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1 Introduction

Astro- and particle physics are a perfect match. New insights and progress in one field
have always paved the way for new directions in the other field. It is no longer possible
to acquire an exhaustive understanding of either subject without knowing at least the
foundations of the other.

The connection between core-collapse supernovae (CCSNe) and neutrinos is a para-
mount example for this. The seemingly rare appearance and following fading away
of stars has fascinated people for ages. A commonly given example for this is the
supernova of 1054. In 1934, Baade and Zwicky proposed that ordinary stars could
transition to extremely compact objects made of neutrons as an explanation for the new
phenomenon that they called Super-Novae, extremely bright transients in the sky [1,
2]. At around the same time, new focus on the documentations of the observation of a
historical nova from 1054 made by Arabian, Chinese, and Japanese astronomers allowed
to connect it with its nowadays observable remnant, the Crab Nebula (Messier 1) [3].
The detection of a radio source at a compatible location, today known as the Crab
Pulsar (PSR B0531+21) [4] was further evidence for Baade and Zwicky’s idea. A more
detailed mechanism to describe the transition was vividly discussed. In 1966, Colgate
and White pointed out that neutrinos could be driving the explosion after a stellar core-
collapse [5]. In 1985, Bethe and Wilson laid out a sophisticated mechanism, which today
is still the paradigm of a successful CCSN. Namely, following the collapse a shock-wave
is launched outwards, stalls at a few 100 km, but can be revived within some 100ms
by neutrino heating [6]. Only two years later during the famous supernova of February
23rd, 1987 about two dozen neutrinos were detected giving experimental evidence for a
connection between CCSNe and neutrinos [7–9]. For more information on the early days
of supernova research, see [10].

Meanwhile, our knowledge of CCSNe and neutrinos has grown and our understand-
ing of both has much increased since then. Unfortunately, SN1987A remains the only
supernova that has blessed us with experimental neutrino data to this day. This leaves
experimentalists, theorists, and numerical modelers the sometimes dubious pleasure of
an interplay in a rather poorly constrained field. In this interplay, experimentalists are
expected to build more and ever bigger detectors that should be always running to not
miss the next precious event. Theorists come up with new ideas to probe physics at
otherwise inaccessible scales. Numerical modelers are the link between both doing their
best to filter the relevant aspects, incorporate them into the anyway already complex
virtual laboratory and still provide reasonably reliable scenarios and predictions.

An example of a new development in theoretical particle physics that might play an
important role for CCSN are fast neutrino flavor conversions. This thesis sheds light on
the role that considerable flavor conversions on short time and length scales have on the
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1 Introduction

evolution of the inner part of a CCSN within the first second.

1.1 A Particle Physicist’s View on Stellar Explosions

CCSNe are a complex phenomenon that is still not fully understood today. In this sec-
tion, I give an overview on the neutrino-driven mechanism, focusing on those aspects that
are of relevance in the context of neutrino flavor conversions. For a more comprehensive
discussion I refer to the recent reviews [11–21].

CCSNe occur at the transition of an ordinary massive star (possessing a mass ≳ 8M⊙,
at birth) to a compact object that can be either a neutron star (NS) or a black hole. The
origin of the energy powering this violent process is, as so often in astrophysical processes,
gravitational potential energy. More specifically, collapse sets in when the iron core,
accumulated over the course of successive burning processes, becomes gravitationally
unstable. The infalling material builds up kinetic energy. The collapse proceeds until
the central density reaches the nuclear saturation density (ρ ≳ 2.7 × 1014 g cm−3) and
repulsive forces abruptly stop the contraction. This moment is called core bounce and
usually is taken as the zero-point for time measurements in CCSN; referred to as tpb
(post-bounce time). During bounce, sound waves steepen, a shock wave forms, and is
launched into the still infalling layers. In the central part, the remaining kinetic energy
is transformed into internal energy. This region is called proto-neutron star (PNS) as
it will become the NS if the explosion is successful.1 The outer radius of the PNS is
usually defined as the iso-density surface where the angle averaged density has a value
of 1011 g cm−3.

The shock wave does not posses enough energy to gravitationally unbind the remainder
of the star. As matter passes through the shock the entropy increases and heavy nuclei
are dissociated into neutrons (n) and protons (p), which consumes about 8.8MeV per
nucleon, reducing the pressure behind the shock. At a radius of about 150 km, the
shock stalls and does not move outward in radius anymore. In order to regain energy, a
heating process is necessary. A few explosion mechanisms have been proposed, including
the magneto-rotational mechanism [22, 23]. But fostered by the detection of neutrinos
from supernova 1987A and by increasingly more conclusive simulations, over the past
decades it has turned out that neutrinos, indeed, are able to do the job. Most of the
observed explosions from CCSN can be explained by the neutrino heating mechanism.
Their presence in this context is evident and a natural consequence of the extreme
environment. Interacting only via the weak force and with an extremely small but non-
zero mass, neutrinos are the most elusive stable particles known, which means that once
produced they can escape the environment much more easily than any other particle.
In fact, already during the late phases of stellar evolution neutrinos are the dominant
channel for energy loss in the core region. After collapse, most of them are produced in
the PNS, which cools down over the course of a few seconds. In a successful supernova
about 99% of the gravitational binding energy is released in form of neutrinos and only
about 1% goes into the kinetic energy of the explosion and electromagnetic radiation.

1If no explosion can be achieved, this region will further collapse and form a black hole.
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1.1 A Particle Physicist’s View on Stellar Explosions

Neutrinos are uncharged, light-weighted leptons that only interact via the weak force.
The eigenstates of the weak force are paired with the 3 generations of charged leptons
to weak iso-spin doublets resulting in 3 generations of (active) neutrinos (νe, νµ, and
ντ ) and anti-neutrinos (ν̄e, ν̄µ, and ν̄τ ). But not all neutrinos and anti-neutrinos behave
equally. When interacting, they need to be distinguished by their flavor. It dictates
the kind of charged lepton that needs to be be involved in charged-current interactions.
With matter temperatures (T ) inside the PNS of a few 10MeV, neutrinos are created
with a typical energy well below 100MeV. Scattering to lower energies, outside of the
PNS mean energies of the neutrinos are in the range of about 10–20MeV. At these
energies charged leptons are almost exclusively electrons (e) or positrons (e+) and the
neutrino production in charged-current interactions is dominated by νe and ν̄e. Due to
a large electron chemical potential and since the neutrino spectrum has a high energy
tail going beyond 100MeV, muons (µ) and anti-muons (µ+) can be produced, but only
in relatively small numbers compared to electrons and positrons. For an assessment of
their influence see [24, 25].

The overall picture of a CCSN supernova can be relatively well captured and modeled
by pooling the neutrinos and anti-neutrinos associated with the heavy leptons (νµ, ν̄µ, ντ ,
and ν̄τ ) as one flavor (νx) because they effectively behave identically. These neutrinos can
be produced only in neutral-current interactions with nucleon-nucleon bremsstrahlung
and electron-positron annihilation being the most important [26]. Electron type neutri-
nos are predominantly produced in charged-current interactions with the absorption of e
and e+ on p and n, respectively, being most important. Similar considerations apply for
the interactions of neutrinos with the stellar medium. Absorption via charged-current
interactions is only open to νe and ν̄e so νx interact only in neutral-current scattering
reactions. Consequently, the interaction cross-sections of νe and ν̄e are much higher
than those of νx. For these reasons νe and ν̄e on the one hand and νx on the other hand
have different contributions to the heating of matter behind the stalled shock and to the
cooling of the PNS as well as its immediate surroundings.

When produced inside the PNS, neutrinos do not escape without further interactions,
which is very different from most other conditions that involve neutrinos. In the dense
and hot regions, interactions are frequent for all flavors. As the density (ρ) falls below a
few 1012 g cm−3, νx are the first species to decouple from the medium [26]. Their cross-
section is considerably lower than the one of νe and ν̄e because they do not undergo
charged-current interactions. Therefore their contribution to the heating behind the
shock is subdominant. For νe and ν̄e on the other hand, up to the shock radius, the inter-
action cross-section is still high enough that interactions of neutrinos lead to a significant
transfer of energy to the matter.2 This can be illustrated with the concept of neutri-
nospheres. They indicate the locations where neutrinos, on average, undergo one more
interaction. They reside at the radius where the optical depth τ(r) =

∫∞
r dr′ρ(r′)κtot(r′),

with r the radius and κtot the total opacity including absorption and scattering (in units

2The absorption on free nucleons (downstream of the shock) is higher than on heavy nuclei (upstream
of the shock). So outside of the shock radius the interaction rate becomes negligible in terms of
heating.
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1 Introduction

of cm2 g−1), is unity. For νx, the neutrinosphere is located well within the PNS. The
neutrinosphere of νe and ν̄e is located at larger distances, roughly at the edge of the PNS.
The thermodynamic properties of the neutrino radiation outside of the neutrinospheres
depend on the temperature at the neutrinosphere. Therefore, νx are on average more
energetic than ν̄e which are more energetic than νe.

3 Within the neutrinospheres the net
effect of the production on the one hand and absorption and interaction of a species of
neutrinos on the other hand clearly has a cooling effect. The radially decreasing density
leads to diffusion that carries away energy. However, outside of the neutrinosphere is a
transition to a net heating. As stated above, the interaction rates of νx are so low that
the thermodynamic evolution of matter is dominated by the contribution of νe and ν̄e
absorption. The temperatures in the atmosphere of the PNS become so low that the
heating by the absorption of high-energy νe and ν̄e is greater than the cooling by the
emission of neutrinos. This is because the temperature goes approximately as T ∝ r−1

and q−, the specific cooling rate (in units MeV s−1 baryon−1), depends sensitively on the
temperature (q− ∝ T 6) and therefore q− ∝ r−6. On the other hand, once the neutrinos
decouple from the medium the properties of the neutrino radiation remain roughly con-
stant and q+, the specific heating rate, only decreases with the dilution of the neutrino
gas, which means q+ ∝ r−2. In particular, it decreases slower than the cooling rate [28].
The radius where neutrino cooling and heating balance each other (q−+q+ = 0) is called
gain radius (rgain). The region between the PNS and rgain is called cooling region and
the region between rgain and the position of the shock (rshock) is called gain or heating
region.

Both regions are connected via mass accretion onto the PNS. A supernova can be
successful if the heating in the heating region is strong enough that the amount of trans-
ferred energy is sufficient to lead to an expansion preventing matter from streaming into
the cooling region from where it will be accreted onto the PNS. In this case the expan-
sion of the shock radius can be revived; usually within about a second after the bounce.
Here, neutrino flavor conversions come into play and could have a pivotal role. Numer-
ical simulations, up to now, have treated the flavor of the neutrinos as an unchanged
property during their propagation. High matter densities that cause an alignment of the
interaction and propagation eigenstates were good reasons to think that this is a good
assumption. However, the picture has changed when it was discovered that the neu-
trinos themselves can constitute a relevant potential that can cause considerable flavor
conversion, as laid out in the following Section 1.2. Changing the neutrino flavor alters
the neutrino heating and therefore introduces fundamental changes in the dynamics.
Specifically, increasing the number of νx in the cooling region at the cost of νe and ν̄e
(νe, ν̄e → νx, νx) will result in more efficient cooling, which accelerates the concurrent
contraction of this region. In the gain region this reduces the heating. Accordingly, if
the opposite process (νx, νx → νe, ν̄e) takes place, heating in the gain region increases
and the contraction of the cooling region will decelerate.

3The latter is a result of the dominance of neutrons over protons and to a lower degree also of corrections
from weak magnetism in neutral-current interactions [27], which both reduce the opacity for ν̄e
compared to νe. Therefore ν̄e decouple further out than νe.
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1.1 A Particle Physicist’s View on Stellar Explosions

Another core aspect of CCSN, which could be altered by flavor conversions, is the
production of nucleosynthetic yields [17, 19, 20, 29]. The neutrino radiation does not
only determine the dynamical and thermodynamic conditions that lead to the ejection of
matter. Via β-like absorption reactions, νe and ν̄e set the relative abundance of protons
to neutrons that is decisive for the amount of elements with a high atomic number being
produced. Specifically, the electron fraction (Ye), i.e. number of electrons per baryon,
can be used as an indicator for the production of heavy elements. The so called r-process
is responsible for the creation of elements with a high atomic number A ≳ 90 and needs
Ye < 0.5. On the other hand, Ye > 0.5 can lead to the production of proton-rich elements
in the ν p-process [30, 31]. Modern simulations indicate that only in explosions of the
lowest mass progenitors4 the early ejecta feature neutron-rich conditions compatible with
a moderate r-process [32]. Conversely most ejecta of CCSN are considered to be proton-
rich and only moderately neutron-rich, including the so-called neutrino-driven, late time
matter flows originating in the surface of the PNS [33]. Flavor conversions can change
the ratio between νe and ν̄e and therefore are expected to influence the nucleosynthesis
of elements in a CCSN.

Furthermore, the neutrino signal of a galactic CCSN can be measured on earth and
will be different if neutrino flavor conversions are present. In a world without flavor con-
versions it would be an unambiguous messenger about the circumstances and conditions
in the innermost regions. As will be laid out in Section 1.2, the neutrino flavor undergoes
a complex evolution. In order to make full use of neutrinos as messengers, the effects of
flavor evolution during propagation need to be disentangled from the effects stemming
from interaction with matter. Only then can features in the signal be either attributed
to (intrinsic) flavor evolution or be used to gain insight into the conditions of ordinary
matter inside a supernova.

Before proceeding to a description of the processes that could allow for flavor conver-
sions, I drop a few remarks on other aspects that are of relevance in this thesis. The
success of a supernova can also be altered by changing the effectiveness of the heating or
cooling. Eventually, the shock needs to be strong enough to overcome the ram pressure
of the infalling material. The latter decreases over time because of the decreasing density
profile of the progenitor system. This is why, very broadly speaking, progenitors with
lower initial masses, which tend to have a steeper density profile, produce explosions
more easily than systems from a more heavy progenitor.5

Sudden changes in the mass accretion rate are a consequence of a strong density
contrast at the interface between stellar shells of different compositions. The shock wave
reacts to those with a similarly sudden expansion. This increases the volume of and
mass in the gain layer and therefore the total heating rate. It can trigger the onset of
explosions [35]. However, the discontinuities are a numerical effect and a consequence of
the initial conditions that are usually obtained directly from stellar evolution, which is
constrained to spherical symmetry. Lifting this approximation in the progenitor systems

4termed electron-capture supernovae
5Keep in mind though that this is not a monotonic relation. The density profile can be heavily influenced
by the evolution history, for example the existence of shell mergers [34].
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1 Introduction

reduces the change in ram pressure and introduces more realistic asymmetries. See for
example [36, 37].

A contraction of the PNS and the surrounding layers appears to work against a suc-
cessful explosion because it creates a pull on the gain region. However, the gravitational
compression also results in an increase of the temperatures in the region of the neutri-
nospheres, which raises the neutrino energy. Interestingly, taking into account the effects
of muons has just such an effect. It turns out this can facilitate a successful explosion
in the long run [24].

Finally, a word about the numerical modeling of CCSNe is in order. Due to the lack
of experimental data from the center of a CCSN, radiation hydro-dynamical numerical
simulations remain the most reliable source of information. Despite great advances in
the available computational tools and resources, simulations that do not impose any
spatial symmetries (3D) are not yet the norm. A growing number of such simulations
is available [36–44] but using 3D simulations in an explorative study, such as the one
conducted in this thesis, is not a well balanced approach. Spherically symmetric (1D)
simulations are computationally the cheapest option. Even without a dedicated high
performance computing system, simulating 1 s of a CCSN can be done within a day of
computation time. But the restriction to 1D comes at a price. As soon as hydrodynamic
instabilities develop (tpb ≳ 5ms) a 1D treatment fails to capture essential processes.
Large-scale multi-dimensional flows have proven to be an indispensable element in CC-
SNe. Non-radial motions, most notably the standing shock accretion instability (SASI)
and convection in the region between the PNS and the stalled shock, facilitate explo-
sions by pushing the shock further outwards and increasing the time matter stays in
the gain region [45, 46]. Also within a layer inside the PNS a hydrodynamically unsta-
ble stratification develops that leads to convective motions. The convective transport
of energy and lepton number is more efficient than the respective transport as a result
of the diffusion of radiation. Both phenomena are present in axially symmetric (2D)
simulations. But still, motions are only allowed in toroidal structures and the fragmen-
tation to smaller scales is suppressed. Especially the inverse cascade of kinetic energy
to large-scale motions [47] and artifacts from the axis of symmetry promote explosions
in unrealistic processes [48]. On a small sized high performance system, 2D simulations
can be done in a matter of days. Still, 2D simulations feature an essential set of effects
and are well suitable to conduct first-of-a-kind simulation studies exploring new physics.

1.2 An Astronomer’s View on Neutrino Flavor Conversion

Flavor changes of propagating neutrinos have tricked, puzzled and challenged scientists
since they started to consider neutrinos as messengers. In this section, I give an overview
on today’s understanding of the evolution of the neutrino flavor in a collapsing star, fo-
cusing on the inner part where the coherent forward scattering of neutrinos on themselves
modifies the flavor evolution without flavor changing point-like interactions. For a more
comprehensive discussion, I refer to the recent reviews [49–56].

Neutrinos posses the remarkable property that the eigenstates of the weak force (flavor
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1.2 An Astronomer’s View on Neutrino Flavor Conversion

eigenstates) do not align with the eigenstates of propagation (mass eigenstates). As a
consequence, even in the most simple example of vacuum propagation, the neutrino
flavor content is not a conserved quantity. Oscillatory patterns develop that depend
on fundamental neutrino properties (masses and mixing angles) and on the specific
properties of the neutrino beam (energy, distance traveled) [57].

The flavor changing characteristics are modified in the presence of quantum mechanical
potentials. Most well known is the potential that arises from coherent forward scattering
on electrons in ordinary matter, the so called Mikheyev, Smirnov, Wolfenstein (MSW)
effect [58, 59]. The consequence of the asymmetry between the electron and positron
densities is that the cross-section for coherent forward scattering of νe is larger than
for all other flavors. This is because νe also interact via charged-current interactions
(νe(q) + e(k) → e(q) + νe(k), with q and k denoting 4-momenta). The neutral-current
channel for electron scattering (να(q) + e(k) → να(q) + e(k), with να being a neutrino
of arbitrary flavor) is open to all flavors of neutrinos.6 The strength of the potential is
proportional to the net electron density.

The most prominent example is the solution to the solar neutrino problem, explaining
why the solar νe flux measured on earth is approximately only a third of what is predicted
from their production in nuclear fusion reactions and solar properties [60, 61]. The still
comparably low matter densities inside the solar core are already high enough so that the
effective mixing angle is almost maximal; meaning that the νe weak flavor and second
propagation mass eigenstate practically overlap. As the density adiabatically decreases
in radial direction, the neutrinos remain in the mass eigenstate and pass a resonance
where the mixing becomes maximal. Arriving at earth, the vacuum mixing angle gives
the survival probability yielding the flux measured at earth. As neutrinos pass the
outer layers of a collapsing star—after they have already completely decoupled from the
medium—they may actually pass two resonance regions [62]. Like in the case of solar
neutrinos, adiabaticity holds except for after a few seconds when the passing of the shock
and/or the reverse shock in the resonance region causes non-adiabatic matter profiles.
In a neutrino observation of the next galactic supernova this will help to determine the
neutrino mass ordering [63]. However, the flavor changes do not have a dynamical impact
on the CCSN anymore.

Not only electrons can generate a relevant potential. In 1992 Pantaleone, pointed out
that neutrino-neutrino forward scattering can similarly lead to flavor changing effects
because it is also flavor dependent [64]. The key difference to MSW-like phenomena is
that the arising potential can develop non-vanishing off-diagonal terms, i.e. terms that
if subject to an instability lead to large flavor coherence and therefore mixing. A year
later, Sigl and Raffelt presented a unified description of the neutrino flavor evolution
in the presence of interactions with matter, vacuum oscillations, a matter potential,
and such self-interactions [65]. The resulting equation, making use of the mean field
approximation, is nowadays known as quantum-kinetic equation (QKE) and the basis

6Coherent forward scattering also happens with neutrons and protons but for them the contribution is
identical for all neutrino flavors and is therefore irrelevant for the flavor evolution.
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1 Introduction

of most studies on flavor conversions originating in neutrino self-interactions,

(∂t + v ·∇x) ρ = C[f ]− i[Hvac, ρ]− i[HMSW, ρ]− i[Hνν , ρ]. (1.1)

Here, v is the neutrino velocity and ρ is the density matrix of the neutrino field.7 It
contains the usual occupation numbers on the diagonals and the coherence between
the flavors on the off-diagonals. C[f ] is the collisional term containing reactions that
are second order in GF, Fermi’s constant, like the production, absorption, and pair-
annihilation of neutrinos and momentum transferring scattering reactions. The terms
containing commutators of a Hamiltonian and ρ are first order in GF and describe the
effects of neutrino propagation in a potential. The vacuum Hamiltonian Hvac describes
the mixing of the eigenstates of weak interaction and propagation in vacuum. HMSW

contains the potential from the MSW effect. Hνν contains the contribution from the
coherent neutrino-neutrino forward scattering on themselves, which often is called a
self-interaction term.
The reactions generating the potential of Hνν are interactions of coherent forward

scattering. They do not involve momentum exchange but add a phase. The strength
of Hνν depends on the particle density of the generating medium that is the number
density of the neutrinos itself,

Hνν =
√
2GF

∫
dp′ (1− p · p′)[ρ(p)− ρ̄(p)], (1.2)

where p is the 3-momentum and ρ (ρ̄) is the density matrix of the (anti-)neutrinos.
Large-scale (a few thousands of km) numerical simulations of the temporal evolution of

CCSNe focus on the contribution of the collisional term and assume that the influence of
the Hamiltonians in Equation (1.1) is small. In the absence of Hνν , this can be justified
because there are two spatially separated regions. In the high-density core of the CCSN
neutrinos have an influence on the kinetic evolution (where the contribution of C[f ] is
important) and in the outer region flavor conversions happen because of matter effects
(where the contribution of Hvac and HMSW is important). In this case, for the inner
regions, the density matrix approach is no longer needed and the equation simplifies to
classical Boltzmann equations. On the other hand, the distant properties of the neutrino
radiation can be calculated in detail in post-processing, essentially solving a propagation
problem. But as our knowledge about the effects arising from Hνν increased, it has been
realized that flavor conversions should be expected to happen in the dynamically relevant
regions as I will summarize below.
Before presenting some results on the effects of Hνν a few remarks on properties that

can be drawn from its definition are helpful. The dependence on the density matrix
makes the problem non-linear and creates off-diagonal potentials. But also by other
means it is rather cumbersome to solve. It is an inherently 7-dimensional problem (each
3 dimensions in real and momentum space plus 1 temporal dimension). The integral over
neutrino momentum space couples the evolution of neutrinos that travel along entirely

7Note that in the other contexts of this thesis ρ denotes the matter density. In this chapter I refer to
the density matrix for consistency with the literature.
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1.2 An Astronomer’s View on Neutrino Flavor Conversion

different paths. Furthermore, it has turned out that non-trivial flavor evolution can
happen on scales that are much smaller than the resolution in numerical simulations
of CCSNe. Therefore, it is not possible in the near future to solve the equations self-
consistently in a straightforward way by numerically integrating the density matrix in
time.

With a rather complicated and twisted discovery history, today the effects stemming
from Hνν can be divided in two categories of flavor conversion phenomena. They are
based on the dominant scales and the asymmetries driving the flavor evolution.

The type, which was discovered first, is nowadays known as slow modes. A linear
stability analysis reveals that there are flavor instabilities if there is a zero crossing in
the energy dependence of the lepton number [66–68]. Interpreting anti-neutrinos as
particles with negative energy and working in a two flavor scenario the lepton number
is defined as

g(E, θ) =

{
fνe(E, θ)− fνµ(E, θ) for E > 0

fν̄µ(E, θ)− fν̄e(E, θ) for E < 0,
(1.3)

with fνα the distribution function of a neutrino of flavor α, E the energy, and θ the
azimuthal angle relative to the outward pointing direction. In the supernova case where
both νe and ν̄e are present and the densities of the heavy lepton neutrinos and anti-
neutrinos are sufficiently similar, a zero crossing at E = 0 is guaranteed and therefore,
so are slow modes. This being said, the presence of an instability does not guarantee
significant flavor conversion because an exponential growth in the linear regime does not
need to hold in the non-linear regime. Flavor instabilities arising from energy crossings
have a growth rate whose scale is set by the vacuum oscillation frequency ω = ∆m2/E,
with ∆m2 the difference of the squared masses of the mass eigenstates and E the neutrino
energy [69]. In the CCSN case, with 15MeV being a representative value of the neutrino
energy, the scale is O(1 km−1). Naturally, the first investigated scenarios looked at
simplified problems making assumptions like homogeneity, isotropy, or symmetries to
make the equations tractable [70–72]. Though they claimed significant flavor conversions,
later it was found that relaxing symmetry assumptions can suppress conversions, because
neutrinos traveling along different paths experience different histories (multi-angle or
matter suppression) [73–77].

A large-scale simulation also incorporating flavor conversions according to the sta-
tionary bulb model [71] was recently conducted [78]. They coupled a 1D radiation-
hydrodynamics code with a code that calculates survival properties of neutrino flavors
but found little influence in the post shock region. However, this might be a result of not
capturing all effects of slow modes. Especially temporal instabilities [79] do not seem to
be taken into account. Temporal instabilities are not subject to multi-angle suppression
because they do not involve different trajectories, so the results of [78] do not capture
all effects.

This leaves the discussion with the question on how the neutrino spectrum changes in
the presence of slow modes. A robust feature of slow modes in spherical symmetry is the
phenomenon of spectral swaps. They describe that at a given energy the flavor content
of νe and νµ, or ν̄e and ν̄µ swaps. This results in discontinuities in the energy spectrum,

9



1 Introduction

called spectral splits. Depending on the details even multiple swaps can occur [67].

Research interest on slow modes came to a sudden decrease when the community
realized the potential of another category of conversions nowadays known under the name
of fast modes or fast flavor conversions (FFC). Their possible occurrence was first pointed
out already in 2005 by Raymond Sawyer but initially received no recognition [66, 80].
Only about 10 years later when he considered a (more realistic) case of neutrinospheres
with flavor dependent radii, which naturally leads to a non-trivial angular distribution,
their potential was realized [81]. In this section I restrict myself to the two-flavor case
with the additional assumption of fνx = fν̄x , but this can also be generalized for the three
flavor case [82–84]. FFC are triggered by angular crossings in the (energy integrated)
electron lepton number (ELN)

G(θ) =
√
2GF

∫ ∞

0

E2dE

(2π)3
(fνe(E, θ)− fν̄e(E, θ)). (1.4)

Note that here anti-neutrinos have a positive energy. In fact, there is mathematical proof
that the instability is solely connected to crossings in the ELN [85].

For fast instabilities the characteristic time scale is set by the strength of the potential
µ =

√
2GF(nν+nν̄), with nν (nν̄) the number density of the (anti-)neutrinos, and can be

as small as O(1 cm−1). It is independent of the vacuum frequency ω [69], but note that
in the non-linear regime a dependence on the energy was found [86]. Also taking into
account the effects of collisions, which are inherently energy dependent, might introduce
an energy dependence, too [87]. Instabilities can exist even without flavor mixing, which
is an intriguing property from a theorist’s perspective8 [88].

With the claim of flavor instabilities in the decoupling region, where neutrinos do have
an influence on the dynamical evolution, the search for unstable regions began. As in the
case of slow modes, linear stability analysis can be used for this. A dispersion relation
approach can be used to gain insight on further properties of the instability (temporal
vs. spatial) [89]. However, in order to just find unstable regions looking for ELN
crossings is sufficient. In simulations using a full Boltzmann transport scheme, where
the angular distribution is available, this can be done directly. Simulations utilizing
a reduced set of angular moments (as explained in Section 2.1) cannot provide direct
information and the angular distribution needs to be reconstructed [90–94]. Crossings
could exist in all regions of interest where neutrinos have an influence on the dynamical
evolution of a CCSN [95]. This includes the convective layer of the PNS [96–98], the
decoupling region [99–101], as well as the pre- and postshock region [84, 102]. A very
recent development is the evolution of machine learning techniques to accelerate the
searches for crossings and to make them available on the fly in large scale numerical
simulations [Abbar2023˙3, 103].

Concerning the outcome of flavor conversions, the existence of ELN crossings does
not guarantee significant flavor changes. So a number of studies investigate different
scenarios with reduced complexity like homogeneity, isotropy, or reduced dimensionality

8Though from a practical point of view this is not strictly needed, given that flavor mixing is mostly
agreed on.
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1.2 An Astronomer’s View on Neutrino Flavor Conversion

to get information on what can be expected as a final state of flavor conversions. But
so far there is no agreement on which assumptions can be used without simplifying the
equations too much.
Many groups consider a small box with periodic boundary conditions arguing that

this is a reasonable simplification if the growth rate is sufficiently large [104–109]. A
recent comparison study found an adequate agreement on the asymptotic state calcu-
lated by the different codes, when applied to the same initial conditions [110]. These
simulations can be done very efficiently allowing a sampling of a variety of initial angular
distributions [111].
In a more complex setting the effect of collisions (scatterings) can be studied. They can

create favorable conditions for conversions without damping them [112]. Others found a
damping on larger scales because collisions flatten the angular distributions [113]. The
authors of [114] on the other hand find an enhancement of flavor conversion that they
attribute to collisions, arguing that collisions can mix the neutrinos within the angular
distribution. Using a Monte Carlo approach and also including emission and absorption
effects the authors of [115] find higher conversion rates compared to scenarios without
the effects of collisions.
Studies additionally taking into account advection, in which the transport of neutrinos

leads to a solution that is not constant in time, suggest that small scale simulations are
not sufficient to tackle the problem [116, 117]. Though still on the level of a toy model
and static background, they find that effects of advection increase the relevant scales
and inhibit the emergence of small scale structures. They also emphasize that in their
approach they see the emergence of slow modes that interplay with fast modes calling
for a more holistic treatment.
Another recent proposal to achieve a description for the final state of flavor conversions

suggests that it is sufficient to take into account conservation laws and demand that the
final state is free of crossings in the angular distribution. They also stress that one has
to take into account different angular distributions in the heavy lepton neutrino sector,
termed XLN [118]. In addition this has been extended to situations where a Dirichlet
boundary condition applies [119].
Some studies try to find a way to solve the QKE on large scales by rescaling oscillation

lengths by effectively reducing the number of neutrinos [120]. On a stationary back-
ground taken from a large-scale simulation of a supernova they find reduced post-shock
neutrino heating [Nagakura2023˙3, 121]. Without temporal dependence it unfortu-
nately remains unclear how the supernova reacts to these changes that is if these effects
are persistent.
This work does not account for any effect of the recently unearthed phenomenon of

collision induced flavor conversions [122–127]. These involve further complications in
this context and are beyond the scope of this thesis.
Concluding this section, the in-depth understanding of self-induced flavor conversions

has not yet converged. Therefore a self-consistent integration in large scale simulations is
currently a futile endeavor (see also [128]). Progress in understanding the ramifications
of instabilities surely comes from a better modeling of the detailed processes, but a
complementary approach is needed to advance in the broader context of CCSN, which
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is the purpose of this thesis.

1.3 Outline of this Thesis

The aim of this thesis is to study the effects of neutrino flavor conversions on the evo-
lution of CCSNe using state-of-the-art, large-scale, neutrino-hydrodynamical numerical
simulations. Similar studies have been done before but only in the context of a system
consisting of a black hole and an accretion disk, which are formed in binary neutron
star mergers. The conditions, which neutrinos experience in these systems are similar to
the conditions CCSNe. The studies found that flavor conversions accelerate the cooling
of the disc and modify generation of chemical elements in the matter ejected by the
evolving disc [129, 130]. Therefore, flavor conversions are expected to also influence
the dynamical evolution and nucleosynthesis in supernovae. Specifically, this thesis ad-
dresses the important question of how the predictions of numerical simulations of CCSNe
change when flavor conversions are taken into account. How do they alter the dynamical
evolution of supernovae? What is their influence on the emitted neutrino signal? Does
the inclusion of flavor conversions give rise to other effects that could lead to measurable
signatures?

I present results from simulations that for the first time incorporate an effective treat-
ment of neutrino flavor conversions. This newly implemented scheme features the pair-
wise conversion of neutrinos and anti-neutrinos from one flavor to another. Depending on
the local flavor distribution, pairs of electron neutrinos and anti-neutrinos are converted
to pairs of heavy lepton neutrinos and anti-neutrinos (νe, ν̄e → νx, νx) or the other way
round (νx, νx → νe, ν̄e). No generally accepted quantum physical solution will be avail-
able in the near future and predictions on a final outcome of flavor conversion effects
are limited to special cases. Therfore, this study employs an effective, parameterized
treatment, which is vital, because simulations that resolve neutrino propagation to the
smallest scale necessary for self-consistency have not converged to a final understanding
yet. The strongest constraints for the amount of flavor conversion are set by conserva-
tion laws. Because flavor conversions are a phenomenon of coherent forward scattering,
an effective treatment must conserve energy, momentum, and lepton number. The em-
ployed scheme is constructed such that the final state of flavor conversions maximizes
the mixing under these constraints. It is applied instantly on a cell-by-cell basis, and
thereby accounts for the fact that flavor conversions take place on spatial and temporal
scales orders of magnitude below the numerical discretization of state-of-the-art CCSN
simulations. This simple flavor conversion scheme is supplemented by a parameterized
criterion for the appearance of flavor conversions. A straightforward density criterion
restricts flavor conversions to the regions where matter falls below a critical threshold
density. This allows me to pin down emerging effects to the presence of flavor conver-
sions in specific regions of the supernova. The approach of this study does not rely on
details of any underlying scenario of flavor conversions. It is valid for every kind of flavor
mixing that happen on scales smaller than the numerical resolution and conserve the
quantities mentioned above.

12



1.3 Outline of this Thesis

Using this novel approach, I compare the consequences of flavor conversions in 1D
and 2D simulations and study multiple systems initialized with progenitors of different
masses. The study focuses on the accretion phase, which starts after bounce and lasts
until either the explosion sets in or the collapse to a black hole is inevitable. The
simulations cover the effects of flavor conversions up to roughly the shock radius and
therefore, all regions where an accurate treatment of neutrino heating and cooling is
crucial. The feedback effects between neutrinos on the one hand and hydrodynamic
flows of matter on the other hand are included self-consistently.
Comparing the results of simulations with flavor conversions to simulations without

flavor conversions, I infer a range of outcomes of CCSNe that is likely to include also the
impact of a more realistic scenario of flavor conversions. This, for the first time, enables
an assessment of the maximum impact of flavor conversions in different regions of the
supernova.
In Chapter 2, I give an overview of the numerical code used in the generation of data

for this thesis. I describe how I extended the code with an effective, parameterized
treatment of flavor conversions constrained only by conservation laws in order to explore
the maximum effect of flavor conversions. Additionally, I provide test cases to validate
the correct implementation. Chapter 3 contains a presentation of the data from the
simulations in 1D and 2D. Most aspects of how flavor equilibrated neutrinos influence the
dynamical evolution on smaller scales can already be seen in simulations performed in 1D.
More realistic predictions of the dynamical evolution are obtained from the simulations in
2D, which allow for non-radial motion of matter. In Chapter 4, I give a short summary
of the findings of this thesis. Finally, in Chapter 5, I conclude, put the results into
context with other developments, and give suggestions for future work.
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2 Numerical Simulations of Core-Collapse
Supernovae with the ALCAR Code

In this chapter I introduce the ALCAR code [131] that I used to perform the numerical
calculations. It has been developed by Martin Obergaulinger and Oliver Just, and largely
modified by Robert Glas. I extended the code with a module implementing a parametric
scheme of fast flavor conversions.

In Section 2.1, I give a higher-level description over the evolved equations and their
implementation. For a more detailed description I refer to the dedicated literature [131–
135]. In Section 2.2, I describe the implementation of the new module for neutrino flavor
conversions in the ALCAR code and a few tests. The description of the implementation
has already been published in [136] and a similar implementation was used in [129].

2.1 Overview of the ALCAR Code

I used the ALCAR code to perform the simulations analyzed in this thesis. It combines
the AENUS module1 for (magneto-)hydrodynamics with the ALCAR module2 for neu-
trino radiation transport. In the following ALCAR always refers to the combined code
unless stated otherwise. I stick closely to the notation of [134].

In the absence of magnetic fields and viscosity, the evolution of ordinary stellar matter
can be described by the Euler equations, which derive from the conservation equations
of mass, momentum, and energy,

∂tρ+∇j(ρv
j) = 0 (2.1a)

∂t(ρYe) +∇j(ρYev
j) = QN (2.1b)

∂t(ρv
i) +∇j(ρv

ivj + Pgas) = −ρ∇iΦ+Qi
M (2.1c)

∂tetot +∇j(v
j(etot + Pgas)) = −ρvj∇jΦ+QE + vjQ

j
M. (2.1d)

Here, Einstein summation convention is implied and t and i, j denote temporal and
spatial dimensions, respectively. ρ denotes the baryonic density, vj is the j-th component
of the fluid velocity, Ye is the electron fraction (that is the number density of protons
divided by the number density of baryons)3, Pgas is the gas pressure, and etot is the
total energy (that is the kinetic plus internal energy). The terms on the right hand side
of Equations 2.1 are the source terms. They contain the gravitational potential Φ, and

1AENUS is named after the river Inn in its Latin version.
2ALCAR is an acronym for ”Algebraic Local Closure Approach for Radiation
3ALCAR assumes that no (anti-)muons are created, but see [24, 25]

15



2 Numerical Simulations of Core-Collapse Supernovae with the ALCAR Code

terms related to neutrino interactions: the source term for the electron fraction QN, the
source term for momentum in i-th direction Qi

M, and the source term for internal energy
QE.
ALCAR solves these equations for the independent variables ρ, ρYe, ρv

i, and etot.
Pgas can be obtained from a microphysical equation of state (EoS) from the thermody-
namical variables ρ, Ye and etot. The simulations presented in this thesis employ the
“SFHo” EoS of [137]. The gravitational potential is calculated in Newtonian gravity by
solving Poisson’s equation with a multipole expansion and corrected for effects of general
relativity using case A of [138].
ALCAR uses a two moment scheme to evolve the neutrino radiation field in time.

This means that the radiation field is described by a truncated series of the in principle
linearly independent angular moments of the distribution function F(x,p, t).

Following [139] let

dN(x,p, t) =
g

h3
F(x,p, t)dx3dp3 (2.2)

denote the number of neutrinos in a phase space volume dx3dp3 with g the statistical
weight, h Planck’s constant, and

I(x, ϵ,n, t) = g
( ϵ

hc

)3
cF(x,p, t) (2.3)

denote the specific intensity with c the speed of light and ϵ = |p|c the energy of a neutrino
with momentum p in direction of the unit vector n.

The angular moments are obtained by integrating the distribution function over the
angular momentum space,

E =
1

c

∫
dΩnI, (2.4a)

F i =

∫
dΩnI ni, (2.4b)

P ij =

∫
dΩnI ninj , (2.4c)

Qijk =

∫
dΩnI ninjnk, (2.4d)

...

with the solid angle element in momentum space dΩn. ALCAR evolves the 0th-order
angular moment E—the energy specific neutrino energy density—and the 1-st-order
angular moment F—the energy specific neutrino energy flux density—(with F i the i-
th component). P, the 2nd-order angular moment pressure tensor (with P ij the ij-th
component), and Q, the 3rd-order angular moment (with Qijk the ijk-th component)
are not evolved but appear in the equations for the lower order moments.
Following [140, Section 3] the governing Boltzmann equation for the neutrinos reads

1

c
∂tI + ni∇iI = [I]coll (2.5)
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with [I]coll the collisional integral describing the interactions with ordinary matter. To
exploit symmetries of the neutrino matter interactions, the coordinate system in mo-
mentum space is fixed to the co-moving frame where matter is at rest. The governing
equation for E and F i are obtained analogously to Equations (2.4a) and (2.4b) by inte-
gration (applying

∫
dΩn and

∫
dΩn n

i, respectively to Equation (2.5)). Finally, ALCAR
takes into account general relativistic effects of redshift and time dilation. The following
equations are effectively accurate to order O(v/c)2:

∂tE +∇j(αF
j + vjE) + P ij∇ivj + F i∇iα− ∂ϵ[ϵ(P

ij∇ivj + F i∇iα)] = αS(0)

(2.6a)

∂tF
i +∇j(αc

2P ij + vjF i) + F j∇jvi + c2E∇iα− ∂ϵ[ϵ(Q
ijk∇jvk + c2P ij∇jα)] = αS(1)

(2.6b)

Here α is the lapse function (calculated as in [141], Section 3.7.2). The source terms
S(0) and S(1) are, respectively, the 0th- and 1st-order angular moments of the collision
integral.

As mentioned before, P ij and Qijk are not evolved quantities but computed from a
closure relation which depends on the lower order moments E and F i. ALCAR uses a
so-called Algebraic Eddington Factor method (AEF) meaning that the higher moments
can be expressed as functions of the lower moments. Assuming that the second and third
moments are isotropic tensor functions [142] and following [143] the second moment can
be expressed as a linear combination of a tensor proportional to the Kronecker delta δij

and a tensor proportional to ni
Fn

j
F with ni

F the normalized flux direction ni
F = F i

|F| .

P ij = E

(
1− χ

2
δij +

3χ− 1

2
ni
Fn

j
F

)
, (2.7)

with χ = χ(f) an algebraic function depending only on the flux factor f = |F|
cE . The

third moment reads

Qijk = cE

[
f − q

2
(ni

F δ
jk + nj

F δ
ik + nk

F δ
ij) +

5q − 3f

2
ni
Fn

j
Fn

k
F

]
, (2.8)

with q = q(f) another function depending only on the flux factor. The Minerbo closure,
used in ALCAR, is obtained from assuming that neutrinos follow a fermionic particle
distribution in a state of maximum entropy [144].

χMinerbo(f) =
1

3
+

1

15
(6f2 − 2f3 + 6f4) (2.9a)

qMinerbo(f) =
f

75
(45 + 10f − 12f2 − 12f3 + 38f4 − 12f5 + 18f6) (2.9b)

The source terms of the neutrino radiation and the hydrodynamics (in Equations 2.1
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and 2.6, respectively) are related as follows:

QN = −αmB

∫ ∞

0

(
S(0)
νe − S

(0)
ν̄e

) dϵ

ϵ
, (2.10a)

Qi
M = − α

c2

∑
ν

∫ ∞

0
S(1),i
ν dϵ, (2.10b)

QE = −α
∑
ν

∫ ∞

0
S(0)
ν dϵ, (2.10c)

wheremB is the baryon mass, S
(0)
νe and S

(0)
ν̄e are the source terms of νe and ν̄e, respectively,

and the sum
∑

ν runs over all neutrino species.
ALCAR solves the radiation transport equation for three species of neutrinos. Elec-

tron neutrinos (νe) and electron anti-neutrinos (ν̄e) are treated separately. All other
types of neutrinos are pooled into a single species (νx) to optimize the computational
load. This approximation is justified because the typical temperatures in a supernova
environment (a few 10s of MeV) are not high enough to produce a crucial amount of
muons (having a rest mass of about 106MeV) not to speak of tauons (having a rest mass
of about 1777MeV). Therefore the contribution of charged current interactions of muon
neutrinos (νµ) and tauon neutrinos (ντ ) and their respective antiparticles is subdomi-
nant (but see [24, 25]). This also means that ALCAR does not take into account the
difference of the behavior of neutrinos and anti-neutrinos in the heavy lepton neutrino
sector because again the contribution is subdominant.
To compute the source terms in Equations 2.9 ALCAR includes the reactions listed

in Table 2.1. For more information on the computation of the source terms please refer
to [131, 134, 135].
The equations of hydrodynamics and neutrino transport are discretized on a static spa-

tial and energy grid and solved using a 2nd-order time-explicit Runge-Kutta integrator
with the time-step being limited by a CFL criterion [153]. ALCAR uses a conservative
finite-volume method. That is the quantities are discretized as cell-volume averages. For
the evolution, they are interpolated at the cell interfaces and an approximate Riemann
solver calculates fluxes via these boundaries.

2.2 Implementation of Neutrino Flavor Conversions in the
ALCAR Code

As mentioned in Section 1.2 neutrino flavor conversions are expected to happen in the
inner regions of CCSNe but by no means everywhere and at all times. Their occurrence
depends on the type of instability that triggers the conversions (most importantly slow
modes, fast modes, and collisional instabilities) but the details are still subject to in-
tense investigation (Section 1.2). There is evidence that regions of instability can be
robustly detected by looking for crossings of the angular distribution of the electron
lepton number [85]. However searches for these have the drawback of being applied to
simulations that do not include flavor conversions. If the feedback to the stellar medium
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Table 2.1 Neutrino matter interactions included in the simulations.
Type of interaction reference

Absorption and emission (νe and ν̄e only)

n+ νe ⇌ p+ e− [145, 146]a

p+ ν̄e ⇌ n+ e+ [145, 146]a

(A,Z) + νe ⇌ (A,Z + 1) + e− [145, 146]
Scattering

n+ νi ⇌ n+ νi [145, 146]a

p+ νi ⇌ p+ νi [145, 146]a

(A,Z) + νi ⇌ (A,Z) + νi [145, 146]b

e± + νi ⇌ e± + νi [145, 147, 148]c

Pair processes (νx only)

e− + e+ ⇌ νx + νx [145, 149]d

Bremsstrahlung (νx only)

N1 +N2 ⇌ N1 +N2 + νx + νx [145, 149]d

aIncluding weak-magnetism and nucleaon recoil crrections [27]
bIncluding ion-screening corrections [150, 151]
cDamping the source terms for ρ > 5× 1012 g cm−3 [152]
dSimplified description as an absorption/emission process as in [152]

is as significant as predicted the medium will adapt to changes of the radiation field.
Since a self-consistent implementation will remain computationally unfeasible in the near
future, this study takes a more general approach. I implement a prescription that either
converts a pair of electron (anti-)neutrinos to a pair of heavy lepton (anti-)neutrinos
(νe, ν̄e → νx, νx) or the other way round (νx, νx → νe, ν̄e) to achieve a distribution where
the flavors are maximally mixed. The procedure has already been published in [136].
Here I give a summary and show some test cases.

Each simulation is initialized with a critical density ρc as a parameter constant for
this simulation. In those regions where the matter density ρ falls below ρc the flavor
conversion prescription is applied. In 1D simulations this usually (but not always) means
that the schematic prescription is applied in a region r > rc exterior to the radius
rc where ρ(rc) = ρc. As the matter density evolves with time, so does rc while ρc
remains constant. The density is a comparably inert property of matter. Effects of
flavor conversions do not have strong direct consequences on the density. Therefore using
the matter density prevents a frequent erroneous switching on and off of the criterion.
Regions where flavor conversions have taken place can easily be identified just like regions
that are unaffected, thus simplifying the analysis. Of course, dynamical changes in
regions with flavor conversions can still lead to secondary changes in regions where no
flavor conversions take place.

The parametric prescription to describe the amount of flavor conversion needs to follow
the restrictions motivated by the nature of neutrino flavor conversions being a result of
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coherent forward scattering (Section 1.2), that is

� the conservation of the total neutrino number and neutrino energy,

� the conservation of the neutrino momentum,

� the conservation of the (individual) lepton numbers, and

� satisfying Pauli’s exclusion principle.

The last point, strictly speaking, does not follow from the nature of flavor conversions
but still is a necessary constraint to be taken into account. In order to rigorously
ensure the conservation requirements, the flavor conversion prescription is local in space
and in energy. It is applied for each energy bin at each grid cell individually. In the
following Eνα,q is the energy density of a neutrino of species α in the q-th energy bin
at a fixed position in space. Primed (′) quantities represent the states after applying
the prescription and quantities without a prime represent the states before applying the
prescription. The conservation of the total neutrino number at a given energy (energy
conservation) translates to

Eνe,q + 2Eνx,q = E′
νe,q + 2E′

νx,q ,

Eν̄e,q + 2Eνx,q = E′
ν̄e,q + 2E′

νx,q. (2.11)

Note that the factor of 2 for νx in the conservation equation for neutrinos comes from
the fact that νx represent both heavy lepton neutrinos. The same is true for the anti-
neutrinos. The conservation of the electron lepton number4 translates to

Le,q = Eνe,q − Eν̄e,q = E′
νe,q − E′

ν̄e,q = L′
e,q. (2.12)

Under these constraints, a maximum equipartition of the flavors means that the energy
density of all neutrino species but one be equal.

Eeq,q =

{
E′

ν̄e,q = E′
νx,q =

1
3(Eν̄e,q + 2Eνx,q) , if Le,q > 0,

E′
νe,q = E′

νx,q =
1
3(Eνe,q + 2Eνx,q) , if Le,q ≤ 0.

(2.13)

On top of that either νe or ν̄e keep the excess over the other that they had before
equlibration. So the resulting distribution reads

E′
νe,q = Eeq,q +max(0, Le,q), (2.14a)

E′
ν̄e,q = Eeq,q +max(0,−Le,q), (2.14b)

E′
νx,q = Eeq,q. (2.14c)

The top row of Figure 2.1 shows a graphical representation of the the prescription

4Note that the number density and the energy density in the q-th energy bin of species α are related
via nνα,q =

Eνα,q

ϵq
, with ϵq the central energy of the energy bin. So for individual energy bins number

density and energy density can be used interchangeably.
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Figure 2.1 Top row: Schematic illustration of the equilibrium prescription introduced in
Equations 2.14 for Le,q > 0. The neutrino gas reaches an equipartition between νx and
ν̄e, which are less abundant than νe, with Le,q remaining unchanged. The left panel is
for νe, ν̄e → νx, νx conversions, the right panel for νx, νx → νe, ν̄e conversions. Bottom
row: Schematic representation of the equilibrium prescription under the constraint of
the Pauli exclusion principle introduced in Equations 2.16 and for Le,q > 0.

according to Equations 2.14.

In some cases, when either EPauli ⪅ Eνe < Eνx < Eν̄e or EPauli ⪅ Eν̄e < Eνx < Eνe ,
with EPauli the maximum packing of fermionic particles allowed by Pauli’s exclusion
principle, the νx, νx → νe, ν̄e conversions as described in Equations 2.14 would result in
a violation of the limit set by Pauli’s exclusion principle. In ALCAR a the q-th energy
bin is allowed to contain an energy density of

EPauli,q =
4π

(2πℏc)3
ϵ2q(ϵr − ϵl), (2.15)

with ℏ the reduced Planck constant and ϵr and ϵl the upper and lower boundary of that
energy bin. In this case the amount of conversion is restricted to the Pauli limit and
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neutrino distribution reads

E′
νe,q = min(EPauli,q, EPauli,q + Le,q), (2.16a)

E′
ν̄e,q = min(EPauli,q, EPauli,q − Le,q), (2.16b)

E′
νx,q =

1
2(Emax,q − EPauli,q), (2.16c)

with

Emax,q =

{
2Eνx,q + Eνe,q , if Le,q > 0 ,

2Eνx,q + Eν̄e,q , if Le,q ≤ 0
(2.17)

the total number density of neutrinos or anti-neutrinos in the q-th energy bin. The bot-
tom row of Figure 2.1 shows a graphical representation of the the prescription according
to Equations 2.16.
For the neutrino energy flux density the only requirement is that the total of all flavors,

Ftot,q, must be conserved:

Fνe,q + Fν̄e,q + 4Fνx,q = Ftot,q = F ′
νe,q + F ′

ν̄e,q + 4F ′
νx,q . (2.18)

Therefore, there is no unique solution. Keeping the individual contributions constant
complies with the requested conservation just as assigning Ftot,q/6 to every species. Yet
it is evident that both options are not suitable to describe the considered type of flavor
conversions because there is no physical motivation. The 1st-order angular moment is
analogous to the momentum of ordinary matter. Flavor conversions are a consequence of
coherent forward scattering and no momentum is transferred. Therefore neutrinos that
change their flavor will change the energy flux density of the species they convert from
and to. However, there should be no additional change of the momentum. Therefore, I
choose to implement an option that connects the change of the 1st-order angular moment
to the change of the 0th-order angular moment. Let

ηνα,q =
E′

να,q

Eνα,q
, (2.19)

be the ratio of neutrino energy densities before and after the conversion. If ηνα,q < 1
then this equals the survival probability of να and (1− ηνα,q) is the fraction of neutrinos
that changes their flavor. In regions where νe, ν̄e → νx, νx (i.e., ηνe,q, ην̄e,q < 1) I use

F ′
νe,q = ηνe,qFνe,q, (2.20a)

F ′
ν̄e,q = ην̄e,qFν̄e,q, (2.20b)

F ′
νx,q = Fνx,q +

(1− ηνe,q)Fνe,q + (1− ην̄e,q)Fν̄e,q

4
, (2.20c)

and in the regions where νx, νx → νe, ν̄e(i.e., ηνx,q < 1), I use analogously to Equa-
tions 2.20

F ′
νe,q = Fνe,q + 2(1− ηνx,q)Fνx,q, (2.21a)

F ′
ν̄e,q = Fν̄e,q + 2(1− ηνx,q)Fνx,q, (2.21b)

F ′
νx,q = ηνx,qFνx,q . (2.21c)
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This prescription ensures that the flavor conversions also effectively lead to the transfer
of momentum from one species to another. For the species that becomes less abundant
the flux factor f = |F |/cE remains constant during the flavor conversion in each energy
bin q, i.e.,

fνα,q =
|Fνα,q|
cEνα,q

=
|F ′

να,q|
cE′

να,q

= f ′
να,q. (2.22)

This prescription is stable in the sense that applying it a second time does not further
change the result because in this case ηνα,q = 1. Nevertheless, I have confirmed that
the results are qualitatively unaffected by reasonable alternative prescriptions for the
neutrino momentum behavior during flavor conversions.

The flavor conversion routines are applied after each Runge-Kutta (sub-)step of the
temporal evolution to be consistent with flavor conversions that happen on time scales
below the length of the time-step adapted in the calculations. This ensures that the
calculations for the radiation transport and for the “ordinary” neutrino-interactions
operate on flavor equilibrated states at all times.

2.2.1 Tests of the Implementation

In this subsection I show the steps I took to ensure the correctness of the implementation
of the prescription. During the execution of the simulation program a small routine
checks for the consistency with the conservation restrictions to machine precision. In all
following figures in this section solid lines are obtained from simulations without flavor
conversions as described in the caption. The dashed-dotted lines are the result of the
application of a single time step with flavor conversions.

Figure 2.2 shows a case of the application of Equations 2.14 at a distance of 100 km at
70ms after core bounce where neutrino densities are sufficiently small that Pauli blocking
is not an issue. At ϵ ≲ 15MeV, νe are more abundant than ν̄e and therefore E′

νe > E′
ν̄e =

E′
νx . At ϵ ≳ 15MeV, ν̄e are more abundant than νe and therefore Eν̄e > E′

νe = E′
νx . At

ϵ ≳ 20MeV, νx are not the least abundant species and the type of conversion changes
from νe, ν̄e → νx, νx conversions at lower and νx, νx → νe, ν̄e conversions at higher
energies.

Figure 2.3 shows a case of the application of Equations 2.16 at a distance of 13 km
at 50ms after core bounce. In the lower energy bins (ϵ ≲ 20MeV), Eνe is just below
the limit of the Pauli exclusion principle (dashed lines) which causes a suppression of
the flavor conversions. Note that ν̄e are the least abundant species due to the high
degeneracy of electrons, which suppresses the production of ν̄e. Therefore conversions
are of type νx, νx → νe, ν̄e at all energies.

Figure 2.4 shows the radial dependence of the energy-integrated neutrino energy den-
sity Eνα =

∑
q Eνα,q. In regions where ρ < ρc, at r > 98 km, the flavor conversion

prescription is applied. It is noteworthy that despite the aim of the flavor conversion
prescription leading to a state of maximal mixing of the flavors, still a distinct ordering
is obtained (Eνe > E ν̄e > Eνx). This is because ν̄e have a higher mean energy than νe.
Therefore, νe are more abundant than ν̄e at lower energies while it is the other way round
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Figure 2.2 Test case of the implementation in spectral view. Dependence of the neutrino
energy density, E, on the energy, ϵ, at a distance of 100 km before and after applying the
flavor conversion prescription. Neutrino energy densities are sufficiently small that Pauli
blocking is not an issue. The solid lines show data taken from model M9.0-1D-noFC at
70ms after bounce. The dashed-dotted lines show data that is obtained when adding an
additional time step including the flavor conversion prescription with ρc = 1010 g cm−3.
In the unshaded region νe, ν̄e → νx, νx conversions take place. In the shaded region
νx, νx → νe, ν̄e conversions take place. At ϵ ≳ 15 MeV the electron lepton number
changes sign.

at higher energies. The conservation of the energy dependent electron lepton number
prevents one of Eνe and E ν̄e to be equal to Eνx .
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Figure 2.3 Test case of the implementation with the Pauli exclusion principle in spectral
view. Dependence of the neutrino energy density, E, on the energy, ϵ, at a distance of
13 km before and after applying the flavor conversion prescription. The solid lines show
data taken from model M20.0-1D-noFC at 50ms after bounce. The dashed-dotted lines
show data that is obtained when adding an additional time step including the flavor
conversion prescription with ρc = 1014 g cm−3. The dashed line shows the maximum en-
ergy density allowed by the Pauli exclusion principle. For ϵ ≲ 20MeV flavor conversions
according to Equations 2.14 would result in a violation of the Pauli exclusion principle.
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Figure 2.4 Test case of the implementation in radial view. Dependence of the energy
integrated neutrino energy density (E) on the distance to the center before and after
applying the flavor conversion prescription. The solid lines show data taken from model
M9.0-1D-noFC at 70ms after bounce. The dashed-dotted lines show data that is ob-
tained when adding an additional time step including the flavor conversion prescription
with ρc = 1010 g cm−3. Note that neither Eνe nor E ν̄e reaches down to Eνx because the
lepton number is energy dependent and changes sign (see Figure 2.2).
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3 Core-Collapse Supernovae Simulations
with Neutrino Flavor Conversions

Over the course of this thesis, I performed simulations of the collapse and accretion phase
of 3 different progenitors with different zero-age main-sequence masses. The lightest
progenitor model is an evolved 9.0M⊙ star [34]. It is an example of a progenitor model
that consistently explodes in multi-D simulations [32, 41, 42, 134, 154]. In comparison,
a 11.2M⊙ star [155] is usually less ready to blow up featuring a delayed and slower onset
of shock expansion [156–159]. The third progenitor model, a 20.0M⊙ star [160], on the
other hand exhibits a heavy iron core and a shallow density profile (Figure 3.1). Most
multi-D simulations do not find a successful explosion from this progenitor [39, 41, 134,
161].
For each progenitor model I, ran simulations in 1D and 2D leading to a set of 6 series

of simulations. For each series I, performed multiple simulations varying the critical
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Figure 3.1 Density profiles of the used progenitors. The 9.0M⊙ and 11.2M⊙ progenitors
feature a steep density profile that is usually associated with stars that are readily
exploding in multi-D simulations. The 20.0M⊙ progenitor is more compact hampering
an explosion.
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3 Core-Collapse Supernovae Simulations with Neutrino Flavor Conversions

density (ρc) below which flavor conversions take place. The convention for naming the
simulations follows [162] and contains the zero-age main-sequence mass of the progenitor
and indicates the dimensionality of the simulation as well as a notion of ρc: M9.0-1D-xxx,
M11.2-1D-xxx, and M20.0-1D-xxx for the 1D models and M9.0-2D-xxx, M11.2-2D-xxx,
and M20.0-2D-xxx for the 2D models, where xxx is a placeholder for either noFC (“no
flavor conversion”) or for the threshold density in units of g cm−3 in exponential notation.
The values of ρc in units of g cm−3 chosen in this study are 109, 1010, 1011, 1012, 1013,
or 1014. The respective iso-density contours cover the region where the coupling of
neutrinos to the stellar matter is strong enough to have an influence on the dynamical
evolution. This leads to 7 simulations per series including the reference model, summing
up to a total of 42 simulations that are the foundation for this thesis.

In the simulations, the radial grid is spaced logarithmically and consists of grid of 640
zones from 0 km up to 10,000 km. The 2D simulations are initialized with an output from
the respective 1D simulation at tpb = 5ms after bounce and mapped to a polar grid with
identical radial extent and spacing and 80 polar zones evenly spaced. To seed convection
a random 0.1% perturbation of the local density is applied. In these simulations, the
innermost 2 km were calculated without polar dependency (1D core). Here, non-radial
motions are essentially absent and the region can be calculated in spherical symmetry
(1D core). In these simulations this volume is essentially treated as being spherically
symmetric to avoid unnecessarily small time-steps according to the CFL-criterion [153].
The energy-dependent three species (νe, ν̄e, νx) neutrino field is resolved on a grid of 15
logarithmically spaced cells from 0MeV up to 400MeV.

3.1 Simulations in Spherical Symmetry

In this section, I present the results of 21 simulations of accretion phase of 3 progenitor
models in 1D. During the phase of collapse, I did not find differences between the simula-
tions with no flavor conversions and the simulations with flavor conversions. The reason
for this is that flavor conversions are implemented as a pairwise effect. During collapse νe
and νx are practically absent so the effect of flavor conversions is negligible. As explained
in Section 1.1, 1D simulations are inadequate to make robust predictions on the nature
of CCSNe because they do not take into account non-radial hydrodynamic instabilities
like convection inside the PNS and in the post-shock layer, which have a major influence
for the explosion mechanism. Nevertheless, 1D simulations have a justification in this
context because:

� Many consequences introduced by flavor conversions are present in 1D simulations.
As I will show in this chapter, the effect of flavor conversions on the heating prop-
erties of neutrinos in different regions of the supernova has a significant influence
on the dynamics also in 1D.

� The larger computational cost of mulit-D simulations exceeds the resources suitable
for the testing phase of new features.
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Table 3.1 Summary of 1D simulations. rshock,max is the maximum expansion of the shock
radius and tshock,max is the time at which this is expansion is reached.

Label Mprog [M⊙] ρc [g/cm3] rshock,max [km] tshock,max [ms]

M9.0-1D-noFC 9.0 x 143 106
M9.0-1D-1e09 9.0 109 144 109
M9.0-1D-1e10 9.0 1010 153 106
M9.0-1D-1e11 9.0 1011 137 108
M9.0-1D-1e12 9.0 1012 130 47
M9.0-1D-1e13 9.0 1013 135 336
M9.0-1D-1e14 9.0 1014 117 40

M11.2-1D-noFC 11.2 x 207 102
M11.2-1D-1e09 11.2 109 256 125
M11.2-1D-1e10 11.2 1010 281 129
M11.2-1D-1e11 11.2 1011 240 114
M11.2-1D-1e12 11.2 1012 195 97
M11.2-1D-1e13 11.2 1013 152 91
M11.2-1D-1e14 11.2 1014 149 91

M20.0-1D-noFC 20.0 x 146 72
M20.0-1D-1e09 20.0 109 148 81
M20.0-1D-1e10 20.0 1010 153 80
M20.0-1D-1e11 20.0 1011 134 53
M20.0-1D-1e12 20.0 1012 127 49
M20.0-1D-1e13 20.0 1013 120 48
M20.0-1D-1e14 20.0 1014 120 48

� The analysis of multi-D simulations is more complicated. The amount of the gener-
ated data is larger and angular dependencies add an additional layer of complexity
making it harder to find relevant differences. In addition, taking angular averages
can smear out relevant features.

Table 3.1 lists the most important properties of the simulations in the 1D set. None
of the models lead to a successful explosion but the evolution of the shock radius, in
particular its maximum expansion, rshock,max, is as a rough indicator of the proximity of
a CCSN simulation to explosion.

3.1.1 M9.0-1D

The simulations in this series reveal a systematic and sensitive dependence of the shock
radius on the value of the threshold density ρc (only model M9.0-1D-1e13 is to some
degree an outlier). A higher value of ρc strongly correlates with a weaker shock ex-
pansion, manifesting itself in a smaller maximum radius. A similar, but much less
spread, systematic ordering is present in the PNS radii, defined by the iso-density sur-
face ρ(rPNS) = 1011 g cm−3. This comes with little surprise because the region between
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Figure 3.2 Dynamical properties of the M9.0-1D series. The color coding is according
to the value of ρc. (a): Shock radius (rshock, upper panel) and PNS radius (rPNS,
lower panel) are strongly correlated; at the same time higher values of ρc correlate with
a faster PNS contraction and thus a reduced expansion of the shock radius. Dashed-
dotted, dashed, and dotted lines show the radius of the iso-density surfaces of 109 g cm−3

and 1010 g cm−3 and the grain radius, respectively, of model M9.0-1D-noFC. (b): Total
cooling in the cooling region (Qcool); higher values of ρc correlate with increased cooling
(c): Heating properties in the gain region; all models with flavor conversion show higher
specific heating rates (qgain); models with higher values of ρc correlate with smaller
masses in the gain region (Mgain) and therefore smaller total heating rates (Qgain).
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the PNS surface and the stalled shock, in 1D simulations, is stratified in a way that is
nearly in hydrostatic equilibrium during the post-bounce accretion phase [12, 28, 157].
Hence, the shock radius follows the contraction of the PNS.
The dynamical evolution of the M9.0-1D series can be divided in two parts. In the

early phase (tpb ≲ 200ms), the shock radius of most flavor conversion models is reduced
when compared to the reference model (Figure 3.2a). Only for models M9.0-1D-1e09
and M9.0-1D-1e10, the shock radius (rshock) extends as far as the reference model or
even somewhat further. In the second phase (tpb ≳ 200ms; the exact timing depends on
the model), rshock of the models with flavor conversion picks up pace again and exceeds
the expansion of the shock radius of the reference model.
The weaker expansion of the shock radius in models M9.0-1D-1e11 – M9.0-1D-1e14

during the first phase is initiated by a more efficient cooling from neutrinos. Figure 3.2b
shows Qcool, the total cooling rate by a net neutrino emission in the cooling layer. The
cooling layer extends from the PNS surface up to the gain radius where the net effect
of matter-neutrino interaction changes from cooling to heating. To guide the eye, both
panels of Figure 3.2a show the gain radius for M9.0-1D-noFC which roughly agrees with
the gain radius for the other models. In models M9.0-1D-1e12 – M9.0-1D-1e14, Qcool

can be more than twice as high as in the reference model. In these models, flavor
conversions also enhance the cooling inside the PNS. This leads to a faster contraction
that also reduces the masses in the gain layer due to the stratification mentioned above.
The gain layer reaches from the gain radius to the shock radius. The effects of the
cooling are strong enough that the shock radius is already well retreating at around
tpb = 105ms, a time when it reaches its maximum expansion in the reference model.
On the other hand, in models M9.0-1D-1e09 and M9.0-1D-1e10 flavor conversions do

not happen in the cooling layer (or at least not from the beginning on). Therefore, the
contraction of the PNS is not substantially enhanced. In model M9.0-1D-1e09, rshock
extends a little beyond and in model M9.0-1D-1e10 considerably further than in the
reference model. This originates in an increased heating by the neutrinos in the grain
region, the properties of which are schown in Figure 3.2c. The lower panel shows the
specific heating rate in the gain region

qgain =
Qgain

Mgain
, (3.1)

with Qgain (upper panel) the total heating rate in the gain region and Mgain (middle
panel) the total mass in the gain region. While qgain reflects the impact of the flavor
conversions on the neutrino properties that determine the energy deposition in the post-
shock layer, Qgain is more directly responsible for the development of the shock expansion
but depends sensitively on the mass in the gain layer. Mgain can change due to increased
cooling in the cooling layer as described above. Interestingly, qgain in the models with
flavor conversions is strikingly higher than in the reference model. So flavor conversions,
implemented with the recipe presented in Section 2.2, increase the heating in the heating
region and increase the cooling in the cooling region.

This is by no means a generic result of flavor conversion but the result of two competing
effects from two different types of conversions. At lower densities—outside of the PNS
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Figure 3.3 Neutrino spectra as function of neutrino energy at different densities for model
M9.0-1D-noFC at tpb = 100ms. The energy at which νx are not the least abundant
species increases with density.

core— I find νe, ν̄e → νx, νx conversions at lower and medium energies, where νx are
the least abundant species, and νx, νx → νe, ν̄e conversions at higher energies, where νe
or ν̄e are the least abundant species. Conversions of type νe, ν̄e → νx, νx decrease the
specific heating rate because νx transfer much less energy to the stellar medium. They
are less tightly coupled. Hence, the newly formed νx can escape the region more easily
and therefore can also enhance the cooling. On the other hand, conversions of type
νx, νx → νe, ν̄e increase the heating rate because the newly formed νe and ν̄e interact
much stronger with the medium because they can be absorbed in β-like reactions, which
is kinematically forbidden for (most) νx.

1 Due to the quadratic dependence of the
interaction cross section on the neutrino energy, the effect of conversions of high energy
νx to electron type neutrinos is over-proportionally relevant and can compensate a net
reduction of the number of νe and ν̄e.

Specifically, the response of the specific heating rate depends on the energy at which
conversions change from νe, ν̄e → νx, νx to νx, νx → νe, ν̄e. Figure 3.3 shows the (un-
mixed) spectra of the three neutrino species (indicated by linestyles) for model M9.0-
1D-noFC at tpb = 100ms at different densities as indicated by the color coding. As
the density increases, the shapes and heights of the spectra2 change due to the vary-
ing temperature and different interaction strengths of the different species. Therefore,
the energy at which the type of conversions changes, increases as well and so does the
fraction of neutrinos that undergo νe, ν̄e → νx, νx conversions. Broadly speaking, in the
heating region the energy at which the type of the conversion changes is sufficiently small
so the overall effect of conversions is to increase the heating. In the specific example of
Figure 3.3, flavor conversions at a density of 1011 g cm−3 would lead to νx, νx → νe, ν̄e
conversions only for neutrinos with energies above 33MeV, while conversions at a density
of 109 g cm−3 would lead to these conversions for neutrinos with enegies above 20MeV.

1Only a very small fraction has an energy that is above the rest mass of muons.
2and with it the differences of the shapes of the spectra
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But it should be noted that neither are the energies where these transitions happen
constant in time nor is the association with the cooling and the gain layer precise. Still
this gives an intuitive explanation for the fact that the effects in the heating and cooling
layer go into opposite directions.
Loosely speaking, in the cooling region and in the PNS mantle flavor conversions sup-

port the cooling. Since the coupling of neutrinos to the medium increases as the density
increases the effects can be amplified at higher densities. Note that the increased cool-
ing involves an increased emission of neutrinos. Also the following contraction involves
compressional heating raising the mean energy of the emitted neutrinos. Therefore, in-
creasing the cooling in the cooling region can increase qgain as a secondary effect. The net
effect on the expansion of the shock radius depends on the relative strength of the two
effects. Comparing the different models, the volume where flavor conversions happen
increases with ρc. For model M9.0-1D-1e09, the volume only covers a part of the heating
region. Therefore, the shock expansion is slightly larger than in model M9.0-1D-noFC.
In model M9.0-1D-1e10, a larger portion of the heating region is affected and rshock is
larger than in M9.0-1D-1e09. The gain radius is located at densities somewhere between
a few 109 g cm−3 and a few 1010 g cm−3 (depending on the time that has passed since
the bounce, Figure 3.2c). In model M9.0-1D-1e10, flavor conversions start in parts of
the cooling region at tpb ≳ 60ms. At this time, the shock radius (and with it the size
of the gain region) has grown large enough that the additional cooling in the cooling
layer can fully be compensated. rshock remains larger than in model M9.0-1D-noFC and
M9.0-1D-1e09. In model M9.0-1D-1e11, flavor conversions happen in the cooling region
from early on. There is no period of solely increased heating which could have lead
to an increase of Mgain. Therefore, the shock expansion in this model is smaller than
in models M9.0-1D-noFC, M9.0-1D-1e09, and M9.0-1D-1e10. Models M9.0-1D-1e12 –
M9.0-1D-1e14 follow the trend of M9.0-1D-1e11 and have an even more decreased shock
expansion because the cooling effect νe, ν̄e → νx, νx conversions is also present in the
mantle of the PNS further reducing rPNS.
In the second phase (tpb ≳ 200ms), the contraction of the PNS in the reference model

catches up with the contraction of those models where flavor conversions have accelerated
the cooling. In this phase the overall magnitude of the cooling has decreased significantly
and therefore also its relative importance. The masses in the gain layer converge. For
all models with flavor conversion (except M9.0-1D-1e14) the total heating rate in the
gain region exceeds the one of the M9.0-1D-noFC. When the O-shell is accreted at
tpb ≃ 320ms, consequently, rshock extends further than the reference model.

Models M9.0-1D-1e13 and M9.0-1D-1e14 do not follow the trend of laid out by the
other models with flavor conversions. At later times, the expansion of the shock radii
exceeds the one of the other models. rPNS and Mgain decrease slower (Figures 3.2a
and 3.2c), and qgain remains smaller than in the reference model. For model M9.0-1D-
1e13, the largest expansion of the shock radius does not occur in the phase of the first
shock expansion but following the accretion of the C-burning shell. The reason for this
lies in the PNS core. In the first ∼ 100ms after bounce the PNS radius contracts fastest
for models M9.0-1D-1e13 and M9.0-1D-1e14. But strictly speaking the contraction of
rPNS tracks only the contraction of the outer layers of the PNS. In the inner regions, flavor
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3 Core-Collapse Supernovae Simulations with Neutrino Flavor Conversions

conversions slow down the contraction instead of accelerating it. Again this is caused
by a change of the type of conversions. At densities above more than a few 1012 g cm−3

the degeneracy of electrons increases which leads to a reduction of ν̄e. Consequently,
νx are not the least abundant species anymore and the type of conversion switches
to νx, νx → νe, ν̄e conversions—at all energies. The newly formed ν̄e are immediately
absorbed by the medium instead of escaping comparably unhindered like the νx would.
The conversions therefore slow down the energy transport in the form of νx. The local
temperature increases leading to a thermal expansion slowing down the contraction of
the inner part of the PNS. So after (a few) 100ms the contraction of the outer parts of the
PNS slows down as well. The diminished contraction of the PNS also stabilizes Mgain.
Due to the reduced energy transport within the PNS the emission of neutrinos remains
at a higher level for a longer time. Finally, the increased Mgain enables a stronger shock
expansion. In M9.0-1D-1e14 the effect is smaller and happens at later times because
the conversions start deeper within the core and at ρ = 1014 g cm−3 the heavy lepton
neutrino luminosity is smaller.

Flavor conversions also leave an imprint on the neutrino signatures that could be
measured by a distant observer (Figure 3.4). They reduce the luminosity of νe and ν̄e
while increasing the luminosity of νx. This confirms that the dominant conversion is of
type νe, ν̄e → νx, νx. The distribution of unmixed neutrinos of different flavors follows
spectra of different mean energies. For heavy lepton type neutrinos, decoupling occurs
in regions deep inside the PNS. Their spectra are typically hotter than those of ν̄e which
in turn couple slightly stronger to the medium than νe. So the spectrum of ν̄e is hotter
than the spectrum of νe. Flavor conversions mix these spectra and therefore increase the
mean energy of νe and ν̄e while reducing the mean energy of νx. The luminosities and
mean energies of models M9.0-1D-1e09 and M9.0-1D-1e10 are very similar but clearly
distinct from M9.0-1D-noFC. This difference (especially for M9.0-1D-1e09) can solely
be ascribed to the flavor conversion itself. It neither stems from an altered production
of neutrinos (which only interact rarely at these densities) nor from drastically different
dynamics (see discussion above). For the other models it is interesting to see that their
influence on the dynamics is so strong that in a brief period of a few 10ms the νe and νx
luminosities exceed those of the respective luminosities in the reference model despite the
general trend of flavor conversions which is to reduce the luminosity of νe. This implies
that the accelerated contraction goes hand in hand with an accelerated deleptonization
that can overcompensate the loss of νe from νe, ν̄e → νx, νx conversions.

The effects described in this section are, with a few exceptions, generic for simulations
in 1D. To summarize, the effects are:

� Flavor conversions reduce the νe and ν̄e luminosity and increase the νx luminosity.

� Flavor conversions increase the νe and ν̄e mean energy and reduce the νx mean
energy.

� νx, νx → νe, ν̄e Conversions at higher energies increase the specific heating rate in
the heating region.
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Figure 3.4 Luminosity (left) and mean energy (right) of νe (top), ν̄e (center), and νx
(bottom) as functions of post-bounce time for the M9.0-1D series. In the top panel
the maximum of the νe burst has been cut off for better visibility. The quantities are
shown as measured by a distant observer, i.e. at a radius of 500 km, and transferred
into the observer’s lab-frame. Short-time fluctuations of the mean energy are reduced
by smoothing the curves with a running average of 5ms. In all models with flavor
conversions the luminosity of νe and ν̄e is reduced while the luminosity of νx is increased
as a consequence of flavor conversions. In models M9.0-1D-1e13 and M9.0-1D-1e14 the
luminosity of νx is reduced due to the additional effect of reduced energy transport in
the inner layers of the PNS. In models with flavor conversion the mean energies of νe
and ν̄e are increased while the mean energies of νx are decreased. Also here, models
M9.0-1D-1e13 and M9.0-1D-1e14 show secondary effects.
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� νe, ν̄e → νx, νx Conversions at lower energies increase the cooling rate in the cooling
region and the PNS mantle.

� νx, νx → νe, ν̄e Conversions in the PNS core reduce the energy transport and
stabilize the PNS.

In the following sections I, will refer back to these effects and focus on the the additional
aspects that arise from the different structure of the progenitors.

3.1.2 M11.2-1D

The M11.2-1D series shows the same correlation between the rshock,max and ρc as in the
M9.0-1D series. However, in the M11.2-1D series the shock expands rapidly very early
on (Figure 3.5a). Even without flavor conversions this system is close to an explosion
due to the steep decline of the density profile (Figure 3.1). Despite showing a dynam-
ically different evolution, qualitatively the immediate effects of flavor conversions are
the same as in the M9.0-1D series. Flavor conversions inside of the PNS accelerate its
contraction via increased cooling rates (Figure 3.5b). Models M11.2-1D-1e12 – M11.2-
1D-1e14 feature a reduced rshock due to this effect. Outside of the PNS flavor conversions
amplify the expansion because of increased heating rates (Figure 3.5c). The passing of
the Si/Si-O interface3 happens rather early. By coincidence this is at a time where
flavor conversions strongly increase qgain. For models M11.2-1D-1e09–M11.2-1D-1e11,
these two effects add up and lead to a very pronounced shock expansion. Due to the
limitations of spherical symmetry, where matter can only move outwards or inwards, the
shock expansion completely throttles the mass accretion to the PNS which reduces the
neutrino emission and thus the specific heating rate. The shock expansion ceases and
the matter in the post-shock region collapses. As it returns to the vicinity of the PNS
the neutrino emission (Figure 3.7) and the cooling rate (Figure 3.2b) increase drastically
leading to transient peaks also in the heating rates. As a consequence, the shock radius
shows a bounce-like pattern. The mass density in the Si/Si-O shell decreases only slowly
and therefore also the mass accretion rate remains roughly constant (Figure 3.6). The
dynamics steady down, the shock does not expand any further and all models reach a
similar dynamical situation. At later times, only models M11.2-1D-1e13 and M11.2-2D-
1e14 stand out because the contraction of the PNS progresses more slowly. The reasons
for this are the same as in M9.0-1D-1e13, namely that the PNS contracts slower and so
Mgain stabilizes which leads to a slower decrease of rshock at tpb ≳ 150ms.

Note that the models in this series show a slightly different systematic behavior of
the neutrino emission and the specific heating in the gain layer when compared to the
M9.0-1D series. This does not only include the additional collapse of matter leading
to spike-like features in the luminosity and the mean energies (Figure 3.7). But also at
later times, ongoing mass-accretion on the PNS increases the temperatures at the surface.
Consequently the νe and ν̄e mean energies and therefore also the specific heating rate

3located at around 1300 km at the start of the simulation and being accreted at a distance of 400 km
at around 80ms after bounce
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Figure 3.5 Dynamical properties of the M11.2-1D series. The color coding is according
to the value of ρc. (a): Early and strong shock expansion due to passing of the Si/Si-
O interface; bounce-like feature in the due to limitations in 1D simulations (b): Total
cooling in the cooling region (Qcool); short oscillatory features due to the collapse of the
shock expansion (c): Heating properties in the gain region; models with flavor conversion
tend to show higher specific heating rates (qgain); models with higher values of ρc correlate
with smaller masses in the gain region (Mgain) and therefore smaller total heating rates
(Qgain)
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Ṁ
a

t
4
0
0

k
m

[M
�
/
s]

M20.0-2D-noFC

M11.2-2D-noFC

M9.0-2D-noFC

M20.0-2D-noFC

M11.2-2D-noFC

M9.0-2D-noFC

Figure 3.6 Mass accretion rates at 400 km elucidating the different progenitor structures.
Arrows indicate the accretion of the Si/Si-O interface. The accretion rates in this figure
are taken from 2D simulations but the accretion rates in the respective 1D simulations
are the same.

increase. This can be seen most clearly in the reference model M11.2-1D-noFC (black
lines in Figures 3.5c and 3.7). The mean energy of νx does not increase because they
are produced in the inner region of the PNS. In this specific model the mean energies
are even decreasing. The spectra of the different species approach each other and flavor
conversions no longer lead to an increase of the specific heating rate, but instead tend
to decrease it.

3.1.3 M20.0-1D

The results presented in this section were described already in [136]. Minor passages are
taken from this reference which I contributed to as the first and leading author.

The M20.0-1D series shows the clearest correlation between the extension of the shock
radius and the value of ρc (Figure 3.8a). This is because at no point in time any of the
models is even close to successfully reviving the shock expansion. After the initial short
period of shock expansion, lasting less than 100ms, the dynamical evolution follows a
steady contraction only briefly interrupted by the passing of the Si/Si-O interface at
around tpb ∼ 250ms.

Models M20.0-1D-noFC and M20.0-1D-1e09 evolve effectively identically. The position
of the radius of the iso-density surface of ρ = 109 g cm−3 is identical with the position
of the shock radius for tpb ≳ 40ms (before it lies outside of it). The reference model
does not include any flavor conversions. For model M20.0-1D-1e09 they occur only in
the pre-shock region. This confirms that flavor conversions in the pre-shock region have
no effect in terms of the dynamics. It shows that the (small) differences between the
reference model and the model with ρc = 109 g cm−3 in the M9.0-1D and M11.2-1D
series can entirely be attributed to flavor conversions in a small volume of the heating
region. Model M20.0-1D-1e10 shows the largest maximum expansion of the shock radius
in this series, because of a short period of enhanced heating (Figure 3.8c). However, due
to the shallow density gradient of the progenitor the iso-density surface of 1010 g cm−3
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Figure 3.7 Luminosity (left) and mean energy (right) of νe (top), ν̄e (center), and νx
(bottom) as functions of post-bounce time for the M11.2-1D series. In the top panel
the maximum of the νe burst has been cut off for better visibility. The quantities are
shown as measured by a distant observer, i.e. at a radius of 500 km, and transferred
into the observer’s lab-frame. Short-time fluctuations of the mean energy are reduced
by smoothing the curves with a running average of 5ms. In all models with flavor
conversions the luminosity of νe and ν̄e is reduced while the luminosity of νx is increased
as a consequence of flavor conversions. In models M11.2-1D-1e13 and M11.2-1D-1e14
the luminosity of νx is further reduced due to the additional effect of reduced energy
transport in the inner layers of the PNS. In models with flavor conversion the mean
energies of νe and ν̄e are increased while the mean energies of νx are decreased. This
effect becomes weaker over time because the contraction of the νe and ν̄e neutrinospheres
reduces the difference of the (unmixed) mean energies of the different flavors. Also here,
models M9.0-1D-1e13 and M9.0-1D-1e14 show secondary effects.
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Figure 3.8 Dynamical properties of the M20.0-1D series. The color coding is according
to the value of ρc. (a): Weak shock expansion due to high accretion flow and strong PNS
contraction (b): Total cooling in the cooling region (Qcool) (c): Heating properties in
the gain region; models with flavor conversion show higher specific heating rates (qgain)
only in the first ∼ 100ms after bounce; models with higher values of ρc have significantly
smaller masses in the gain region (Mgain) and therefore smaller total heating rates (Qgain)
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crosses the gain radius comparably early and flavor conversions enhance the cooling in
the cooling region just before contraction sets in after maximum shock expansion. This
initiates a decrease of Mgain, decreasing the total heating rate which hinders the shock
expansion. The shock radius retreats behind the shock radius of the reference model
at tpb ∼ 130ms. In models M20.0-1D-1e11 – M20.0-1D-1e14 the much faster decrease
of rshock can directly be attributed to the cooling enhancing effect of νe, ν̄e → νx, νx
conversions in the near-surface layers of the PNS (Figure 3.8b) that leads to an even faster
contraction and faster decrease of Mgain. Though the Qcool is temporarily decreased as
a consequence of the passing of the Si/Si-O interface it remains high throughout the
course of the simulation due to ongoing high mass accretion.

In general, this series confirms the findings of the previous two. During the initial
period after bounce flavor conversions in the gain region enhance qgain. For models
M20.0-1D-1e12 – M20.0-1D-1e14, qgain additionally increases because of an enhanced
emission of neutrinos as a direct consequence of the increased cooling. At the same time
matter sinks from the gain to the cooling layer leading to a net decrease of Qgain. As
accretion onto the PNS progresses, the temperatures near the νe and ν̄e neutrinospheres
and the temperatures of the spectra of all flavors approach and eventually the mean
energies of νe and ν̄e surpass that of νx. Over time the heating increasing effect of
νx, νx → νe, ν̄e conversions is reduced while νe, ν̄e → νx, νx conversions still reduce the
number of electron type neutrinos. At tpb ≈ 150ms, at the latest, the specific heating
rates of the models with flavor conversions fall behind the heating rates of the reference
model.

There is also a clear correlation between ρc and the luminosities and the mean ener-
gies (Figure 3.9). The faster contraction of the PNS is enabled by an increased overall
emission of neutrinos. Hence, models with high values of ρc have higher νx luminosities
and even the νe luminosities are increased during the first 80ms after bounce. After-
wards, the electron type neutrino luminosities are reduced and only the luminosities of
the heavy lepton type neutrinos are increased. Among the different models, a higher
value of ρc correlates with lower luminosities. Flavor conversions increase the mean en-
ergies of νe and ν̄e and reduce the mean energies of νx. Models with higher values of ρc
tend to have higher mean νe energies and lower νx energies. The reason for the energy
ordering is again connected to an interplay of the strength of the PNS contraction and
its influence on the temperatures at the neutrinospheres (for models M20.0-1D-1e12 –
M20.0-1D-1e14), the dominant νe, ν̄e → νx, νx conversions in the bulk of the νe and νx
spectra around their spectral peaks, and the νx, νx → νe, ν̄e conversions in the high-
energy spectral tails. These conversions lead to an increase of the mean νe energies with
higher threshold densities and similarly for the mean νx energies. The mean energies of
ν̄e are mostly insensitive to the value of ρc.

As the mean energies of νe and ν̄e increases due to ongoing accretion the influence of
flavor conversions becomes weaker. For νx on the other hand, the mean energy increases
in models with flavor conversion while it stays roughly constant for the reference model.

41



3 Core-Collapse Supernovae Simulations with Neutrino Flavor Conversions

time [ms]

25

50

75

100

M20.0-1D

νe

time [ms]

10

12

14

16

18

νe

time [ms]

25

50

75

100

L
ν

[1
0

5
1

er
g
/
s]

ν̄e

time [ms]

12

14

16

18

20

〈ε
ν
〉[

M
eV

]
ν̄e

0 100 200 300 400 500

tpb [ms]

0

25

50

75

100

νx

noFC

1e09

1e10

1e11

1e12

1e13

1e14

noFC

1e09

1e10

1e11

1e12

1e13

1e14

0 100 200 300 400 500

tpb [ms]

10

12

14

16

18

20

νx

Figure 3.9 Luminosity (left) and mean energy (right) of νe (top), ν̄e (center), and νx
(bottom) as functions of post-bounce time for the M20.0-1D series. In the top panel
the maximum of the νe burst has been cut off for better visibility. The quantities are
shown as measured by a distant observer, i.e. at a radius of 500 km, and transferred
into the observer’s lab-frame. Short-time fluctuations of the mean energy are reduced
by smoothing the curves with a running average of 5ms. In all models with flavor
conversions the luminosity of νe and ν̄e is reduced while the luminosity of νx is increased
as a consequence of flavor conversions. There is a clear correlation between the value of
ρc and the strength of this effect. In models with flavor conversion the mean energies of
νe and ν̄e are increased while the mean energies of νx are decreased. This effect becomes
weaker over time because the contraction of the νe and ν̄e neutrinospheres reduces the
difference of the (unmixed) mean energies of the different flavors.
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3.2 Simulations in Axial Symmetry

In this section, I present the results of the 21 simulations of the accretion phase of the 3
progenitor models in 2D. The simulations in this series reveal that flavor conversions can
act in different ways depending on the region where they occur and on the progenitor
structure. All models in the M9.0-2D and M11.2-2D series show successful explosions
while none of the models in the M20.0-2D series explodes within 500ms after core bounce.
Table 3.2 lists the most important properties of the simulations in 2D. The different
outcomes of the series (exploding vs. non-exploding) can be attributed at large to the
difference of the mass accretion rates caused by the progenitor structure. In the M9.0-2D
and M11.2-2D series, the mass accretion rate (measured at a radius of 400 km) drops
significantly below 1M⊙/s well within 60ms after core bounce while this value is reached
only at around tpb ∼ 200ms in the M20.0-2D series (Figure 3.6). The effect of flavor
conversions is non-uniform. In those series that lead to successful explosions they tend
to facilitate the shock revival and lead to earlier explosions for some models. For the
other models, the explosion occurs at the same time as in the respective reference model.
In the M20.0-2D series on the other hand the shock expansion is diminished in models
with flavor conversion when compared to the reference model though the effect is weaker
than in the M20.0-1D series.

3.2.1 M9.0-2D

In model M9.0-2D-noFC, the reference model of the M9.0-2D series, the explosion sets
in at tpb ∼ 350ms. Throughout this chapter I use the time when the mean shock
radius passes 400 km as criterion for the onset of the explosion. I find distinctively
earlier explosions for models with flavor conversions outside of the PNS (M9.0-2D-1e09
– M9.0-2D-1e11) and explosion times similar to model M9.0-2D-noFC for models with
flavor conversions also reaching into the PNS (M9.0-2D-1e12 – M9.0-2D-1e14); see Fig-
ure 3.10a.

In model M9.0-2D-1e09, flavor conversions enter the post-shock region 100ms after
the bounce but are restricted to the gain region where νx, νx → νe, ν̄e conversions at high
energies enhance qgain (Figures 3.10a and 3.10c). Though qgain increases only by a small
amount, due to the small size of the region where flavor conversions are active, Mgain

increases steadily. Therefore, compared to the reference model, also Qgain increases
steadily supporting the explosion, which sets in at tpb ≃ 260ms, nearly 100ms earlier
than in model M9.0-2D-noFC. In model M9.0-2D-1e10, flavor conversions are active
in a large part of the heating region from early on and qgain is significantly enhanced.
This facilitates the generation of convection in the post-shock layer (Figure 3.11), which
prolongs the residence of matter in the gain layer. Compared to the reference model,
Mgain and Qgain are considerably increased. At tpb ≃ 220ms, the explosion sets in;
earliest in this series.

During the first 200ms after bounce, the trajectory of the shock radius from model
M9.0-2D-1e11 follows the one of the reference model. This is not because there is no
difference between the two models but rather is the result of two competing effects
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Table 3.2 Summary of 2D simulations. For models that exhibit a successful explosion
t400 km is the time after bounce when the mean shock radius is located at r = 400 km,
which I use as the time when explosion sets in, and MPNS,500ms is the baryonic mass
of the PNS at tpb = 500ms. For the non-exploding models rshock,max is the maximum
expansion of the shock radius and tshock,max is the time at which this is expansion reached.

Label Mprog [M⊙] ρc [g/cm3] t400 km [ms] MPNS,500ms [M⊙]

M9.0-2D-noFC 9.0 x 350 1.362
M9.0-2D-1e09 9.0 109 252 1.353
M9.0-2D-1e10 9.0 1010 218 1.346
M9.0-2D-1e11 9.0 1011 268 1.353
M9.0-2D-1e12 9.0 1012 332 1.358
M9.0-2D-1e13 9.0 1013 337 1.358
M9.0-2D-1e14 9.0 1014 343 1.358

M11.2-2D-noFC 11.2 x 409 1.354
M11.2-2D-1e09 11.2 109 151 1.321
M11.2-2D-1e10 11.2 1010 139 1.301
M11.2-2D-1e11 11.2 1011 171 1.328
M11.2-2D-1e12 11.2 1012 411a 1.352
M11.2-2D-1e13 11.2 1013 141 1.323
M11.2-2D-1e14 11.2 1014 273 1.350

rshock,max [km] tshock,max [ms]

M20.0-2D-noFC 20.0 x 146 82
M20.0-2D-1e09 20.0 109 148 80
M20.0-2D-1e10 20.0 1010 153 78
M20.0-2D-1e11 20.0 1011 135 55
M20.0-2D-1e12 20.0 1012 129 51
M20.0-2D-1e13 20.0 1013 139 60
M20.0-2D-1e14 20.0 1014 132 54

aThe shock radius of this model crosses 400 km multiple times. This value is the one after which the
explosion finally sets in.
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Figure 3.10 Dynamical properties of the M9.0-2D series. The color coding is according
to the value of ρc. (a): PNS and shock radii are loosely correlated; at the same time
higher values of ρc correlate with a faster PNS contraction and thus reduced expansion
of the shock radius (b): Total cooling in the cooling region (Qcool); higher values of ρc
weakly correlate with increased cooling (c): Heating properties in the gain region; all
models with flavor conversion show higher specific heating rates (qgain); models with
higher values of ρc correlate with smaller masses in the gain region (Mgain) and therefore
smaller total heating rates (Qgain).
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Figure 3.11 Beginning of the post-shock convection in the M9.0-2D series at tpb = 80ms.
Flavor conversions increase qgain, which facilitates the generation of convection in the
post-shock region.

from flavor conversions in model M9.0-2D-1e11. Like in model M9.0-2D-1e10, νx, νx →
νe, ν̄e conversions in the heating region increase qgain and support the generation of
convection, which is beneficial for the revival of the shock. On the other hand, νe, ν̄e →
νx, νx conversions that are dominant in the cooling region enable a faster contraction.
Therefore, Mgain decreases faster than in the reference model. Around tpb = 100ms
the cooling rates become similar again (Figure 3.10b) while qgain remains higher. Mgain

approaches the value as in M9.0-2D-noFC and surpasses it at tpb = 200ms. The shock
radius expands and the explosion is launched at tpb ≃ 270ms, again earlier than in
the reference model. Model M9.0-2D-1e12 exhibits the same two competing effects.
Compared to M9.0-2D-1e11, the effect on the Qcool is stronger because the outer layers
of the PNS are affected by enhanced cooling as well. The faster cooling can directly be
seen in the contraction of the PNS radius that shrinks strongest in this series. Also the
enhanced cooling reduces Mgain and results in a considerably weaker shock expansion.
At the same time the contraction also leads to compressional heating increasing the
neutrino emission and their mean energies in general (Figure 3.12). This leads to the
largest value for qgain in this series. At tpb ∼ 300ms, when the mass accretion rate has
decreased sufficiently, Mgain stabilizes and explosion sets in about 50ms later—for this
and all other models not discussed yet. The fact that in these three and the reference
model the explosion sets in roughly at the same time suggests that for these models
the onset of shock expansion is less connected to details of altered neutrino physics but
originates in the continuously decreasing mass accretion rate (Figure 3.6).
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Figure 3.12 Neutrino properties for the simulations of the M9.0-2D series. Short-time
fluctuations of the mean energy are reduced by smoothing the curves with a running
average of 5ms. All quantities are measured at a distance of 500 km and in the reference
frame of a distant observer.
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Figure 3.13 Lateral velocity (vθ) indicating convection in models M9.0-2D-noFC (left)
and M9.0-2D-1e13 (right) at tpb = 80ms. The solid line shows the PNS radius and
the dashed line shows the radius of the iso-density surface of ⟨ρ⟩ = 1013 g cm−3, where
⟨ρ⟩ is the angle averaged matter density. Flavor conversions of type νx, νx → νe, ν̄e at
ρ ≲ 1013 g cm−3 lead to an increase of the local temperature which stirs PNS convection.

Models M9.0-2D-1e13 and M9.0-2D-1e14 where flavor conversions also happen in the
PNS core, feature an additional effect originating in νx, νx → νe, ν̄e conversions in the
inner regions of the PNS. Like their 1D counterparts, the newly formed ν̄e are quickly
absorbed increasing the local temperature and effectively decreasing the radiative en-
ergy transport outwards. However, in 2D simulations non-radial motions are possible.
Especially in model M9.0-2D-1e13, the increase of the local temperature stirs PNS con-
vection (Figure 3.13). The critical density, ρc, lies exactly in the convectively unstable
region. The energy transport via PNS convection has a direct impact on the dynamics
outside of the PNS because the energy is still coupled to the hydrodynamical system.
This is different from the energy transport via νx, in which case the neutrinos decouple
at densities of a few 1013 g cm−3 from the stellar medium and the energy is lost radia-
tively. Furthermore, convection stabilizes the PNS against contraction and also leads
to an increase of the matter temperatures in the outer parts of the PNS, increasing the
production of νe and ν̄e [163]. In model M9.0-2D-1e13, flavor conversions increase the
PNS convection right away. The PNS radius contracts slower than in all other models
until tpb = 100ms. Compared to M9.0-2D-1e12 and M9.0-2D-14, in this period, Qcool is
increased only to a minor degree. Within this series, model M9.0-2D-1e13 has the largest
value of Mgain and the shock radius evolves similarly to the one in model M9.0-2D-1e10.
However, the contraction of the PNS is merely delayed. About 100ms after bounce,
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Figure 3.14 Mass of the PNS over time for the M9.0-2D series (left) and M11.2-2D (right)
series.

the PNS radius approaches the extension of the other models. Qcool increases, and the
contraction of the shock radius proceeds faster than in the reference model. For model
M9.0-2D-1e14 PNS convection is enhanced less strongly. This is because at the interface
between no flavor conversion and flavor conversions the luminosities of νx are smaller.
Therefore, less νx are converted to νe and ν̄e and the increase of the heating is reduced.
Correspondingly, the shock radius evolves more like in model M9.0-2D-1e12. Still, after
some time PNS contraction is stronger than in the reference model and the contraction
of the PNS radius is decelerated at tpb ≳ 150ms.

Another aspect of increased PNS convection is its connection to the emission of grav-
itational waves (GWs). Until tpb ≈ 300ms the lateral velocities in M9.0-2D-1e13 are
larger than those in M9.0-2D-noFC by a factor of a few. PNS convection excites gravity
waves in the layer between the convective zone and the surface of the PNS [164, 165].
Non-radial mass movements lead to the emission of GW in the frequency range of a few
100Hz up to about 1000Hz. A stronger PNS convection could lead to higher amplitudes
in the GW signal. However, a thorough analysis of this is beyond the scope of this thesis.

As explosion sets in, the mass accretion to the PNS is throttled. Therefore, an early
explosion correlates with a small MPNS (Figure 3.14, left panel). Model M9.0-2D-1e10,
exhibiting the earliest explosion, has a baryonic PNS mass of about 1.346M⊙ and models
M9.0-2D-1e09 and M9.0-2D-1e11 have a baryonic mass of about 1.352M⊙. Models M9.0-
2D1e12 – M9.0-2D1e14, in which explosion sets in roughly 100ms later have a baryonic
mass of about 1.36M⊙. Note that the mass is not final because the PNS further grows
through accretion at later times. See also Table 3.2.

In this series of models, the luminosities of all flavors show a steady decline (Fig-
ure 3.12, left panel). This is because the accretion flow onto the PNS is small and
neutrino emission is dominated by the cooling of the PNS. The decrease of the νe and
ν̄e luminosity is similar to the decrease within the the M9.0-1D series. Characteristic
spikes in the νe and ν̄e luminosity stemming from accretion events onto the PNS are also
present in the νx luminosity, especially in those models where flavor conversion reach the
PNS or are even present inside. The presence of flavor conversions is clearly visible in
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the mean energies (right panels). Flavor conversions significantly reduce mean energies
of νx and increase the mean energies of νe and ν̄e. A rough correlation between high
values of ρc and lower values of the mean energies for ν̄e and νx can be seen.

3.2.2 M11.2-2D

In the M11.2-2D series, the mass accretion rate drops more early and steeper than in
the other series. The Si/Si-O interface passes the shock radius already about 60ms
after bounce. The subsequent expansion of the shock radius leads to a comparably large
heating region in all models. In 4 out of 6 models with flavor conversions the explosion
sets in more than 150ms earlier than in the reference model without flavor conversions
where the explosion is launched at about tpb = 400ms (Figure 3.15a).

In models M11.2-2D-1e09 and M11.2-2D-1e10, the explosion is aided by the increase
of qgain (Figure 3.15c). It is launched 150ms and 140ms after bounce, respectively
(Figure 3.15a). Note that in model M11.2-2D-1e09 the heating rate only increase after
the iso-density surface of 109 g cm−3 crosses the shock radius, which is at the time when
the Si/Si-O interface passes. However, the density gradient in the progenitor model is so
steep that the density quickly falls below 109 g cm−3 in a large volume of the post-shock
region. The passing of the interface leads to a sudden expansion of the shock radius,
which decreases Qcool, slowing down the decrease of the mass in the gain layer caused by
the contraction of the PNS. In all models with flavor conversion, the combination of this
effect and the increased specific heating rate leads to a more extended shock expansion
than in the reference model.

In model M11.2-2D-1e11, Mgain remains roughly constant for a period of more than
100ms as the mean shock radius continuously increases. The explosion sets in at tpb ∼
200ms. For M11.2-2D-1e12, the mass in the gain layer is somewhat smaller. The decrease
is sufficient to prevent an earlier explosion though the mean shock radius is transiently
pushed out beyond 450 km. Instead, it takes another cycle of convective overturn for the
model to explode at tpn = 400ms, similar to the reference model M11.2-2D-noFC.

At this point I would like to expand on the behavior of model M11.2-2D-1e13. The
evolution of its shock radius does not seem to fit within the trend of the other models
with the explosion setting in as exceptionally early, at the same time as in models M11.2-
2D-1e10 and M11.2-2D-1e09. The reason for the early explosion is a coincidence of two
effects. Like its counterpart in the M9.0-2D series (M9.0-2D-1e13) this model features
an enhanced PNS convection and correspondingly larger rPNS and Mgain. In model
M11.2-2D-1e13 additionally, the mass accretion rate drops very early. This reduces the
ram pressure of the infalling material, further stabilizing the gain layer. The combined
effects lead to the early explosion. The coincidence is not present in M9.0-2D-1e13 where
the mass accretion rate decreases continuously, which is why it is not exploding earlier
than the reference model. Also in model M11.2-2D-1e14, both effects are present but
not coincident. The PNS convection increasing effect develops later since the interface
at ρ = 1014 g cm−3 is further inside and the luminosity of νx, whose conversion to νe and
ν̄e is boosts the convection, are lower. The explosion sets in earlier than in the reference
model but only about 100ms. Therefore, the early explosion in M11.2-2D-1e13 should
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Figure 3.15 Dynamical properties of the M11.2-2D series. The color coding is according
to the value of ρc. (a): Early and strong shock expansion due to passing of the Si/Si-O
interface (b): Total cooling in the cooling region (Qcool) (c): Heating properties in the
gain region; models with flavor conversion tend to show higher specific heating rates
(qgain) before explosion sets in; models with higher values of ρc correlate with smaller
masses in the gain region, (Mgain)
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neither be considered as evidence for early explosions as a result of flavor conversions
inside the PNS nor is robust prediction for the 11.2M⊙ progenitor. It is rather a result
of the coincidence of enhanced PNS convection activity and an early drop in the reduced
mass accretion rate.

Even more than in the M9.0-2D series the different times when explosion sets in leads
to a diversity of the PNS masses. Note that in this series the masses still visibly increase
at tpb = 500ms (Figure 3.14, right panel). M11.2-2D-1e10 has the lightest PNS with
a mass of of 1.30M⊙. For M11.2-2D-1e09, M11.2-2D-1e11, and M11.2-2D-1e13 MPNS

exceed 1.32M⊙. For M11.2-2D-1e12, M11.2-2D-1e14 and M11.2-2D-noFC it exceeds
1.35M⊙ and keeps increasing.

The luminosities of the models with flavor conversions are smaller but not much re-
duced compared to the reference model (Figure 3.16), unlike in the M11.2-1D series. This
is because with the small mass accretion rate the emission of neutrinos comes mostly
from the cooling of the PNS—even more than in the M9.0-2D set. The difference to
the M11.2-1D series is especially large for models M11.2-2D-1e13 and M11.2-2D-1e14
and connected to the increased PNS convection. The mean energies on the other hand
are comparable to the respective models of the M11.2-1D series with νe and ν̄e mean
energies being considerably higher than in the reference model and νx mean energies
being reduced accordingly. At least for the mean energies of ν̄e and νx a rough ordering
according to the value of ρc with high values of ρc correlating with lower mean energies
can be seen.

3.2.3 M20.0-2D

In the M20.0-2D series, none of the models leads to an explosion (Figure 3.17a), in
contrast to the M9.0-2D and M11.2-2D series, where all models eventually exhibit an
explosion. Instead, this series of simulations agrees rather well with the results from the
M20.0-1D series. Most strikingly, all models with flavor conversions tend to have reduced
shock radii and there are no signs for any of them reaching conditions favorable for a
revival of the shock expansion. However, there are a few differences to the behavior in
1D. Multi-dimensional flows through their stabilizing effects slow down the contraction
of the shock radii. At a given time for a given value of ρc, rshock and rPNS are larger than
in the respective model of the 1D series. The specific heating rate in M20.0-2D-noFC
(and also M20.0-2D-1e09) increases less than in the respective 1D models (Figure 3.8c
and Figure 3.17c). This comes from the fact that the contraction of the νe and ν̄e
neutrinospheres is slowed down and the mean energies of the neutrinos increase less
strongly. As a result, the mean energy of νx remains higher than the mean energy of νe
and ν̄e for a longer time. Therefore, flavor conversions keep increasing the mean energy
of νe and ν̄e, which increases the heating in flavor conversion models. In the respective
1D models, this effect reduces over time because models with flavor conversion contract
faster. In the end, the 2D models with flavor conversion still show a tendency to be less
likely to explode. However, compared to the 1D models this tendency is weaker.

For model M20.0-2D-1e09, some parts of the gain region overlap with the region where
flavor conversions occur. But the overlap is too small to have a relevant dynamical effect
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Figure 3.16 Neutrino properties for the simulations of the M11.2-2D series. Short-time
fluctuations of the mean energy are reduced by smoothing the curves with a running
average of 5ms. All quantities are measured at a distance of 500 km and in the reference
frame of a distant observer.

53



3 Core-Collapse Supernovae Simulations with Neutrino Flavor Conversions

time [ms]

50

100

150

r s
h
o
c
k

[k
m

]

0 100 200 300 400 500

tpb [ms]

20

40

60

80

r P
N

S
[k

m
]

M20.0-2D

109 g/cm3

gain radius

1010 g/cm3

109 g/cm3

gain radius

1010 g/cm3

(a) Radii

0 100 200 300 400 500

tpb [ms]

−8

−6

−4

−2

0

Q
c
o
o
l

[1
0

5
2

er
g
/
s]

(b) Cooling

time [ms]

0.0

0.5

1.0

Q
g
a
in

[1
0

5
2

er
g
/
s]

noFC

1e09

1e10

1e11

1e12

1e13

1e14

noFC

1e09

1e10

1e11

1e12

1e13

1e14

time [ms]

10−3

10−2

M
g
a
in

[M
�

]

0 100 200 300 400 500

tpb [ms]

0

1000

2000

q g
a
in

[M
eV
/
s/

b
a
ry

o
n

]

(c) Heating

Figure 3.17 Dynamical properties of the M20.0-2D series. The color coding is according
to the value of ρc. (a): Weak shock expansion due to high accretion flow and strong
contraction of thePNS. (b): Total cooling in the cooling region (Qcool). (c): Heating
properties in the gain region; models with flavor conversion show higher specific heating
rates (qgain) only in the first ∼ 150ms after bounce; models with higher values of ρc
have significantly smaller masses in the gain region (Mgain) and therefore smaller total
heating rates (Qgain).
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and the shock radius behaves effectively as in the reference model. In model M20.0-2D-
1e10, the shock transiently pushes further out than the shock in the reference model. But
flavor conversions soon become active in the cooling region and the cooling enhancing
effect dominates, just like in its 1D counterpart.

In models M20.0-2D-1e11 and M20.0-2D-1e12, the cooling enhancing effects dominate
from the beginning on and Mgain is reduced with the meanwhile familiar impact on the
shock expansion. Model M20.0-2D-1e12 has the lowest values for the shock expansion
in this series.

As in the other 2D series, models M20.0-2D-1e13 and M20.0-2D-1e14 have an enhanced
PNS convection that attenuates the earlier contraction of the PNS and therefore the
contraction of the shock radius. The latter evolves as the shock radius of model M20.0-
2D-1e11.

In this series of simulations, the PNS masses naturally keep increasing. The evolution
is very similar for all models and at tpb = 500,ms they have reached a baryonic mass of
about 1.91M⊙ increasing at a speed of about 0.035M⊙ s−1.

There is a clear difference between the neutrino luminosities of the models involving
flavor conversion and the luminosities in the reference model. The νe and ν̄e luminosities
are persistently lower and the νx luminosities are persistently higher in the simulations
with flavor conversions (Figure 3.18). In fact, they are similar to the ones found in the
M20.0-1D series because in both series none of the models shows a successful explosion.
However, the mean energies of νe and ν̄e are reduced because stabilizing effects of non-
radial flows slow down the contraction of the neutrinospheres, which remain at larger
radii where the temperatures are smaller. For this reason, the range of higher energies
over which νx, νx → νe, ν̄e conversions take remains larger for a longer period of times.
For models with flavor conversions, the mean energies of νx remain smaller than in the
reference model.

3.2.4 Delayed Onset of Flavor Conversions

The studies in this thesis are motivated but not strictly limited to FFC. In fact, FFC
should obey the constraints used to construct the flavor conversion scheme used in this
thesis (that is the conservation of the total neutrino number and the individual lepton
numbers). However, FFC are proven to be triggered by crossings in the angular distri-
bution of the ELN4[85]. Studies explicitly searching for ELN crossings in simulations
that do not take into account flavor conversions [95] find that it takes some time to de-
velop ELN crossings since they occur not before around 100ms after bounce. In models
M9.0-2D-1e10 and M11.2-2D-1e10, the seeds to an early explosion have been already
laid at this time.

Therefore, I repeated the simulations of M9.0-2D-1e09–M9.0-2D-1e11 and M11.2-2D-
1e09–M11.2-2D-1e11 but turned on the flavor conversion scheme only after tpb = 100ms.
I will refer to these models with the same labels as the respective original simulations
but add “-100ms”.

4Or the respective equivalent if nνµ ̸= nν̄µ or nντ ̸= nν̄τ [83]
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Figure 3.18 Neutrino properties for the simulations of the M20.0-2D series. Short-time
fluctuations of the mean energy are reduced by smoothing the curves with a running
average of 5ms. All quantities are measured at a distance of 500 km and in the reference
frame of a distant observer.
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3.2 Simulations in Axial Symmetry
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Figure 3.19 Shock radii of models with flavor conversion from the beginning (solid) and
starting at tpb = 100ms (dashed) as functions of post-bounce time for the simulations
of the M9.0-2D series (left) and M11.2-2D series (right).

The delayed onset does not cause any qualitative differences. Still, all models with
flavor conversions show an earlier onset of the explosion than the respective reference
models without flavor conversions(Figure 3.19). Compared to the respective model with
flavor conversions from the beginning on, the explosion is delayed by about 20ms. For
models M9.0-2D-1e11-100ms, M11.2-2D-1e09-100ms, and M11.2-2D-1e11-100ms the ex-
plosion sets in with a larger delay due to an additional convective turn over, which could
be a stochastic effect. The onset of the explosion is not delayed by more than 100ms,
compared to the respective simulations with immediate flavor conversions.
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4 Summary of the Key Findings

In the course of this thesis I have performed 1D and 2D simulations initialized with three
progenitor systems of different masses. The baryonic density is used as a criterion for the
occurrence of flavor conversions and each simulation takes a different values of the critical
density ρc as a fixed parameter. The naming scheme of the studied models encodes
these parameters, e.g. M9.0-1D-1e09 refers to a progenitor of mass 9.0M⊙ simulated in
1D with ρc = 109 g cm−3. Models with the suffix -noFC refer to reference simulations
without flavor conversion. In regions where the density is below ρc, flavor conversions
occur. This enables me to link their presence in different regions to (not necessarily local)
effects on the explosion dynamics. The detailed impact on the supernova dynamics and
the PNS structure can involve fairly complex feedback effects, depending on the phase of
the evolution and the region where flavor conversions occur (heating layer, cooling layer,
or inside the PNS). They reveal that the effects of flavor mixing are multi-layered and
can affect the dynamics in different directions. The following sections summarize the
non-trivial impact of neutrino flavor conversions on the explosion dynamics of CCSNe.

4.1 Flavor Conversions Outside of the Shocked Region

In the pre-shock region neutrino interactions are not frequent enough to have a relevant
heating or cooling effect on the stellar matter. Therefore, flavor conversions upstream of
the shock have almost no influence on the dynamical evolution of the system, but they
would still change the observable neutrino signal.

4.2 Flavor Conversions in the Heating Region

Within the post-shock region and in the outer layers of the PNS νe, ν̄e → νx, νx conver-
sions amplify neutrino cooling while νx, νx → νe, ν̄e conversions amplify neutrino heating
processes. This is because νe and ν̄e couple more strongly to the stellar medium than
νx, so the appearance of νe and ν̄e (at the cost of νx) increases the neutrino absorption
rates whereas the appearance of νx (at the cost of νe and ν̄e) decreases it. Both pro-
cesses can happen at the same time (νe, ν̄e → νx, νx at lower; νx, νx → νe, ν̄e at higher
energies). The energy-integrated heating or cooling rate is affected differently at varying
locations depending on the energy at which conversions switch from νe, ν̄e → νx, νx to
νx, νx → νe, ν̄e

1 and the local shapes of the neutrino spectra of the (unmixed) flavors.
In all simulations with flavor conversions in the heating region, the integrated specific

heating rate, qgain, increases, and in multi-dimensional simulations convection sets in

1That is the energy defining the spectral region in which νx are not the least abundant species anymore.
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earlier. Both effects are beneficial for a successful explosion. Despite the limitations of
spherical symmetry, models M11.2-1D-1e09 – M11.2-1D-1e11 feature an enhanced period
of shock expansion and come close to a successful explosion 2. Those 2D simulations in
which flavor conversions are restricted to the heating region exhibit earlier explosions
(models M9.0-2D-1e09, M9.0-2D-1e10, M11.2-2D-1e09, and M11.2-2D-1e10). For model
M20.0-2D-1e09 flavor conversions do not cover a relevant portion of the heating region
and for model M20.0-2D-1e10 flavor conversions occur in the cooling region too early so
that the enhancement of the cooling prevents the development of conditions favorable
for explosion. Therefore, flavor conversions do not increase the “explodability” in these
models.

4.3 Flavor Conversions in the Cooling Region

In the cooling region, flavor conversions increase the cooling of matter by neutrinos. This
is because there is a radial dependence of the consequences of flavor conversions on the
local heating rate. At smaller radii a larger portion of the spectrum is subject to νe, ν̄e →
νx, νx conversions. Hence, at a certain radius, flavor conversions cease to increase the
local specific heating rate and instead decrease it. This turning point roughly coincides
with the position of the gain radius. As a result, flavor conversions in the cooling region
lead to higher cooling rates. Though qgain remains higher, a stronger cooling further
downstream amplifies the contraction of the PNS which increases the downward flow of
mass out of the gain layer. This reduces the mass in the gain layer, Mgain, and therefore
indirectly decreases the total heating in the gain region, Qgain. Still, models M9.0-2D-
1e11 and M11.2-2D-1e11 show an earlier onset of explosion compared to the reference
model without flavor conversions. In the respective models with ρc = 1012 g cm−3, where
flavor conversions in the outer mantle of the PNS also lead to an even faster contraction,
the explosion sets in at the same time as in the reference models.

4.4 Flavor Conversions Inside the PNS — Models with
ρc = 1013 g cm−3

In certain regions of the PNS, flavor conversions play an unexpected, special role. At
densities above some 1012 g cm−3 flavor conversions of type νx, νx → νe, ν̄e take place at
all energies due to the low abundance of ν̄e. As a consequence, in models M9.0-2D-1e13,
M11.2-2D-1e13, and M20.0-2D-1e13, the local heating rate at the interface between the
region with and without flavor conversions increases due to νe and ν̄e absorption. In 1D
simulations, flavor conversions decelerate the energy release from the PNS core. In 2D
simulations, the opposite effect is present. The absorption leads to a sudden heating that
enhances the convection inside the PNS. Also, convection starts earlier. This stabilizes
the PNS against contraction and increases energy transport from the inner parts of the
PNS to the outer. Combined with the right timing of the accretion of a composition

2Though, in the end, also these models do not lead to a successful explosion in 1D.
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4.4 Flavor Conversions Inside the PNS — Models with ρc = 1013 g cm−3

shell interface of the collapsing progenitor star, this can lead to an exceptionally early
explosion (as in model M11.2-2D-1e13).
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5 Conclusions and Outlook

In the past years, neutrino flavor conversions have appeared as a challenge to numerical
simulations of core-collapse supernovae (CCSNe). They arise as a consequence of the
quantum mechanical nature of neutrinos and are a collective phenomenon due to neutrino
self-interaction. A comprehensive understanding of the neutrino evolution requires the
solution of the quantum-kinetic equation (QKE), which numerically remains impossible
in the near future given the large separation of scales. Resolving fast flavor conversions
(FFC), at the moment regarded as the dominating type of flavor conversions in the
dynamically relevant regions, requires a resolution at the scale of a few cm while typical
simulations cannot go beyond a resolution of a few 10m without becoming unreasonably
computationally expensive.

The work presented in this thesis, for the first time, includes neutrino flavor conver-
sions in multi-dimensional, neutrino-radiation hydrodynamics simulations of CCSNe. I
included a parameterized version of maximum flavor conversion that is compatible with
conservation laws that are given by the nature of being an effect of coherent forward
scattering. This allows me to infer a maximum effect that flavor conversions can have
on the evolution of a CCSN. Using a density criterion to restrict flavor conversions to
certain regions, I can attribute arising effects to the occurrence in these regions. This
study defogs landmarks on the map of flavor conversions in CCSNe instead of charting
precise paths based on simulations that are deemed to be unreliable at this stage.

I assume a maximum flavor equipartition that is compatible with conserving energy,
momentum, and individual lepton numbers, to shed light on the maximum effect that
flavor conversions can have on the dynamics of a CCSN. Because this does not rely on
a specific scenario for flavor conversions it allows an analysis of the effects while being
agnostic about the details of their origin.

Focusing on the immediate dynamical impact, the results suggest that flavor conver-
sions can both facilitate or weaken the onset of runaway shock expansion, depending on
the core structure of the stellar progenitor and the region where flavor conversions are
assumed to occur. In the post-shock region they lead to stronger neutrino heating and
enhance convection, which is beneficial for explosion. Conversions in regions where neu-
trinos have a cooling effect accelerate the contraction of the proto-neutron star (PNS).
But deep inside this, they once more stir convection, which slows down the contraction.
Flavor conversions modify the neutrino spectra reducing the νe and ν̄e luminosities while
increasing their mean energies.

In a number of investigated models flavor conversions lead to earlier explosions. In any
specific model, the time for the onset of the explosion directly correlates with the mass of
the nascent neutron star. Hence, earlier explosions due to flavor conversions can lower
the minimum neutron star mass expected from stellar collapse and could explain the
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formation of neutron stars below 1.2M⊙, whose observations challenge current CCSN
models [32, 166, 167]. For example, model M11.2-2D-1e10 (an axially symmetric (2D)
simulation initialized with the 11.2M⊙ progenitor model and flavor conversions only
occurring in the gain region) produces a neutron star with a baryonic mass of only
1.30M⊙ (gravitational mass of about 1.19M⊙ with a 12 km radius; [168]) instead of
about ≳ 1.36M⊙ found in the model without flavor conversions.

In all simulations with initialized with the 20.0M⊙ progenitor, flavor conversions hin-
der the explosion as a consequence of their occurrence in the cooling region. If flavor
conversions systematically reduce the tendency of massive progenitors to explode, this
will increase the black hole formation rate. If further simulations support this finding it
might help to explain a discrepancy between the observation of the progenitor systems
of type-II supernovae and the results of state-of-the-art numerical simulations. With
such observations one can estimate the zero-age-main-sequence mass of stars. A sys-
tematic survey could not find progenitor systems whose zero-age-main-sequence exceeds
17–20M⊙ [169]. Since current multidimensional models yield explosions well beyond
this mass range [21, 170] it has been termed the red supergiant problem. A systematic
reduction of the tendency to explode in such models would be intriguing evidence for
flavor conversions.

In models where flavor conversions are present in the convectively unstable region in
the PNS they lead to an earlier onset of convection. Furthermore, the lateral velocities in
the models with flavor conversion are larger than in the respective reference model by a
factor of a few. PNS convection causes a high frequency GW signal in the range of a few
100Hz up to about 1000Hz [164]. Larger velocities of the matter increase the amplitude
of the gravitational waves (GWs) and could lead to a distinctive imprint in the signal.
Though it is known that in 2D simulations the amplitude of GWs is overestimated,
due to artificially coherent motion in axial symmetry, a comparison between the models
with and without flavor conversions yields relative effects which can be transferable to
a scenario without artificial symmetries. Detailed calculations are required to make
substantial predictions but are beyond the scope of this thesis.

5.1 Observable Neutrino Signal

Of course, flavor conversions also affect the properties of the neutrino emission itself.
This is true even if the flavor conversions do not leave an imprint on the dynamics, that
is, if flavor conversions take place only in the pre-shock region. Naturally, the mixing
prescription leads to an equalization of the spectra of the different flavors. νe, ν̄e → νx, νx
conversions in the bulk of the energy spectra around the spectral peaks increase the νx
luminosity at the cost of the νe and ν̄e luminosities. At the same time, νx, νx → νe, ν̄e
conversions of high-energy νx in the spectral tail harden the νe and ν̄e spectra while
the νx mean energy decreases. The equalization can be quite strong. In the reference
models, there is a characteristic step-like decline of the luminosities and mean energies
for νe and ν̄e at the time when the Si/Si-O composition interface of the progenitor falls
through the shock. In the M20.0-1D and M20.0-2D series, this can also be seen for νx.
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If confirmed, this feature and the rise of the high-energy tail of νe and ν̄e are signatures
of neutrino flavor conversions to be probed in the observation of the next galactic CCSN.
For the exact shape of the signal, the effect of matter resonances and other phenomena
of flavor conversion like matter oscillations on the way to detectors on earth still need
to be taken into account.

5.2 Flavor Conversions in a Broader Context

The effect of flavor conversions on the neutrino-driven mechanism of CCSNe is compa-
rable to other supportive influences that are a topic of current research. For example
the multidimensional nature of stars at the onset of collapse (in particular density and
velocity inhomogeneities associated with convective oxygen and silicon shell burning) is
important for the successful shock revival in fully multidimensional simulations [36, 37].
Considering the accuracy of the treatment of microphysical effects, such as the presence
of muons in the high-density medium [24, 37], strangeness-dependent contributions to
the axial-vector coupling constant of neutral current neutrino-nucleon scattering [39,
171], or higher effective nucleon mass at densities above roughly 10% of the nuclear
saturation density [172, 173] have a beneficial impact on the explosions. Also, magnetic
fields can aid the initiation of the shock expansion even without the field-amplifying
effects of rapid rotation, provided the pre-collapse core of the progenitor star is strongly
magnetized [43, 174–176].

Non-standard physics such as a hadron-quark phase transition [177], beyond-standard-
model particle physics [178, 179], and modified theories of gravity [180] have been sug-
gested as potentially supportive to shock revival. In contrast to such possibilities, which
reach beyond the limits of currently well constrained physics, flavor conversions are a
phenomenon that occurs within the framework of well established theory, and its conse-
quences for CCSNe should therefore be better understood.

Unlike most of the effects mentioned above, the impact of flavor conversions on the
CCSN dynamics differs in low-mass (9.0M⊙ and 11.2M⊙) and high-mass (20.0M⊙)
progenitors. In the simulations initialized with one of the former progenitors, flavor
conversions lead to earlier explosions, whereas in the simulations initialized with the
latter progenitor, the collapse to a black hole seems to be even more favored. This is an
intriguing result. It requires verification by more simulations initialized with different
progenitor models. It is also interesting to see if this results still holds in simulations using
a more elaborate treatment of the neutrino flavor evolution, replacing the simplifying
assumptions chosen in the context of this thesis.

5.3 Outlook and Further Directions

Although this study was motivated by FFC, the revealed effects could be relevant also
for flavor conversions in slow modes, provided that they occur close enough to the PNS
and on scales shorter than the scale of the numerical resolution in this environment.
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In this context, it is worth noting that the prescription of flavor equilibration is indeed
expected to apply for slow modes [116, 181, 182].

This work does not explicitly account for specific effects of the recently unearthed
phenomenon of collision induced flavor conversions [122–126]. It would require a more
dedicated exploration of such a phenomenon, especially since collisional instabilities do
not maintain the conservation of the electron lepton number (ELN). Should, however,
collision induced conversions trigger FFC, the overall consequences might also be mim-
icked by the schematic treatment used in this thesis. Still, the inclusion of collision
induced flavor conversions in dynamical CCSN simulations and their impact on the
physics of these settings remain open questions at this moment. For a discussion of their
impact on the supernova physics based on static backgrounds adopted from a CCSN
simulation at different post-bounce times see [124].
Further work on practical solutions of the QKE in supernovae and neutron star mergers

is also imperative [117, 121], including a better understanding of the final states after
flavor conversions. But also a more realistic criterion for the onset of flavor conversions,
based on angular crossings of the lepton number as required for instabilities in FFC,
is needed. This would eliminate the need of a parameter to be sampled and open
the possibility to advance to fully multi-dimensional simulations without any spacial
symmetries (3D), which otherwise is unfeasible due to the high computational costs.
Emerging machine-learning techniques [Abbar2023˙3, Abbar2023˙4, 103] might be
particularly helpful for this, provided that they are reliable enough.
The first-of-a-kind simulations studied in this thesis open the door for further investi-

gations of the consequences of flavor conversions in CCSN. The potential effect on higher
amplitudes in the GW signals has already been mentioned. Simulations for a wider range
of progenitors are needed to verify the bimodal outcome of flavor conversions to either
support or hinder the neutrino-driven mechanism. Of particular interest are cases where
flavor conversions make the difference between a successful or failed explosion. If flavor
conversions lead to a systematic shift of the black hole formation rate they would also
modify the predictions for the diffuse supernova neutrino background [183]. Further-
more, simulations with longer evolution times are needed to explore the consequences
of flavor conversions on observable signals and CCSN properties. Explosion energies
could be increased since an earlier onset of the explosion also means that more matter is
ejected after being heated by neutrino radiation. Likewise this effects the nucleosynthesis
in neutrino-heated ejecta that depends sensitively on the ratio of neutrons to protons.
The absorption of νe and ν̄e in the neutrino heated ejecta modifies this ratio and because
flavor conversions modify the electron type neutrino luminosities and spectra the gen-
eration of elements will be affected [19]. An extended set of models would provide the
necessary input data to answer the question how flavor conversions change the nucle-
osynthetic yields of CCSN. Long-term simulations can also show to which degree flavor
conversions influence neutrino signal in the cooling phase. The transport of energy via
PNS convection is more efficient than from diffusion alone [184]. So again, special at-
tention should be payed to models with flavor conversions reaching into the PNS core
region.
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eine so verlässliche Quelle für Antworten war; insbesondere für seine Unterweisung im
Gebrauch von ALCAR und snappy.
I thank all other members of the working groups at MPA and MPP. You made the

institutes a place I really enjoyed working at. Also, when it came to discussions and
activities not related to work I always felt welcome and valued.
I thank the developers of ALCAR and snappy for providing me with the instruments

that I needed to do this research.
I thank Jakob Hein, Robert Glas, Sajad Abbar, Lea Heckmann, and Austin Moore, the

proof readers of this thesis.
I thank my (long-term) office mates Thomas Ertl, Christian Partmann, and Sajad

Abbar who dwelt with me behind desks for so many days.
I would also like to thank all other PhD students and post-docs at MPA and MPP.
Ich danke dem nichtwissenschaftlichen Personal der Institute (einschließlich den Mi-

tarbeitenden des MPCDF und der Tagunsstätte Schloss Ringberg) dafür, dass sie ein so
gutes Umfeld geschaffen haben. Hervorheben möchte ich Andi Weiß, der nicht nur in der
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