnt to '°0, the majority of the produced IMEs,
and 60% of the total *°Ni yield (Table 1).

What stands out in the ejecta composition as listed in Ta-
ble 1 is the rather low *Ni abundance compared with a sub-
stantial amount of “’Ca. This composition, combined with the
low luminosity implied by the low *®Ni yield, suggests that our

model may resemble a Ca-rich transient (see e.g. Taubenberger
(2017)). Furthermore, the °Ni yield also suggests that this is a
sub-luminous event compared with a normal SNe Ia.

This is confirmed in our radiative transfer simulations, which
predict low-luminosity lightcurves powered by the radioactive
decay of °Ni (Fig. 3) that resemble the Ca-rich transients within
the broader class of SN Ia-like objects. The angle-averaged
lightcurves show a bolometric peak magnitude of My, ~ —
15.7 mag and a rather slow decline rate of Amtl"s’l ~ 1.5 mag. Fur-
thermore, we observe a substantial viewing angle dispersion in
peak magnitudes with values ranging from My, =~ —15.4mag
to My, ~ —16.0mag and decline rates ranging from Amb?! ~

15 7
1.4 mag to Amt]’g1 ~ 1.7mag. This large scatter can be attributed
to the pronounced asymmetry in the ejecta structure as a result of
the double detonation explosion mechanism. A detailed analysis
of the viewing angle dependence, however, is beyond the scope
of this study and will be discussed in future work.

We compare the resulting broad-band and bolometric light
curves to several typical Ca-rich transient candidates in Fig. 3,
where find a rather good qualitative agreement, particularly in
the V- and R-band peak magnitudes and decline rates. However,
the spectra obtained from our radiative transfer simulation only
somewhat resemble the observed spectra of Ca-rich transients, as
is illustrated in Fig. 4. While we reasonably reproduce the cal-
cium feature, we consistently lack the feature visible at around
5900 A, marked in red in Fig. 4, interpreted as either a He-I or
Na-I line.

4. Discussion and conclusions

The cells in the region of He ignition have temperatures of
T ~7x 108K and densities of p~3x 10° gcm™ with a typical
size of ~90km. We also find a small fraction of C (about 15%)
mixed into the composition of the detonating material, which is
known to facilitate the He ignition. These conditions are consis-
tent with simulations of resolved He detonations (Shen & Moore
2014) where the ignition points have length scales of hundreds
of kilometers. We see the ignition of He in several cells and con-
sider it marginally resolved in our simulation. This is not the
case for the triggering of the CO detonation, which takes place
on centimeter scales (Seitenzahl et al. 2009), i.e. far below the
typical resolution of ~ 15km in the CO detonation ignition re-
gion in our simulation. Still, at the point of shock convergence,
we measure densities of p = 1.2 x 107 gcm? and temperatures of
upto T =4.5x% 10° K, which are consistent with those found in
simulations of resolved CO detonations (Seitenzahl et al. 2009).
Therefore we argue that the detonations we observe in our simu-
lation are physically plausible. One caveat is the simplistic initial
composition used for the explosion simulation. More realistic
WD models should include 2*Ne in the CO material and '*N in
the He to represent the metallicity of the original star. It has been
shown by that these pollutants facilitate the He ignition Shen
& Moore (2014) and they alter the composition of the burning
products.

The mass distribution of CO WDs is skewed towards lower
masses, and, due to their low central densities, low-mass WDs
were previously believed to be very unlikely to produce a ther-
monuclear explosion. We find that the double detonation mech-
anism resulting from mergers with massive He WDs can lead to
an explosion of such low-mass CO WDs. The He WD compan-
ions in the merger result from the cores of RG stars whose enve-
lope is removed in binary interaction. Stars born with masses up
to ~2.3 My (Kippenhahn et al. 2012) form cores consisting of

Article number, page 3 of 7



A&A proofs: manuscript no. apssamp

p (g/cm®)

104 105 10°

Fig. 1. Hydrodynamic evolution of the WD-WD merger. The panels show slices of the orbital plane color coded with the density from the
beginning of the interaction until the moment that the double detonation takes place.

up to 0.48 M, of degenerate He. However, we expect the mech-
anism to work only in a very restricted parameter range. The
formation and survival of a cold, overdense, structure (part of it
originating from the core of the He WD) during the circulariza-
tion of the accreting material seems to be key in the He ignition
mechanism. The survival of this overdense region is expected to
depend sensitively on the masses of the components: Increasing
the CO WD mass leads to higher central densities which favors
the CO ignition, but the increased tidal forces imply that the dis-
ruption of the He WD will take place further away from the CO
WD and that the disrupted material will be more thoroughly ho-
mogenized by the time it is accreted and therefore He ignition
may be avoided in the first place. Decreasing the mass of CO
will lower the densities even further and, although the survival
chances of the overdense He region could increase, the condi-
tions for the CO detonation will be more difficult to meet. Even
if the core is able to detonate, less material will be burned and
less °Ni will be produced making the event even fainter. Fur-
thermore, as a lower-mass CO WD is less compact, the accreted
He at its surface is more unlikely to trigger a detonation.

In our setup, the He WD had a mass of 0.4 M. In princi-
ple, a more massive He shell will increase chances of trigger-
ing both the He and the CO detonations, but as a core of a RG
star, its mass cannot exceed 0.48 M, (Kippenhahn et al. 2012).
In contrast, if the mass of the He WD is reduced, its compact-
ness and central density are reduced and therefore tidal disrup-
tion will take place at larger distances and the material will have
lower densities, diminishing its chances of forming the over-
dense structure required for He ignition.

The conditions for He ignition seem rather restrictive in the
mass ranges of both WDs. Therefore, we do not expect all sim-
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ilar systems to undergo thermonuclear explosions, and our sce-
nario leaves room for the formation of R CrB stars from WD
mergers.

If the conditions for triggering a detonation are met, the large
amount of He mass accumulated on top of the CO WD helps to
quickly spread the He detonation around the CO WD. There-
fore the convergence of the shockwave is more symmetric than
in other scenarios (Fink et al. 2010) and therefore the conver-
gence happens more closely to the center of the CO WD. This is
important because the density and temperature of this low-mass
object are low, and a more central convergence helps to ignite
the second detonation.

The progenitor of our considered system has to evolve
through a CE phase. Whether this CE interaction leads to a suc-
cessful ejection of the RG envelope is a topic of ongoing re-
search. Successful envelope ejection was observed in CE simu-
lations of systems such as that considered here only under the as-
sumption of local thermalization of recombination energy, which
is challenged by the possibility of energy transport due to radi-
ation or convection (see Ropke & De Marco 2023, and refer-
ences therein). If the envelope is successfully ejected, the result-
ing binary system will consist of a He WD and a CO WD in
a tight orbit. The merger and subsequent explosion would then
take place after sufficient orbital shrinkage due to the release
of gravitational waves. This gives rise to the scenario we have
discussed. However, if the envelope is not successfully ejected,
the CE event results in the merger between the core of the RG
and the companion WD, sometimes called a “failed CE event”
or a “CE merger”, see, e.g. Ropke & De Marco (2023). To test
whether our proposed explosion mechanism still triggers an ex-
plosion when the secondary star is not a He WD but a RG core,
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Fig. 2. Columns show snapshots immediately before the first detonation (t=0s), first snapshot after the He ignition (t=0.1s) and the propagation
of the shock produced by this detonation through the CO WD (t=1.51 s) converging at 2.7 X 10® cm from the center of the CO WD (t=2.7 s). Top:
Temperature in K. Bottom: Kinetic pressure in erg/cm?.
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guide for the eye. All data has been taken from WISeREP (Yaron & Gal-Yam 2012). Left: Spectra around peak magnitude. Right: Spectra around

20 days after peak magnitude.

we have carried out a second simulation with the same param-
eters but a He WD with the initially uniform temperature in-
creased to 2 x 107 K. This structure is somewhat less compact
than the cold He WD in our original simulation. With this altered
setup, we still observe the same explosion mechanism, releas-
ing roughly the same nuclear energy and producing equivalent
nucleosynthetic yields. This scenario is reminiscent of the core-
degenerate scenario (Kashi & Soker 2011; Ilkov & Soker 2012)
for SNe Ia, where the merger between the core of an asymptotic
giant branch (AGB) star and a CO WD after a failed CE ejec-
tion results in a super-Chandrasekhar mass WD that explodes
as a SNe Ia inside the CE. Our setup differs from the original
core-degenerate scenario because our explosion results from a
double-detonation of a sub-Chandrasekhar mass CO WD due to
the merger with a core of a RG star. With the chosen typical mass
of a CO WD, this results in an event much fainter than a SN Ia.

This simulation shows that it is possible to produce ther-
monuclear transients in a realistic scenario that synthesise even
less °Ni and substantially more “°Ca than what is usually ob-
tained in simulations of the double-detonation scenario aiming
at modeling SNe Ia (Boos et al. 2021). We reach good agreement
with several lightcurves of observed Ca-rich transients, both in
shape and peak magnitude. The spectra produced by our model,
however, do not reproduce the feature at around 5900 A which
is a major discrepancy with the observed spectra.

Zenati et al. (2023) reproduce this feature rather well, while
it is entirely missing from our spectra. The authors argue that
their simulation does not have enough remaining He to pro-
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duce strong He features, suggesting that this feature results from
sodium. We find, however, that even increasing the sodium con-
tent by a factor of 100 the spectral appearance remains virtually
unchanged. This suggests that the feature is a He-I line, which
ARTIS cannot model in the utilized setup, and the majority of
the sodium has been ionized to higher states. It should be pointed
out that although Zenati et al. (2023) reproduce this feature, their
simulation differs from ours. The key difference is that in their
model, the core of the HeCO WD companion is assumed to sur-
vive the event. This has significant implications on the ejecta
structure and composition, in particular regarding the distribu-
tion of He in the ejecta and the subsequent potential imprint of
He on the spectra. It remains to be seen if the feature around
5900 A is indeed a He-I line or a Na-I line instead. A strong He-I
feature, e.g., would suggest that substantial amounts of He are
required in the ejecta, making the disruption of the He-carrying
companion the more likely scenario, and vice versa. Our results
so far indicate that this is a He-I line, which is simply beyond the
capabilities of our utilized ARTIS setup.

In the nebular phase of Ca-rich transients typically show a
high ratio of Ca/O. Our model predicts a substantial amounts of
oxygen in the ejecta resulting from unburnt material and from C-
burning at low densities in the outer regions of the WD. Whether
this oxygen produces a strong feature in the nebular spectra lead-
ing to a conflict with observed nebular spectra of Ca-rich tran-
sients has to be tested in detailed radiative transfer simulations
that are beyond the scope of this paper. Ca-rich transients are
known to also occur far from the centers of their host galax-
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ies(Shen et al. 2019). Whether the progenitor system for our
mergers are also located far from the center of galaxies must
be tested with population synthesis studies. Investigating these
questions and the nature of the He-I/ Na-I region remain as open
tasks in fully assigning our model as a Ca-rich transient progen-
itor and will be the focus of future work.

In contrast, if the detonation were to take place inside a CE,
the spectra and lightcurve would significantly change due to the
interaction of the ejecta with the envelope material, showing
hydrogen features in the spectra and likely resembling an in-
teracting SN. This interaction has to be modeled in the frame-
work of radiation hydrodynamics and will be further discussed
in Kozyreva et al.3

The transients resulting from these mergers could be faint,
but very frequent depending on the sensitivity of the explosion
mechanism to the masses of the components. These explosions
could be interesting targets for the Zwicky Transient Facility
(ZTF Bellm et al. 2019; Graham et al. 2019) or the future Vera
Rubin Observatory (Ivezi¢ et al. 2019). Detecting these explo-
sions from both, bare core mergers ,and inside an envelope,
might also give information about the CE mechanism.
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3. Conclusions

In this thesis, state-of-the-art 3D MHD simulations of different types of stellar
interactions involving WDs were performed, with the aim of shedding light onto
poorly understood processes. Specifically, the focus was placed on binary systems
that had not previously been studied in this level of detail because of the numerical
challenges that they presented.

The first section of this chapter (Sec. 3.1) provides a brief overview of the
main results of the individual publications presented in Chapter 2. In the second
section (Sec. 3.2), these findings are discussed beyond the scope of the individual
publications and presenting possible future research directions.

3.1. Summary of the individual publications

This section summarizes the results and conclusions of each publication. The
reader is referred to the original papers for additional information regarding the
technical details or the methodology.

Gravitational wave emission from dynamical stellar interactions

GWs emitted by binary stellar systems trace the evolution of their orbital param-
eters, as their frequencies are intimately related to the frequency and eccentricity
of the binary. For the article presented in Sec. 2.1, the computation of GWs in
the Newtonian quadrupole approximation was implemented in the 3D MHD code
AREPO. Subsequently, three simulations of different stellar interactions taking
place on dynamical timescales were performed, in order to study the detectability
of GWs released during them with the future LISA space mission (Robson et al.,
2019) and what could be learned from such detections.

The first simulation models the merger of two early main-sequence stars with
masses of 8 M and 9 My, (same binary system shown by Schneider et al., 2019).
The orbit shrinks as the initially more massive star transfers mass to the secondary
star, increasing the frequency and amplitude of the GWs until the primary star is
disrupted. It was observed that the frequency of the GWs accurately corresponds
to two times the orbital frequency of the binary up until the point that the merger
takes place. From that point onwards, the amplitude of the released GWs sharply
decreases and shifts to higher frequencies, as the signal is now mainly produced
by internal oscillations of the merger product. This means that the maximum
frequency of the GWs before the merger (and subsequent drop-off in amplitude)
can be accurately retrieved by a precise computation of the tidal disruption of the
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individual stars, as this point will signal the highest reachable orbital frequency.
This can be used to obtain quick estimates for the highest frequency that will be
achieved by the GWs released during the inspiral stage of any type of binary sys-
tem, and check if it is within the sensitivity window of GW observatories. Using
the complete GW signal from the 3D MHD simulation (five days of inspiral, three
days of post-merger signal), the signal to noise ratio (SNR) that this merger would
produce in the detectors of the LISA mission was computed, obtaining values of
6.3x1072 at a distance of 1kpc. This implies that such an event would be impos-
sible to detect with this space mission, even at relatively short galactic distances.
This is mainly due to the mismatch between the maximum frequency of the GWs
released by the event and the frequency of peak sensitivity for LISA. Despite the
inspiral signal lasting only five days, the GW signal originated during earlier, non-
modeled stages will exhibit a lower frequency, being increasingly further from the
optimal sensitivity range of LISA.

The second scenario studied is the successful ejection of the envelope during
a CE event. During this binary interaction, a small-size, 1 M star is engulfed
by the envelope of its 2 M RG companion. The orbit of the compact star sinks
deep into the envelope of the RG, with the star and the core of the giant star
orbiting each other, until enough energy is injected into the envelope to eject it
and stop the orbital decay at separation of 3.9 R5. The duration of this dynamical
stage is on the order of 200 days. From there on, the simulation is continued for a
total of two years, during which the orbit remains majorly stable. The frequency
of the GWs released by the event covers a range between 7x1077-2.5x1072 Hz,
accurately matching twice the initial and final orbital frequencies of the system
formed by the RG core and the companion. Additionally, there is GW emission
at higher frequencies that matches other harmonics of the orbital frequency due
to the eccentricity of the orbit (Maggiore, 2007; Creighton and Anderson, 2011).
The SNR estimated for this event on the instruments of LISA at a distance of
1kpc is 4.2x107%, meaning that a CE event that results in such large final orbital
separation would also be undetectable at this distance from the observatory. The
data of this simulation was used to evaluate the validity of the approximation
used by previous semianalytical works (e.g. Ginat et al., 2020; Renzo et al., 2021)
of ignoring the effects of the massive envelope in the GW signal. It was found
that the envelope leaves almost no imprint in the GW signal, only a small effect
at the lowest frequencies. The GW signal can be almost perfectly recovered by
computing the signal released exclusively by the core and the companion, proving
that the approximation holds true and that the GW signal released by these events
indeed fully traces the orbital evolution of the system. Therefore, the GW signal
can be recreated with semianalytical models that parametrize the evolution of the
orbit, and the detectability of successful CE ejections with LISA will completely
depend on the final orbital separation after the event.

The last simulated scenario is the merger of a RG core with a WD companion
as a result of a CE event where the envelope is not successfully ejected. The merger
plays out as the tidal disruption of the RG core around the more compact WD
companion on a timescale of ~1000s. Similarly to the case of the main-sequence
star merger, the orbit shrinks as mass transfer takes place, with the frequency of
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the GW signal increasing with the orbital frequency, and, again, the amplitude of
the waves sharply decreasing the moment the disruption takes place. From this
point on, GWs of smaller amplitude are released at higher frequencies, caused
by the initial lack of symmetry of the remnant. The simulation is continued for
another 1000 s until the remnant is mostly axially symmetric and the GW signal
has quieted down except for the internal oscillations that are mostly unresolved.
The maximum frequency of the GWs before the disruption and subsequent drop in
amplitude is ~2.5 Hz, slightly below the estimated value obtained by deriving this
value from the tidal disruption radius. This difference is explained by the difficulty
in establishing a precise value for the radius of the RG core in the simulation as the
core expands when losing mass due to its degenerate nature. The SNR obtained
by LISA at lkpc for this signal is 6.6, hinting at potential detectability despite
the signal lasting only ~2000s. As the only stage of the CE phase that this
simulation models is the final disruption of the core, which takes place at GW
frequencies above the peak sensitivity of LISA, three toy models were produced
in order to model a prior CE event, with three differently parametrized orbital
decays. The models produced SNRs for LISA in the range of ~10-200, showing
that the detectability of these events will strongly depend on how the orbital
decay takes place. Therefore, detections of such events would reveal the precise
orbital evolution inside the envelope, and even non-detections could help to put
constraints on it, helping to improve the understanding of the CE stage.

Self-consistent magnetohydrodynamic simulation of jet launching in a
neutron star — white dwarf merger

Section 2.2 presents the first 3D MHD simulation of a NS-WD merger. This
simulation models the event from the onset of mass transfer until the formation
of a quasi-toroidal disk around the NS, arising from the debris from the disrupted
WD. The simulation featured in the paper was performed using the AREPO code,
and although it does not include nuclear reactions, an additional simulation was
performed where a nuclear network was coupled to the MHD solver to ensure
that the results are not substantially affected by nuclear reactions (this will be
discussed in Sec. 3.2).

The simulation shows an unstable mass transfer from the WD onto the NS,
shrinking the orbit until the WD is tidally disrupted at a distance of 1.14x10° cm
from the NS, 90 s after the onset of the mass transfer episode. When the simulation
is stopped (~150s after the tidal disruption), the debris from the WD has mostly
circularized around the NS, with most of the gas concentrating in the orbital
plane.The material forms a puffed up disk, with a thickness comparable to the
size of the original WD. Most of the material is located at a distance from the NS
similar to the tidal disruption radius of the WD, but with the disk extending up
to a radius of ~10'° cm.

Shear and compression in the accretion stream amplifies the magnetic fields in
the gas during the circularization process, and over the course of the simulation,
the total magnetic energy of the system increases by more than 7 orders of mag-
nitude due to several physical processes, including magneto-rotational instability
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(MRI, Balbus and Hawley, 1991), Kelvin-Helmholtz instabilities (Liu et al., 2018),
and dynamo processes (Brandenburg and Subramanian, 2005).

Because the NS is taken as a point mass in this simulation, accretion takes
place onto the volume around the NS with a softened gravitational potential. The
accretion rate averages ~1074 My s™! since the disruption of the WD, and peaks
at 3x1072 Mg s~! the moment that the simulation is stopped due to the numerical
issues that arise from that point on.

The accretion, combined with the exceptionally large magnetic fields (ranging
between 10'°-10'3 G inside the disk), powers the launch of bipolar jets perpendicu-
lar to the orbital plane. The jets present a strong asymmetry in power, and a high
variability during the simulated timescale, shutting on and off, and showing veloc-
ities oscillating between 0.05-0.1¢, and luminosities between 10*7-4x10%7 erg/s.
The average thermal neutrino flux measured during the event is 2x 108 ergs—1.

The binary system releases GWs in the decihertz frequency range until the
WD is disrupted. From that point, the GWs sharply decrease in amplitude and
increase in frequency, as the inhomogeneities in the disk become the main source of
GW radiation. The GW signal from the disruption seems an ideal target for future
space-based decihertz GW observatories such as DECIGO (Seto et al., 2001) or
BBO (Harry et al., 2006), being detectable at distances on the scale of Mpc.

This simulation cannot conclusively predict the final fate of the remnant, as it
depends on physics taking place at unresolved scales. If the NS does not collapse
into a BH, the event is expected to resemble some fast blue optical transients
(FBOTSs) with luminosities larger than those of typical kilonovae. In the case
of an eventual collapse into a BH, the event could result in a long or ultra-long
gamma-ray burst (GRB)-like transient.

Faint calcium-rich transient from a double-detonation of a 0.6 M carbon-
oxygen white dwarf star

This article presented in Sec. 2.2 shows a 3D MHD simulation coupled to a 55-
isotope nuclear reaction network of the merger between a 0.6 My COWD and a
0.4My HeWD, performed with the AREPO code. The onset of an unstable mass
transfer from the larger HeWD onto the COWD shrinks the orbital separation, un-
til the HeWD is tidally disrupted 550 s after the start of the mass transfer episode,
when the distance to the COWD becomes shorter than the tidal disruption radius
of the HeWD. The debris from the disrupted HeWD forms an inspiral arm, ef-
ficiently transferring angular momentum outwards, and allowing a large fraction
of the material to spiral closer to the COWD. This inspiral arm is led by an
over-dense parcel of gas. When this parcel of overdense He reaches the surface of
the COWD, it shears against it, compressing and heating-up the region until the
conditions for He ignition are reached. This ignition takes place under degenerate
conditions, and results in an explosive He burning 381.5s after the disruption of
the HeWD. The explosion generates a shock that propagates through the COWD,
heating and compressing the material, whereas the detonation wave propagates
around it, through the He-shell that has built up around the COWD. The shock-
wave converges close to the center of the COWD 2.7s after the He ignition, in-
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creasing the density of the material and heating it up, igniting a carbon detonation
that propagates outward, burning the CO material and completely disrupting the
COWD. This explosion mechanism is known as a double-detonation (Woosley
and Weaver, 1994). This simulation shows for the first time the self-consistent
formation and ignition of a He-shell arising from the disruption of a HeWD and,
additionally, provides strong indication that the double-detonation scenario works
for COWDs with masses as low as 0.6 My provided that the He-shell is massive
enough.

The results of the AREPO simulation were post-processed with a 384-isotope
nuclear reaction network to obtain accurate nucleosynthetic yields and with the
3D radiative transfer code ARTIS (Sim, 2007; Kromer and Sim, 2009; Bulla et al.,
2015; Shingles et al., 2022) to obtain a synthetic lightcurve and spectra. From the
nucleosynthesis, what stands out is the low **Ni production (less than 1072 M),
coupled to a relatively high abundance of intermediate-mass elements such as 4°Ca,
328 and 28Si. Additionally, only a small fraction of the He is burnt, with 0.32 Mg
remaining in the ejecta. The lightcurves and spectra produced by the simulation
somewhat resemble that of Ca-rich transients, with a measured angle-averaged
bolometric peak magnitude of —15.7mag. The ejecta presents a geometry close
to axial symmetry, and therefore a substantial viewing angle dispersion, with the
bolometric peak magnitudes ranging between —15.4mag and —16.0mag. The
spectrum also resembles that of Ca-rich transients, although one of the features
at 5900 A could not be matched.

The model used for the HeWD is very similar to the degenerate core of a RG
star. In fact, the model used for this paper is a colder version of the model used
in Sec. 2.1 as the RG core. This means that this explosion mechanism could take
place inside a H envelope as a result of a failed CE ejection (this will be further
discussed in Sec. 3.2), and such an event could be a target for multi-messenger
astronomy, as these events generate GW signals that could be detected by future
space-based observatories (as shown in Sec. 2.1).

This simulation shows that even low-mass COWD (which are significantly more
abundant than massive COWDs), also have the potential of originating bright
transients under the right conditions. The range of masses for the WDs which
will result in this interaction leading to a successful double detonation is still
unknown, but it is expected to be relatively narrow. This will be discussed in
detail in Sec. 3.2.
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3.2. Discussion and future work

This section comprises a brief general discussion on the implications of the results
of this thesis, followed by a more detailed analysis of each individual publica-
tion. The publications included in this thesis have contributed to the scientific
knowledge by providing a state-of-the-art representation of a subset of stellar inter-
actions, and also by highlighting some of the remaining gaps in the understanding
of their outcomes. These studies emphasize the potential that WDs have to pro-
duce energetic transients as a result of dynamical interactions with other stars.
Recent advances in numerical techniques and computational capabilities have fi-
nally made it possible to accurately explore many of these interactions, but there
are still several challenges to overcome and a large parameter space that remains
partially unexplored.

In the first place, the CE phase is a key stage in binary evolution, being one
of the few possible pathways to shrink the orbital separation of binary systems
on scales that can explain the formation of observed systems such as compact
binaries (Paczynski, 1976; Lewin et al., 1997; Schreiber and Génsicke, 2003; Geier
et al., 2011; Ritter, 2012; Kruckow et al., 2021), the compact object mergers
detected by GW observatories (Kruckow et al., 2016; Kruckow, 2018; Belczynski
et al., 2020), or the progenitors of Type Ia SNe (Belczynski et al., 2005) among
others. Despite its relevance, this stage presents numerous uncertainties, largely
due to the enormous range of scales and physics involved, making it extremely
challenging to model (Ropke and De Marco, 2023). As a result of the shortcomings
in its modeling, there is still a disparity between observations of post CE systems
and the results of simulations. Mainly that the observed values for the final
orbital separations are substantially smaller than the ones obtained by simulations
(Iaconi and de Marco, 2019), with this parameter having huge implications for the
formation of compact binaries, including the ones discussed in Sec. 2.2 and Sec. 2.3.

Another example of how multi-physics, multi-dimensional numerical modeling
is required to be able to consistently predict the outcome of dynamical interactions
is shown in Sec. 2.3. The type of merger shown in this section was not traditionally
expected to result in any significant thermonuclear event. The total mass of the
system is substantially below the Chandrasekhar limit, and the initial mass of the
COWD is much lower than that of the stars that are currently believed to be the
progenitors of Type Ia SNe. However, the complex dynamical evolution of the
merger makes it possible for the conditions to ignite carbon inside the COWD to
arise, resulting in a new type of thermonuclear transient. The convoluted interplay
of physical processes and the wide range of temporal and spatial scales involved in
these events taking place on dynamical timescales make predicting their outcome
without the use of advanced computations highly complicated. This suggests the
potential existence of other important scenarios yet to be discovered as a result of
models that do not include all the necessary physics or that resolve all the required
scales. Performing ever more accurate simulations will allow for better studies of
these events and will help to fill the gaps in the understanding of the processes
that originate observed transients, and potentially predict new ones.
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GWs from dynamical interactions

The results from Sec. 2.1 show that GWs released during the inspiral phase of
binary mergers will only reach frequencies as high as two times the shortest orbital
frequency achievable by the system before the merger takes place. For noncompact
objects, the large tidal disruption radius of the stars will make the frequency of the
GW released by these events too low, far below the optimal frequency of the LISA
mission, making them impossible to detect with this instrument. As of today,
there is no planned GW detector to cover the GW frequency between nHz and
mHz, so the hope of detecting these events with GWs has to be placed in a distant
future.

Regarding the GW signals arising from CE events, it is clear that since they
dramatically decrease the orbital separation of the system, the GWs released will
also cover a wide range of frequencies. Their minimum and maximum values being
determined by the initial and final orbital frequencies. For the simulated successful
CE ejection scenario, the measured final orbital frequency is 1.7x 107 Hz, which
results in GWs of a frequency too low for LISA to detect. It is important to keep in
mind the aforementioned mismatch between the orbital separations measured by
observations of post-CE systems and the values obtained by numerical simulations
(Iaconi and de Marco, 2019). Several proposed explanations for these differences
already exist in the literature, including the lack of modeling for the evolution
of the core in 3D simulations. Typically, the core is treated as a point mass in
these simulations, therefore, disregarding any potential expansion as the envelope
is removed. Previous studies using parametrized models of CE have shown that
these events could result in GW signals detectable by LISA if the final orbital
separations fall below ~1 R (Renzo et al., 2021). Observations suggest that many
systems may end up with orbital separations below this threshold, challenging the
results of 3D simulations. If the GW signals from such events were to be detected,
they could give insights on what physics are missing in the current modeling
framework of CE evolution and lead to a better understanding of this process,
which is key in binary evolution.

This uncertainty in the final orbital separations also blurs the limit on when
CE events lead to mergers. It was shown in Sec. 2.1 that the final merger of
the core of the giant star and a compact companion inside a CE can lead to a
detectable signal. In fact, the maximum frequency reached during the inspiral
stage is higher than the frequency corresponding to LISA’s peak sensitivity, which
means that during the CE phase the frequency of the signal will cross through
the optimal frequency range of the detector. This implies that, frequency-wise,
the GW signal released during the final stages of these events has the potential
of being detected, while, at the same time, tracing the orbital evolution of the
system. GWs could therefore provide information about the physical processes
that dominate the dynamics at very short orbital separations inside the envelope,
and provide the missing link to explain the disparity between the observations of
post-CE systems and simulations.

Amplitude-wise, the signals analyzed in this paper are relatively weak and
would only be detectable at short distances (between 1-100 kpc) strongly depend-
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ing on the exact orbital evolution, mainly on the time that the binary spends at
orbital frequencies close to the optimal sensitivity of LISA. The amplitude of the

GW signal is proportional to M f}{ép with

(m1m2)3/5

(mq + mg)t/> 7 3

Mchirp =
and therefore higher masses will lead to larger amplitudes. The two CE events
explored in this paper involved binary systems of relatively low mass, with the
masses of core and companion totaling 1.36 Mg and 1M for the successful and
failed CE ejections respectively. Events involving larger masses would release
louder GW signals, potentially leading to improved chances of detection, but this
would also result in different outcomes for the CE event. Overall, the final orbital
separation will be the key parameter that determines the detectability of these
events, and in turn it is one of the aspects of CE evolution that is less constrained.

In Sec. 2.3, it is shown that, when nuclear reactions are taken into account,
the CE merger studied in this paper results in a thermonuclear explosion. As the
explosion takes place after the disruption of the RG core, when the GW emission
has decreased significantly, the conclusions regarding the detectability of the GWs
from such events are not affected. Furthermore, such an explosion would make
this event a candidate for multi-messenger astronomy, as the explosion occurring
inside the envelope would result in a transient resembling a Type II SN (Kozyreva
et al., 2024). The detections of GWs arising before the explosion would be one of
the methods to distinguish these transients from core-collapse SNe.

NS-WD mergers

Despite AREPO enabling the computation of the first 3D MHD simulation of this
type of astrophysical event, there are still substantial limitations in the approach
followed in Sect. 2.2. In the first place, in order to make accurate predictions
regarding the jet characteristics, which would be relevant for the extraction of
observables, the modeling of the jets launched after the disruption of the WD
should be improved in several aspects:

e The grid refinement criteria used for the jets falls back to targeting a certain
mass per cell. Due to the inherently low density in the jet funnel, the width
of the jet is merely resolved by a couple of cells. This is easily addressable
by enforcing a larger resolution in this region. Preliminary tests of this fix
are already being performed and the result is shown in Fig. 3.1. This figure
shows how an increase in the resolution of the jets results in an increase in
the jet collimation, also leading to higher maximum velocities.

e The velocities found inside the jet are mildly relativistic (and it seems like
the velocities may grow larger with an increased resolution), but the simula-
tion was performed without the use of a relativistic hydrodynamical solver,
and therefore the jet is not being accurately treated. There is an existing
relativistic solver included in AREPO (Lioutas et al., 2024), but unfortu-
nately it cannot treat magnetic fields, which are what power the jets. The
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Figure 3.1: Comparison of the morphology and velocities of the jets arising as a
result of a NS-WD merger for two different mesh-refinement criteria. The plots
show slices perpendicular to the orbital plane of two simulations 150s after the
disruption of the WD. The plot on the right shows the standard AREPO refinement.
The plot on the left shows an improved refinement, targeting a cell-size 100 times
smaller in the jet than the one on the right.

next steps in this direction require either the implementation of a relativistic
MHD solver in AREPO, or porting the state of the simulation at the time
of the jet launching to another code with a relativistic MHD solver such
as ATHENA-++ (White et al., 2016; Stone et al., 2020), GRHYDRO (Mdsta
et al., 2014) or PLUTO (Mignone et al., 2007, 2012). Eulerian codes like
these cannot simulate the disruption of the WD, but by the time the jets
are launched, the system is in a more axis-symmetric configuration, and its
treatment with Eulerian codes could result more feasible.

e As the simulation evolves, the acceleration region from which the jets are
launched, moves closer to the NS. The lack of a precise modeling of the NS
itself limits the accuracy of the treatment of the acceleration region as it
draws closer to the NS.

This last point highlights the main limitation of the simulation: the treatment of
the NS as a point mass. Despite AREPO’s capability of covering an extensive range
of timescales, the ratio between the minimum resolved timescale and the maximum
simulated timescale still constrains this simulation. In the simulation shown in
Sec. 2.2, the WD is disrupted ~100s after the onset of the mass transfer episode
and, therefore, to properly characterize the event, it is required to simulate time
frames on the order of hundreds of seconds. Having a hydrodynamically resolved
NS would require! time steps on the order of 10~ "s, and therefore simulating the
entire event would require a number of time steps on the order of 10°, which
is a factor of 1000 larger than the total number of time steps in the simulation

'Number based on simulations of resolved NSs (Soultanis et al., 2022; Lioutas et al., 2024)
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shown in Sec. 2.2. This makes having a resolved NS currently unachievable in 3D
simulations that aim to model this type of event from the onset of mass transfer.

To overcome this challenge, the NS is taken as a point mass particle and its
gravitational potential is softened so that the gravitational force does not become
infinitely large as the gas gets arbitrarily close to it. Therefore, the hydrodynami-
cal conditions around the NS will depend on the exact shape of this potential, and
for this reason anything occurring inside the region with the softened potential or
its neighborhood is considered to be unresolved. The size of this region also limits
the minimum time step required by the simulation. A softening radius similar
to the radius of a NS would result in gravitational forces comparable to those at
the surface of an NS, again making the required time steps too small to possibly
simulate the entire interaction. For this simulation, a softening radius of 840 km
was used in an attempt to balance computational cost and resolution. The lack of
a resolved NS means that physical processes such as accretion onto the NS are not
modeled, making it difficult to predict the final fate of the remnant, or whether
the strong magnetic fields observed in the simulation can advect into the NS orig-
inating a magnetar. Such unresolved processes can have effects on larger scales
outside the softened region (especially as the jets carry away material from this
region), but they would also determine the densities and temperatures reached by
the gas in the surroundings of the NS, where most of the nucleosynthesis will take
place.

This is the reason why no nuclear reactions were included in the simulation
shown in Sec. 2.2. The effects of nuclear reactions were briefly studied in another
simulation where the MHD solver was coupled to a 13-isotope nuclear network.
It was found that most of the significant nuclear burning takes place inside the
unresolved region, and material from there is dredged up by the jets. The hy-
drodynamical conditions in the proximity of the NS will determine the dominant
nuclear reactions, potentially altering the energy injection and the dynamics of
the region, and if this takes place under unresolved conditions, it is difficult to
assess the validity of the results.

A potential course of action to address this issue is the study of the formation
of an accretion disk around a NS and the conditions found inside of it using
simulations spanning smaller timeframes. The hydrodynamic state at different
stages of the simulation could be used as initial conditions for simulations with
resolved NSs to study how the region evolves during short timescales. This could
potentially be used to obtain nucleosynthetic yields and compare them with the
results of global simulations. Having accurate yields would also be helpful for the
extraction of observables and help identify the transients corresponding to these
events.

Thermonuclear explosions of low-mass COWDs

The results obtained in Sec. 2.3 are, perhaps, the most unexpected of this the-
sis. Most of the studies on thermonuclear explosions of COWD have historically
focused on high mass stars, as they have commonly been portrayed as the most
likely progenitor for Type Ia SNe. The closer the mass of the star to the Chan-
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drasekhar limit, the closer the conditions in its interior to those required for the
ignition of a runaway C burning. Originally, the ignition scenario involved the
transfer of mass from another star onto a COWD close to Mgy, until the density
and temperature in its interior reached the conditions to trigger an explosion. This
scenario was subdivided into two classes, depending on whether the donor star is
another WD (double-degenerate scenario, e.g. Webbink, 1984; Yoon et al., 2007)
or a non-degenerate star (single-degenerate scenario, e.g. Whelan and Iben, 1973;
Nomoto et al., 1984).

This scenario has been challenged by the finding of alternative methods to
ignite a COWD such as the double-detonation scenario (Woosley and Weaver,
1994). If a COWD presents a He-layer on its surface, either due to being a hybrid
HeCO WD or forming the layer during mass transfer, accretion of He-rich material
from a companion can lead to an initial He detonation on the surface. This sends a
shock inside the COWD, triggering a subsequent C detonation. As the shock can
greatly increase the density and temperature inside the COWD, this mechanism
enables the explosion of COWD with masses substantially below Mcy, (e.g. Fink
et al., 2007; Gronow et al., 2020, 2021). Nevertheless, the explosions must be
able to produce a large abundance of °°Ni to power the observed lightcurves of
SNela, and this production has been shown to decrease as the mass of the COWD
decreases (Sim et al., 2010). For this reason, this scenario has not been explored
for COWD masses below ~0.9Mg. A complete and updated review on the topic
of Type Ia SNe and their progenitors can be found in Liu et al. (2023).

Lower-mass COWD have lower central densities than their higher-mass coun-
terparts, making the conditions for C ignition more difficult to reach, and produc-
ing almost no °°Ni in the case that they are reached. Additionally, as the com-
pactness of WDs increases with the mass, low-mass COWD are larger, and their
surface density is substantially lower than that of their higher-mass counterparts,
making the initial He ignition more difficult to achieve. These factors made the
outcome of the simulation presented in Sec. 2.3 rather surprising. The simulation
presents a double-detonation as a result of the merger of a 0.6 My COWD with a
0.4Mg HeWD. There are a couple of factors that make this system overcome the
mentioned challenges and result in a successful thermonuclear explosion.

First, the merger product presents an unusually large amount of He. In the
standard double-detonation scenario, the COWD is surrounded by a He-layer with
masses normally below 0.1 M. In the scenario shown in Sec. 2.3, the COWD is
enveloped in a substantially larger mass of He (Fig. 3.2), with the overdense pocket
where He is first ignited having itself a mass of ~0.05 M. This makes the initial
explosion more energetic than in the case of a standard double-detonation scenario,
launching a stronger shockwave inside the COWD. This stronger shock is able to
create the conditions for explosive C burning inside the COWD despite the central
density found in the 0.6 My star being much lower than that of massive WDs.

In second place, the ignition of the He-layer in the merger product of the
system shown in Sec. 2.3 takes place differently than what is normally seen in
standard double-detonation scenarios. In the standard scenario, the substantially
larger surface gravity of high-mass COWD, produces an increased density and
temperature in the He-shell. This means that the material in this region is close
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to the point of ignition, and as a result, a small amount of shear and compression
from an accretion stream can trigger the first detonation. In the scenario presented
in Sec. 2.3, the density at the surface of the COWD is substantially lower, and the
conditions for He ignition are met locally as a result of heating and compression
caused by the large, overdense, pocket of He that shears against the surface of the
COWD. This interaction increases the temperature and density in the interface
region between the COWD and the He pocket until the conditions for an explosive
He burning are met. The conditions for this scenario to arise are therefore difficult
to predict due to the dynamic nature of the process that results in the formation
of these pockets of overdense material. The main factor for the formation of He
pockets and their successful ignition seems to be tidal forces. Since the publication
of the article shown in Sec. 2.3, several additional simulations have been performed,
with different masses for the WDs, in an attempt to narrow down the mass range
in which this interaction can take place. Lowering the mass of the HeWD results
in a more extended star, and its tidal disruption taking place further away from
the COWD. This results in a thinner accretion stream that, for low enough masses
of the HeWD, does not form He pockets massive enough to trigger the He ignition.
Larger masses for the HeWD were not tested, as those stars would be increasingly
difficult to form according to standard stellar evolution. On the other hand,
increasing the mass of the COWD has the effect of amplifying the tidal forces,
and therefore it also increases the distance at which the HeWD is disrupted. The
He pockets may still be formed, but the increased tidal forces mean that the
pockets are more likely to be disrupted, forming a more homogeneous accretion
stream, and resulting in a less “violent” accretion onto the COWD. The smoother
accretion combined with the increased surface gravity leads to a stable burning
of the He rather than an explosion. Although more research should be done to
elucidate the precise mass range, it seems like this scenario will be restricted to a
rather narrow combination of mass ratios and total masses.

Regarding the numerical resolution of the ignition spots, both the He ignition
and the C ignition are not resolved in the simulation shown in Sec. 2.3, with
typical cell sizes of ~90km and ~15km, in the respective ignition spots. Despite
that, the temperatures and densities found in these regions are consistent with
those found in 1D simulations of resolved He and C detonations. Resolving the C
ignition on these systems is completely out of reach of 3D simulations, as the scales
needed to be resolved are on the order of a few centimeters. But in the case of
the He ignition, for the conditions found in the presented simulations, the scale of
the ignition spot can reach several kilometers (Shen and Moore, 2014). Since the
publication of the article shown in Sec. 2.3, another simulation has been performed,
where the resolution has been increased locally close to the ignition spot, reaching
cell sizes as small as 500 m. This new simulation results in a resolved He ignition,
confirming that the ignition observed in Sec. 2.3 is physically plausible.

The double-detonation scenario proposed in Sec. 2.3 is presented as a merger
between two isolated WDs, but the formation of such a system and its merger is
not trivial. The pathways for the formation of this system should be accurately
studied with population synthesis methods. In general, the formation of HeWDs
with such high masses is unlikely and will, in most cases, involve stripping a RG
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Figure 3.2: Structure of the merger product of Sec. 2.3 moments before the onset
of the thermonuclear explosion. The plots show slices perpendicular to the orbital
plane. The plot on the left is color coded with the density, while the one in
the right shows the “He fraction. Dashed lines show the cumulative *He mass
contained in that volume.

star of its envelope in a CE event. The HeWD presented shown in that simulation
has a mass of 0.4 Mg, which is a value close to the maximum core mass that a RG
can reach (~0.48 M, Kippenhahn et al., 2012). If a RG star with a degenerate
core of this mass is stripped of its envelope by a COWD), the merger will take place
after the orbit shrinks due to GW emission. Depending on the final separation
after the CE event, this orbital shrinking can take place on a very long timescale,
potentially larger than the age of the Universe. On the other hand, if instead of
a successful envelope stripping, the outcome of the CE event is a direct merger,
this would take place on much shorter timescales. As discussed in Sec. 2.3, this
scenario has also been tested, and the merger of the COWD with a degenerate He
core of this mass also results in a thermonuclear explosion. The transient arising
from this scenario differs substantially to the one described in Sec. 2.3 due to the
interaction of the ejecta with the H envelope. This has been studied in another
publication (Kozyreva et al., 2024), where the 1D radiation-hydrodynamics code
STELLA (Blinnikov et al., 2006) was used to predict the observational properties
of such interaction. A selection of the synthetic lightcurves produced in this work
are shown in Fig. 3.3. In Kozyreva et al. (2024) it is found that if the merger
takes place inside a H-rich envelope, the early lightcurve and spectrum of the
event resembles that of Type IIp SNe, with the late time evolution showing a
mixture of features from Type Ia and Type IT SN.

The next steps towards a better understanding of these events involve putting
constraints on the mass ranges where the explosions can occur, and using this
information to obtain rates for these events using population synthesis methods.
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Figure 3.3: Figure shows selected synthetic lightcurves in the V-band produced
by the thermonuclear explosion described in Sec. 2.3 if the explosion were to take
place embedded in a H-rich envelope. The blue, green, and orange plain lines
show the lightcurves produced by the interaction of the ejecta with an “extended”
330 R envelope, for different lines of sight. The black line shows the same scenario
as the other plain lines, for an angle-averaged model of the ejecta. The purple
dashed line shows the lightcurve produced if the ejecta is embedded in a more
“compact” 75 Ry envelope, for a line of sight perpendicular to the orbital plane.
The colored points represent observational data of selected SN. Figure taken from
Kozyreva et al. (2024) and reproduced with permission of the authors.

This will help to understand the likelihood of the described explosion scenario
taking place with or without a H envelope surrounding it. Additionally, accurate
late time lightcurves and spectra should be produced to attempt to match both
cases with observed transients.

3.3. Closing remarks

Numerical modeling is the most precise method for describing dynamical interac-
tions between stars. The simulations presented in this thesis were possible thanks
to the nearly-Lagrangian scheme of the code AREPO. These powerful numerical
schemes pave the way for a new generation of high-quality simulations of events
that were previously impossible to model in such level of detail.
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