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Abstract

Self-consistent, multidimensional core-collapse (CC) supernova (SN) sim-
ulations, especially in three dimensions, have achieved tremendous progress
over the past 10 years. They are now able to follow the entire evolution from
CC through bounce, neutrino-triggered shock revival, and shock breakout
at the stellar surface to the electromagnetic SN outburst and the subsequent
SN remnant phase. Thus they provide general support for the neutrino-
driven explosion mechanism by reproducing observed SN energies, neutron
star (NS) kicks, and diagnostically relevant radioactive isotope yields. They
also allow prediction of neutrino and gravitational wave signals for many
seconds of proto-NS cooling, confirm correlations between explosion and
progenitor or remnant properties already expected from previous spherically
symmetric (one-dimensional) and two-dimensional models, and carve out
various scenarios for stellar-mass black hole (BH) formation. Despite these
successes, it is currently unclear which stars explode or form BHs because
different modeling approaches disagree and suggest the possible importance
of the three-dimensional nature of the progenitors and of magnetic fields.
The role of neutrino flavor conversion in SN cores needs to be better un-
derstood, the nuclear equation of state (including potential phase transitions)
impliesmajor uncertainties, the SN1987A neutrinomeasurements raise new
puzzles, and tracing a possible correlation of NS spins and kicks requires still
more refined SN simulations.
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MD:
multidimensional, i.e.,
in two spatial
dimensions (2D, i.e.,
axisymmetry) or in
three dimensions (3D)
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1. INTRODUCTION

Supernova 1987A had a pivotal influence on supernova (SN) research, on astrophysics in general,
and on astroparticle physics in particular, marking the advent of multimessenger astronomy with
the historical first detection of extra-Galactic neutrinos in addition to a huge wealth of observa-
tional data in a wide range of electromagnetic wavelengths (e.g., 1–4). The two dozen neutrinos
(5–7) signaled the existence, at least transiently, of a neutron star (NS), which had formed by the
core collapse (CC) of Sanduleak −69°202, the first blue supergiant (BSG) caught to explode as an
unusual SN of Type IIP, that is, with the ejection of a massive hydrogen-helium envelope.

Numerous observational features (for a summarizing overview, see, e.g., 8 and references
therein) indicated that the SN ejecta were asymmetric and clumpy—for example, the broad and
dome-shaped peak of the light curve, Doppler shifts and time-evolving substructures of spectral
lines, and the unexpectedly early detection of X-ray and γ -ray emission from radioactive decays.
Moreover, radioactive isotopes, in particular 56Ni, had been mixed from the site of their creation
close to the proto-neutron star (PNS) far into the hydrogen envelope of the exploding star.

Large-scale mixing due to Rayleigh–Taylor instability at the composition–shell interfaces
(mainly the He/H interface) after the passage of the outward propagating shock had been ex-
pected in stellar explosions and had been witnessed in early multidimensional (MD) simulations,
which were mostly constrained to two spatial dimensions (2D, i.e., axisymmetry) (9–16). How-
ever, it quickly became clear that shell mixing in the outer stellar layers could not explain the
high spectral-line velocities of iron-group elements and the discovery of X-rays and γ -rays a few
months after the first sighting of SN 1987A (17–20). Therefore, the focus shifted to the collapsed
stellar core and the early postbounce evolution, that is, to the region and time where and when
the radioactive nuclei are expected to be created. Indeed, 2D hydrodynamics simulations with an
approximate treatment of the equation of state (EoS) of the stellar plasma and simplified neutrino
heating and cooling demonstrated a rapid development of strong convective overturn in the gain
layer between the gain radius (21) and the stalled bounce shock, where the absorption of electron
neutrinos (νe) and antineutrinos (ν̄e) by free neutrons and protons, respectively, dominates the in-
verse neutrino-cooling processes. Therefore, energy is deposited and creates a negative entropy
gradient (22), which triggers nonradial mass motions that imprint large-scale asymmetries on the
developing explosion during the first second of the neutrino-powered SN blast.

Subsequent 2D simulations with gray (i.e., energy-integrated) flux-limited diffusion (FLD) for
neutrinos and a more detailed treatment of the EoS and neutrino rates (23, 24) as well as a system-
atic investigation of the neutrino-heating conditions (25, 26) showed that postshock convection
lowers the critical neutrino luminosity threshold for reviving the stalled SN shock compared to
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SASI: standing
accretion shock
instability

spherically symmetric [i.e., in one dimension (1D)] simulations (27–29). Neutrino-heated matter
rises in buoyant plumes, pushes the stagnant shock to larger radii, and thus escapes from energy
losses through the reemission of neutrinos in the cooling layer between gain radius and PNS.The
buoyant plumes also give way to accretion downflows that carry fresh, low-entropy matter close to
the gain radius, where the gas readily absorbs energy from neutrinos. Thus, the mass and volume
of the gain layer increase, and energy transfer by neutrinos becomes more efficient. Due to this
positive feedback, a runaway expansion of the SN shock can set in for lower neutrino luminosities
than in 1D.

The effects of MD mass motions in the gain layer have been subsumed as a convective engine
(23) or as postshock turbulence (24, 30–35). However, neither concept adequately captures the
full complexity of the nonlinear, highly time-dependent behavior of the postshock flows (36–38).
For example, rather than being determined by small-scale turbulent eddies, the shock evolution is
mainly affected by large-scale asymmetries manifesting themselves in the biggest buoyant plumes,
bubbles, and vortices, which carry most of the thermal and kinetic energy in the gain layer. This
fact is corroborated by the impact of the standing accretion shock instability (SASI) in its sloshing
and spiral versions (39, 40). SASI is a global, nonradial instability of the stalled accretion shock that
grows in an oscillatory manner by an advective–acoustic cycle (41, 42) with the highest growth
rates in the dipole and quadrupole modes (43–47). When SASI shock motions meet favorable
growth conditions, which is enabled by small shock-stagnation radii and phases of shock retrac-
tion (46, 48–50), SASI activity leads to secondary postshock convection, tends to support shock
expansion, and facilitates more efficient neutrino energy transfer to the shock (48, 51).

MD hydrodynamic instabilities in the deep interior of SNe are therefore crucial for the suc-
cess of the neutrino-driven explosion mechanism. Yet, the viability of this mechanism—and its
ability to explain observed SN energies—still depends on sufficiently strong energy transfer by
the neutrinos (26, 52). Therefore, self-consistent, first-principles hydrodynamics simulations with
elaborate neutrino transport are indispensable to investigate this problem. Such simulations start
from progenitor structures at the precollapse stage (or shortly earlier), obtained from stellar evo-
lution calculations, and they follow the collapse of the degenerate cores of the stars by solving the
neutrino hydrodynamics equations with state-of-the-art microphysics, that is, neutrino reaction
rates, EoSs of the stellar plasma, and a treatment of nuclear composition changes by, in the best
case, a nuclear reaction network. The goals of such calculations are to decide, based on current
best knowledge, whether the stars explode or not, and to determine the properties of the SNe and
of the compact remnants of stellar CC, either NSs or black holes (BHs).

Increasingly sophisticated simulations of this kind in 2D and three dimensions (3D) over the
past 30 years have shed light on the intricate coupling of neutrino processes and hydrodynamics
in SN cores. Not only has this work demonstrated the basic functioning of the neutrino-driven
mechanism on the grounds of our growing understanding of the involved physics, but it also
has gradually improved the theoretical predictions of observable multimessenger signals from
core-collapse supernovae (CCSNe): neutrinos, gravitational waves (GWs), and electromagnetic
radiation. Moreover, progress in this area has begun to bridge the gap between stellar progeni-
tors and their explosions by MD modeling on both sides, and it has moved forward to connect
the first-principles models of the central “engine” to observational properties of CCSN explo-
sions and their gaseous and compact remnants. In this context, 3D simulations—and, in particular,
long-term calculations that cover the evolution from the late precollapse stage of the progenitors
through CC, bounce, and shock revival toward shock breakout from the star and beyond—play
a pivotal role for a detailed and quantitative comparison of models and observations. Numerous
reviews and book chapters report on the achievements in this long-lasting enterprise (37, 38, 53–
59), and a brief survey from the historical perspective is provided in Section 2.1. (Despite the
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SUGGESTIONS FOR ALTERNATIVES TO THE NEUTRINO-DRIVEN MECHANISM

The magnetorotational mechanism taps the reservoir of rotational energy of a rapidly spinning PNS or of a BH
with a thick accretion torus via ultrastrong magnetic fields to expel mass in (possibly relativistic) jets and a stellar
explosion. It is a viable alternative (or supplement) to neutrino-driven explosions for fast-rotating progenitors and
is considered as an explanation of long-duration γ -ray bursts, hypernovae, some superluminous SNe, and possibly
stripped-envelope SNe that possess unusually high energies and signatures of axis-dependent asymmetries or jets
(e.g., 67–70). A hadron–quark phase transition might release considerable additional amounts of gravitational
binding energy and could thus trigger a SN explosion by a second shock wave and/or enhanced neutrino heating
(71, 72).The conditions for this to happenwithout conflictingwithwell-established nuclear theory and astronomical
constraints require fine-tuning and need to be substantiated. The so-called jittering-jets explosion mechanism
(see 73 and references therein) assumes short-lived accretion disks with time-variable orientation to release energy
in jet outflows, thus triggering the SN explosion. This scenario is not solidified by first-principles quantitative
MD simulations, and its underlying conceptual assumptions are not supported by current self-consistent models.
Instead, the scenario is mainly motivated by a special interpretation of specific morphological features of CCSN
remnants (see 74 and references therein), whose origin may well be explained by neutrino-driven explosions or
could be connected to asymmetries in the circumstellar environment rather than intrinsic processes at the center
and the beginning of the explosions. A thermonuclear mechanism assumes that energy released from explosive
nuclear burning of helium, which was mixed into the deeper carbon and oxygen layers of rotating progenitor stars
and ignites during stellar collapse, could eject the overlying stellar matter (75, 76). The precollapse models for
this scenario are artificially constructed, and their internal structure and composition are not compatible with self-
consistent stellar evolution calculations.Moreover, it is questionable that such explosions would be compatible with
observational constraints on NS masses and SN nucleosynthesis.

remarkable progress in neutrino-driven explosion modeling to explain observed CCSN proper-
ties, alternative theories are still discussed in the literature; see the sidebar titled Suggestions for
Alternatives to the Neutrino-Driven Mechanism.)

This review focuses especially on the recent advances in performing long-termMD simulations
of hydrodynamical and particle processes that take place at the center of the SN after the onset of
the explosion. These simulations are now able to follow the SN blast until the explosion energy
saturates, until the nucleosynthesis by freeze-out from nuclear statistical equilibrium (NSE) and
explosive nuclear burning is finished, and until some of the birth properties of the compact rem-
nants are defined. The relevant period of time extends over many seconds to well beyond 10 s,
which until recently was beyond the reach of self-consistent, first-principlesMDmodels including
neutrino physics. The extreme numerical challenges and computational demands, in particular in
3D, have become manageable now by dint of more efficient and robust codes, huge amounts of
resources on massively parallel supercomputers, and smart strategies to save such resources by
suitable approximate treatments. Traversing this period of time when neutrino physics is crucial
with self-consistent models is also of great importance to overcome the limitations of existing 3D
simulations that connect neutrino-driven explosions with SN observations by studyingmixing and
asymmetries in SN explosions, SN light curves, and the morphological properties of SN remnants
such as those of the Cassiopeia A (Cas A) remnant revealed by the stunningly detailed survey of
the James Webb Space Telescope (60). Although these 3D simulations traced the shock propa-
gation from core bounce to breakout from the stellar surface (minutes to days later, depending
on the star’s radius), and farther through the SN phase (some years) into the SN remnant stage
(hundreds of years and longer), they have been performed so far with a parametric treatment of
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B (bethe):
1 B = 1 bethe = 1051

erg = 1044 J

RbR+: ray-by-ray-
plus transport
approximation

neutrino heating to initiate and power the SN blast wave until the explosion energy has reached
its terminal value (e.g., 8, 61–66).

This review highlights new insights obtained from long-term simulations of how CCSNe ac-
quire their final energies, how BHs can form in different kinds of scenarios with and without
accompanying SN explosions, how asymmetric mass ejection and anisotropic neutrino emission
cooperate in kicking newborn NSs and BHs, how 3D effects modify radiated neutrino and GW
signals, and how the conditions for iron-group and trans-iron nucleosynthesis are affected by the
MD flow dynamics of the neutrino-heated, innermost SN ejecta. Within the limitations of this
article, the primary emphasis is on neutrino-driven explosions, which are likely to explain the far
majority of SNe with energies up to (2–3) B, but magnetohydrodynamic effects are addressed
if relevant to the context. The role of nuclear and particle physics inputs for the simulations is
addressed regarding their relevance for observables such as neutrinos and heavy-element forma-
tion. Although the main focus is on long-term SN simulations, the discussion also includes the
still-unsettled question of the explodability of massive stars, that is, which progenitors succeed
and which ones fail to explode. Moreover, despite the main weight being on MD simulations, the
possibilities as well as limitations and deficiencies of 1D models and their differences compared
to MD results are addressed.

2. NEUTRINO-DRIVEN EXPLOSIONS IN MULTIDIMENSIONAL
MODELS

2.1. Brief Historical Survey: The Route to Three-Dimensional
Supernova Modeling

Advancing CCSN simulations to the third dimension with grid-based codes, which permit high
resolution also in regions of steep gradients and low densities, required the development of ef-
ficient numerical schemes as well as the availability of high-performance supercomputers with
tens of thousands of computing cores to be used in parallel. Therefore, 2D simulations were a
natural intermediate step that provided important insights into the impact of crucial physics on
the explosion mechanism and that served as a useful stepping stone for the development of 3D
capabilities.

2.1.1. Developments in two-dimensional modeling paving the way. Self-consistent simu-
lations of neutrino-driven CCSNe in 3D were pioneered by Fryer & Warren (77, 78), following
the modeling approach of Reference 23 by using still relatively low-resolution smoothed-particle
hydrodynamics and gray neutrino diffusion and tracing the neutrino-triggered shock expansion
for rather short periods of time.Contemporaneously,more sophisticated multigroup (i.e., energy-
dependent with a binned energy spectrum) neutrino transport methods were developed for 2D
(and 1D) neutrino hydrodynamics simulations. On the one hand, the Newtonian Vulcan code
(79) employed a multiangle (Sn) Boltzmann solver or an FLD approximation; however, it did not
take into account energy bin coupling and terms that depend on the velocity of the stellar plasma.
On the other hand, the Prometheus-Vertex code (80–82) coupled the Newtonian hydro code
Prometheus (13, 14) with the Vertex transport scheme, which integrates the two-moment (i.e.,
neutrino energy and momentum) equations with a variable Eddington closure obtained from a
consistent solution of the Boltzmann equation, including energy bin coupling, velocity-dependent
[O(v/c)] terms, and general relativity (GR) corrections in the gravitational potential and transport,
while employing the so-called ray-by-ray-plus (RbR+) approximation for MD simulations (for
more details, see Section 3.1).

Similar developments followed later with a multigroup MD FLD treatment in the Newto-
nian neutrino hydrodynamics codeCastro (83), a GRmultigroup RbR+ FLD neutrino transport
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AEF: algebraic
Eddington factor or
tensor to close the
two-moment
equations for neutrino
energy and
momentum

applied with Newtonian hydrodynamics in the Chimera code (84), and the GR hydrodynamics
CoCoNuT code with Vertex RbR+ neutrino transport (85) and thereafter with fast multigroup
transport with RbR treatment by the FMT scheme (36; for stationary solutions, ignoring en-
ergy bin coupling and velocity terms and employing a simplified closure and a reduced set of
neutrino rates with approximate descriptions). An alternative scheme is the so-called isotropic
diffusion source approximation (IDSA) of Reference 86 applied in an RbR approach in the Zeus-
IDSA and 3DnSNe-IDSA codes, the latter more recently upgraded by GR corrections (87–89).
True MD transport methods are applied in the 3D GR Zelmani code with two-moment neutrino
transport using an analytic closure via an algebraic Eddington factor (AEF) but ignoring velocity
dependence and inelastic scattering processes (90; for a similar scheme including velocity terms
in the transport, see 91), in the GR Nada-FLD hydrodynamics code with multigroup MD FLD
(92), and in the Newtonian hydrodynamics code AlcarwithMD, energy- and velocity-dependent
two-moment neutrino transport with AEF closure and GR corrections in the gravitational poten-
tial and transport equations (93, 94). Two-moment neutrino transport of this kind is also used
in the Flash (95, 96) and Fornax codes (97, 98). An even more challenging and computationally
more demanding code development strove to coupleMDhydrodynamics with theMDBoltzmann
transport, also in GR (99–101).

This listing is probably not complete; for more information, the reader is referred to
References 102 and 103. Nevertheless, the list demonstrates the enormous body of work that has
been invested in the theory and coding to advance first-principles CCSN modeling. It also shows
that corresponding CCSN simulations differ in applied transport schemes, including implemen-
tation of the neutrino reactions, but they also differ with respect to the numerical integration
methods of the hydrodynamics equations and the employed computational grids, that is, coor-
dinate systems, special grid configurations such as Yin-Yang patches (104, 105), refinement or
coarsening procedures, and mesh resolution in different domains or coordinate directions. All of
these aspects have advantages and disadvantages as well as specific properties of numerical accu-
racy and computational performance. Such issues can be important for interpreting the simulation
results, for judging the reliability of conclusions about the explosion mechanism, and for under-
standing the limitations of simulations that connect first-principles SN models to observationally
relevant phenomena (for additional reviews, see 38, 57).

Two-dimensional simulations with Prometheus-Vertex (51, 54, 106–108), Chimera (109–
111), CoCoNuT-Vertex (50, 55, 112), the 3DnSNe-IDSA method (113), Zeus-IDSA (114),
Flash (95), and Fornax (58, 115–118) obtained neutrino-driven explosions, which were often
fostered by strong SASI shock sloshing along the symmetry axis of the computational grid be-
cause SASI mass motions were amplified in a positive feedback process with enhanced neutrino
heating in the polar directions defined by the grid axis, in particular with the RbR+ transport (as
correctly pointed out in References 119 and 120). In contrast, the Castro code (119), Vulcan
code, and Japanese Boltzmann transport code (121), all using Newtonian gravity, did not yield
neutrino-driven explosions. Instead, the Vulcan models suggested a new acoustic mechanism in
which acoustic energy flux generated by large-amplitude PNS oscillations powered rather late
and weak CCSN explosions (122–125). Independent MD simulations, however, could not con-
firm the viability of this alternative mechanism because the acoustic energy flux, produced either
by PNS vibrations/convection (126) or by accretion downflows impacting onto the PNS surface
(127), was far too weak to make a significant effect on the shock evolution; the acoustic energy flux
was not able to compete with the much stronger energy transfer to the shock by neutrino energy
deposition (51, 127, 128).

The mentioned artifacts introduced by the symmetry axis of 2D SN models, possibly ampli-
fied in connection with RbR transport, are among the reasons for pushing toward 3D simulations,
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where RbR transport artifacts are much less worrisome (129). The toroidal structures of 2Dmod-
els (see images in Reference 130) are unnatural and prevent direct comparisons, quantitatively as
well as qualitatively, with observed CCSN asymmetries and radial mixing of chemical elements
(61). Moreover, the power spectrum of fragmenting and cascading flow vortices and eddies in
the quasi-turbulent neutrino-heated postshock layer exhibits fundamental differences in 2D and
3D (for detailed discussion, see 131). All of these points of concern demand the lifting of CCSN
models from 2D to 3D.

2.1.2. Supernova models arriving in the third dimension. The first self-consistent, first-
principles 3D simulations of neutrino-driven CCSN explosions with multigroup neutrino
transport were based on these numerical developments by straightforwardly generalizing the
codes from 2D to 3D and coping with the roughly 100× higher computational demands in 3D
by using the first sufficiently powerful massively parallel supercomputers that became available.
Since the previous review in this journal by Janka, Melson & Summa (38), 3D CCSN modeling
with elaborate neutrino transport has developed from its infancy to a mature state, and the pool
of 3D models has expanded accordingly.

Neutrino-driven explosions were thus obtained for progenitors of 11.2M� (132, 133), confirm-
ing the successful explosions of this progenitor model previously found in 2D, of 9.6 M� (134),
15 M� (135), and 20 M� progenitors (136; slightly modified neutral-current neutrino–nucleon
scattering rates due to strangeness-dependent contributions to the axial-vector coupling constant
were crucial for this successful explosion), and of 18 M� (137) and 18.88 M� (138) progenitors,
which exploded only when 3D perturbations in the convective oxygen-burning shell of the pro-
genitor were taken into account (139, 140). Neutrino-driven explosions were also obtained for
a small selection of progenitors between 12 M� and 40 M� (141), for a suite of ultrastripped
(142) and low-mass single-star and binary progenitors (128, 129, 143, 144), and for rapidly ex-
tended, large sets of progenitors over a wide mass range between approximately 9M� and 100M�

(145–151).
Despite the general agreement that the neutrino-driven mechanism is able to drive CCSN ex-

plosions, simulations for individual progenitors often differ quantitatively as well as qualitatively
(see also Section 2.2). This, however, is not astonishing in view of the different hydrodynamics
codes and grids, different employed nuclear EoSs, different choices of gravity, and different meth-
ods for the neutrino transport and descriptions of the neutrino processes. An attempt to compare
existing 2D CC results for the same progenitors referring to information in the literature can be
found in Reference 95. Unfortunately, a community-involving code comparison in greater detail,
similar to the 1D project of Reference 102 and the sporadic efforts by individual groups or col-
laborations (85, 94, 152, 153), using well-controlled numerical setups and (systematically) varied
inputs to assess the most critical aspects of neutrino transport and microphysics, does not yet exist
for MD simulations.

2.1.3. Lessons learned. In summary, a variety of microphysics effects turned out to be support-
ive for explosions in MD simulations—for example, GR gravity (95) and many-body corrections
(i.e., in-medium effects) in neutrino–nucleon interactions (97, 161), both of which already had
been recognized as highly relevant in previous 1D and 2D studies (e.g., 81, 106, 152, 162). The
deeper gravitational potential in GR leads to a more compact and hotter PNS, which radiates
higher neutrino luminosities and harder neutrino spectra, thus causing stronger postshock neu-
trino heating. Many-body corrections effectively reduce the neutral-current neutrino–nucleon
scattering opacity and thus allow the heavy-lepton neutrinos to escape more easily from the PNS
interior, which again triggers faster PNS contraction, and this, in turn, enhances the νe and ν̄e

emission and thus the postshock heating, fostering earlier explosions. There are numerous other
possibilities on the microphysics side to obtain similar causal relationships in the SN core—for
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Figure 1

Equation of state (EoS) dependence of core-collapse supernova explosions of an 18.88M� star (138, 154; R. Bollig, personal
communication; D. Kresse et al., manuscript in preparation). All 3D supernova simulations were started from a progenitor model with
3D perturbations of velocity, density, and chemical composition due to convective oxygen shell burning (140) and employed different
nuclear EoSs widely used in supernova simulations: LS220 (155), SFHo, SFHx (156, 157), DD2 (158, 159), and APR (160).
(a) Spherically averaged shock radius (solid lines) and proto-neutron star (PNS) radius (defined at a density of 1011 g cm−3; dashed lines)
as functions of postbounce time. (b) Time evolution of diagnostic explosion energy (solid lines) and explosion energy with overburden
energy of the progenitor taken into account (dashed lines; for a definition of these energies, see Section 2.1.3). In all cases, successful
neutrino-driven explosions were obtained, but there is a clear correlation between the onset of the explosion and the contraction of the
PNS. The faster the PNS contracts, the earlier the explosion sets in. This signals a crucial and sensitive influence of the PNS’s radius
evolution on the start of the explosion. Note that the PNS radii in the simulations with the APR and SFHx EoSs nearly overlap, and
the shocks and explosion energies in both cases show similar behavior. Figure provided by Daniel Kresse and Robert Bollig.

example, by including a reduced neutrino–nucleon scattering cross section due to strangeness-
dependent contributions to the axial-vector coupling (136), the formation of muons in the hot
PNS medium (108), and a “soft” hot nuclear EoS (54, 87; soft in the sense of leading to faster
PNS contraction), facilitated by a large effective nucleon mass in the regime above nuclear satu-
ration density to reduce the nucleonic thermal contributions to the gas pressure (163, 164) or by
a combination of incompressibility and symmetry energy slope (165).

Figure 1 demonstrates the crucial influence of the PNS contraction on the evolution of the SN
shock by means of results from a set of recent 3D CCSN simulations with Prometheus-Vertex,
employing different nuclear EoSs (154).Figure 1a shows the time evolution of the angle-averaged
shock radii, and Figure 1b shows the explosion energies. The so-called diagnostic explosion en-
ergy is defined as the integrated total energy of all matter in the gain layer behind the SN shock
with positive total energy, that is, positive values of internal plus kinetic plus gravitational energy.
Here the internal energy includes thermal and degeneracy energies of the stellar plasma (without
particle rest-mass energies), and the gravitational energy is evaluated with the Newtonian gravita-
tional potential of the mass enclosed at each radius reduced by the mass equivalent of the energy
carried away by neutrinos until a considered time. This diagnostic energy is distinguished from
the explosion energy that takes into account the overburden energy of the progenitor, that is, the
negative binding energy of all stellar matter ahead of the SN shock. Both energies converge at late
times and asymptote to the potentially measurable energy of the SN explosion.

2.2. Stellar Explodability

Although the neutrino-heating mechanism is now widely accepted as the driver of most CCSN
explosions, its success or failure in individual progenitor stars (progenitor explodability) is
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NDW (neutrino-
driven wind): an
outflow of baryonic
matter blown off the
surface of a hot PNS
by neutrino heating;
NDWs are also called
neutrino winds

MLT: mixing-length
theory of convection

ZAMS (zero-age-
main-sequence)
mass: the birth mass
of stars on the main
sequence in the
Hertzsprung–Russell
diagram

controversial, and therefore the progenitor–explosion connection expressed by the landscape of
NS- and BH-forming events depending on the progenitor properties remains uncertain. MD
simulations with different codes yield different answers because of the complexity of the involved
physics and because the explosion as a threshold phenomenon can be very sensitive to smaller
details. Similarly, 1D neutrino engines, which are designed to artificially initiate explosions, yield
different answers because of different methods for the explosion trigger and considerable sensitiv-
ity to the choice of associated parameter values. For example, such engines use enhanced neutrino
heating regulated by an efficiency parameter (174), or they tap energy from the heavy-lepton neu-
trino fluxes (Push; 166), tune or calibrate the νe and ν̄e luminosities from the PNS core (P-Hotb;
169), model CCSNe semianalytically (including parameterized MD effects) (175), exploit energy
input from a PNS’s neutrino-driven wind (NDW; 176), or employ a mixing-length theory (MLT)
treatment of postshock turbulence (Stir; 177).

Figure 2 displays published results from two such 1D neutrino engines, Push and P-Hotb,
for older and newer progenitor sets. Obviously, there are significant differences concerning the
success or failure of explosions as a function of the zero-age-main-sequence (ZAMS) mass, and in
the case of neutrino-driven shock revival, significant differences also exist in the explosion time,
implying different predictions for the NS masses. Most of these differences are a consequence of
the different engine treatments, but some may also be connected to the inconsistent progenitor
sets. Progenitor models from stellar evolution calculations by different groups actually lead to
largely different predictions for NS- and BH-forming CC events, as was shown in Reference 178
for the same engine prescription (Stir).

Figure 2 also presents results from full (180°) 2D simulations with two state-of-the-art CCSN
codes, Fornax and Prometheus-Vertex, thus comparing two different codes applied to progen-
itors drawn from the same set of stellar evolution models. The outcomes with ZAMS mass and
core compactness ξ 1.75 are considerably different in both cases.1 Fornax yields significantly ear-
lier explosions for a much larger fraction of considered progenitors than Prometheus-Vertex
even though the use of the RbR+ neutrino transport in Vertex tends to facilitate axis-dominated
explosions in 2D. Considering the same progenitors, the results with Prometheus-Vertex are
consistent with simulations with the Alcar code when the RbR+ transport version in this code is
used (94; R. Glas et al., manuscript in preparation), whereas Fornax produces explosions in many
cases where Prometheus-Vertex and Alcar do not find them.

It is particularly interesting that Fornax, much differently from Prometheus-Vertex, obtains
failed explosions only in a mass window between roughly 12 and 15.5 M� and yields explosions
for all progenitors above and below this mass interval, in particular also for all progenitors with a
high compactness of the stellar core (ξ 1.75 in Figure 2). This was not expected based on the 1D
neutrino engine modeling except with the Stir method (178).

The detailed reasons for the different 2D results with the two neutrino hydrodynamics codes
are not identified. Nucleon correlations (97, 161), insufficient grid resolution, and constrained di-
mensionality (179) have been suggested but can be excluded as explanations.Many-body effects in
the neutrino–nucleon interactions are also taken into account in Prometheus-Vertex (for both
neutral-current and charged-current reactions and including density and temperature dependence
according to References 180 and 181; see Reference 81) and Alcar. Resolution changes have been
tested to not affect the conclusions, and 3D is unlikely to provide better conditions for explosions
because Prometheus-Vertex yields explosions more readily in 2D (in agreement with results

1The compactness of a stellar core of mass M enclosed by radius R is defined as ξM = (M/M�)/(R(M)/
1,000 km) (174). Here the standard choice isM = 1.75M�.
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Figure 2

Explodability as a function of the zero-age-main-sequence (ZAMS) mass of progenitor stars in large sets of core collapse simulations
using different neutrino engines in 1D calculations and different neutrino hydrodynamics codes in 2D models to obtain neutrino-
driven explosions (R. Glas et al., manuscript in preparation). Circles mark black hole (BH)-forming cases; crosses indicate successful
explosions. The upper four panels show onset time of the explosion (defined by the postbounce time when the average shock radius
exceeds 300 km) versus ZAMS mass (averages are indicated by horizontal lines). The results of the Push 1D engine models (top left) were
taken from Reference 166, where progenitors from References 167 and 168 were considered; the P-Hotb 1D engine models (middle
left) are from Reference 169, using progenitors from References 170 and 171; and the Fornax 2D simulations (172) (top right) as well as
the Vertex 2D simulations (R. Bollig, personal communication) (middle right) employed the SFHo equation of state (156, 157) and
progenitors for ≥12M� from Reference 173 and for <12M� from Reference 171 (and in the case of Vertex, also from
Reference 167). Both Push and P-Hotb triggered explosions artificially in 1D with neutrino engines whose parameters were calibrated
by reproducing explosion properties of SN 1987A. Push yields 79 (81%) explosions and 18 (19%) BH cases out of 97 models, P-Hotb
yields 90 (57%) explosions and 67 (43%) BHs out of 157 models, Fornax yields 63 (63%) explosions and 37 BH cases (37%) out of
100 models, and Prometheus-Vertex yields 73 (41%) explosions and 104 BH cases (59%) out of 177 models. The bottom panels show
core compactness ξ1.75 versus ZAMS mass for the Fornax and Vertex 2D simulations; orange crosses indicate successful explosions,
and blue circles indicate failed explosions. Gray horizontal lines mark ξ1.75 = 0 to guide the eye. Figure provided by Robert Glas.
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from References 88, 131, 132, and 182). In contrast, 3D effects were found to strongly support
explosions in Reference 183, and less strong effects in the same direction were witnessed in
References 133 and 184, whereas no differences in the explosion behavior between 2D and 3D
were reported for Fornax (58). The lack of differences between 2D and 3D in explodability is
another indicator, besides the earlier explosion times, that Fornax produces significantly stronger
neutrino-driven explosions than does Prometheus-Vertex.

In fact, the reduced tendency to get explosions with Prometheus-Vertex in 3D has an impor-
tant consequence. Unless one considers the lowest-mass CCSN progenitors with ZAMS masses
of approximately (9–10)M� (134, 144) or includes rapid rotation (185) or slightly modified weak
neutral-current interactions (136; see also Section 2.1), Prometheus-Vertex yields neutrino-
driven explosions in 3D only when the simulations are started from 3D progenitor conditions,
that is, when the final stages (minutes to hours) of the convective oxygen shell burning have been
computed in 3D (139, 140) and the corresponding density and velocity perturbations in the oxy-
gen shell have sufficiently large amplitudes in sufficiently extended radial shells (137, 138, 186).
Large-scale precollapse velocity perturbations can lead to density variations up to more than 20%
and nonradial velocities of several thousand kilometers per second when the oxygen shell falls
through the shock. Since the stalled shock expands more easily into cavities of lower density and
lower ram pressure, this causes time-dependent shock deformation. Oblique mass flow through
the shock and considerable nonradial velocities of the accreted matter act as boosters of postshock
convection and turbulence (36, 57, 137, 148). Magnetic fields, if they are sufficiently strong in
the precollapse stellar core or grow sufficiently rapidly in the turbulent postshock flow, can also
assist the onset of the explosion even in nonrotating stars, among other effects due to additional
magnetic energy and pressure (151, 187–190). CC simulations with the Fornax code produce ex-
plosions for a wide variety of progenitors in 2D and 3D without any such additional support (58,
147, 149, 172).

3. LONG-TERM SUPERNOVA MODELING

Most of the CCSN codes mentioned in Section 2.1 have been applied so far only to relatively
short-time computations, covering periods of just tens of milliseconds after core bounce in 3D for
the most expensive methods with Boltzmann transport and from a few hundred milliseconds to
approximately 1 s in the majority of 2D and 3D applications of RbR and MD AEF two-moment
schemes. Long-term simulations that follow the evolution with detailed neutrino treatment for
many seconds after bounce are the new frontier but pose a grand computational challenge by
requiring huge amounts of supercomputing resources. Meanwhile, there are several undertakings
to extendMD neutrino hydrodynamics simulations over periods of many seconds, first with a 2D-
1D hybrid approach (191), full 2D (58, 111, 192), and full 3D (138, 143, 149). These simulations
have obtained self-consistent neutrino-driven explosions that begin to serve as starting points for
purely hydrodynamic extension simulations that follow the shock evolution until shock breakout
from the stellar surface (142, 144, 193–198), thus upgrading previous similar 2D and 3D works
that initiated neutrino-driven explosions with tuned neutrino luminosities in a more approximate
description of neutrino transport and postshock heating (61–65, 199).

With the currently most rigorous treatments of neutrino transport (AEF and RbR+
two-moment schemes with full energy bin coupling and all velocity-dependent terms), such
computational models require ≳107 core hours for ∼1 s of evolution with medium resolution
(equivalent to angular bins of ∼2°) and several times more with high resolution. All current
attempts employ ways to reduce or cap the needed resources by saving on the numerical reso-
lution, on the detailedness of the neutrino transport, or on the microphysics taken into account.
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These differences should be carefully considered and kept in mind when results are compared
and conclusions from those are drawn. In the following, the modeling strategy of the long-time
simulations with Prometheus-Vertex is briefly recapitulated.

3.1. The PROMETHEUS-VERTEX and PROMETHEUS-NEMESIS Codes

The Prometheus-Vertex code comprises the higher-order Godunov-type Prometheus hydro-
dynamics module with an exact Riemann solver (13, 14) combined with the Vertex neutrino
transport code (80). Vertex solves the multigroup velocity-dependent neutrino transport in the
comoving frame of the stellar plasma. It can handle three (νe, ν̄e, and νx representing heavy-
lepton neutrinos), four (discriminating νx and ν̄x), or six (additionally discriminating muon and
tau neutrinos when muons are included in the medium) neutrino species and applies the RbR+
approximation in 2D and 3D simulations. It solves the 1D transport (dependent on fully coupled
energy groups and the propagation angle relative to the radius vector) in each angular direc-
tion of the spatial grid through the convergent iteration of the two-moment equations and the
Boltzmann equation. Although this approximation assumes the neutrino phase-space distribution
to be axially symmetric around the radial direction (i.e., only the propagation angle relative to the
radial direction is considered), which implies that only radial fluxes exist, nonradial advection of
trapped neutrinos moving with the stellar plasma and the nonradial components of the neutrino
pressure gradients are taken into account (indicated by the plus sign after RbR).

Vertex is supplemented with a state-of-the-art treatment of the energy-dependent neutrino
reaction rates with matter particles (nuclei, nucleons, electrons, positrons, and optionally muons
and antimuons) as well as neutrino–neutrino interactions and neutrino–antineutrino pair cre-
ation and annihilation by nucleon–nucleon bremsstrahlung (for summaries reporting successive
upgrades, see 53, 54, 80, 81, 108, 200–203). The charged-current as well as neutral-current
neutrino–nucleon interactions include many-body corrections due to nucleon correlations, weak
magnetism, and recoil, and the charged-current processes also account for the energy shifts
due to potential-energy differences between neutrons and protons in the medium. Neutrino–
lepton interactions (and also those between neutrinos) include scattering processes as well as pair
annihilation.

The Nemesis (Neutrino-Extrapolation Method for Efficient Simulations of Supernova Ex-
plosions) neutrino treatment, which was first introduced in Reference 144 and further refined
in Reference 204, was developed to replace Vertex to reduce the huge requirements for com-
putational resources for long-term 3D CCSN simulations (in practice, the gain is a factor of
10–30 with the greater saving when the simple nuclear flashing treatment of Reference 80 is used
in the non-NSE regime instead of a nuclear network). Nemesis essentially is able to seamlessly
continue the simulations conducted with Vertex without any disturbing numerical transients. It
employs results from 1D PNS cooling simulations with Prometheus-Vertex, which include an
MLT treatment for the lepton-number and energy fluxes due to convection in the PNS interior
(see equations 3 and 4 in Reference 205, corrected on the right-hand sides by factors−m−1

B and−1,
respectively, wheremB is the baryonic unit mass).MLT convection in 1D PNS cooling simulations
yields excellent agreement of both PNS and neutrino properties compared to MD simulations
(Figure 3).

Nemesis obviates the time-consuming neutrino transport in a 3D calculation by referring to
the νe and ν̄e luminosities and mean energies from a 1D PNS evolution model of similar mass and
using them in the neutrino-heating rates as well as the lepton-number transfer rates from neutri-
nos to matter outside the PNS.These rates and their inverse reactions are properly scaled with the
neutrino quantities and the local medium conditions (temperature, density, electron fraction) in
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Figure 3

Proto-neutron star (PNS) convection in multidimensional (MD) supernova (SN) simulations compared to mixing-length theory (MLT)
convection in 1D PNS cooling calculations with the Prometheus-Vertex code (M. Heinlein et al., manuscript in preparation).
(a) Radial profiles of matter entropy and electron fraction at different postbounce times for a 1D PNS model with a baryonic mass of
1.44M� and a 3D simulation of a PNS with a baryonic mass growing from 1.48M� at 0.5 s to 1.55M� at 5.0 s. The PNS is defined by
a mass density of ρ ≥ 1011 g cm−3 and contracts from initially 30 km to 14 km. Small differences between the 1D and the 3D model
near the surface are a consequence of continuous accretion in the 3D case. The convective layer can be recognized by flat entropy
profiles. (b) Lab-frame luminosities (top) and mean energies (bottom) of radiated νe, ν̄e, and a single species of heavy-lepton neutrinos, νx,
as functions of time for a 1D PNS cooling model with MLT convection compared to a 2D simulation that was chosen because its
constant baryonic PNS mass of 1.36M� closely matches that of the 1D model. Note that the luminosities of νe and νx are shifted by
constant factors to avoid cluttering of the different lines. The 2D neutrino data are angle-averaged. MLT convection is able to
reproduce the results obtained by MD simulations with good accuracy; here it is important to know that there are no appreciable
differences between PNS convection in 2D and 3D. Figure provided by Malte Heinlein.

the heating and cooling layers exterior to the neutrinospheres. The employed formulation of the
neutrino luminosities includes an accretion contribution depending on the PNS mass accretion
rate, which is an effect missing in the 1D PNSmodels. In the interior of the PNS, which is treated
in 1D with MLT convection in the Nemesis applications, the time-dependent cooling profiles
from the 1D PNS cooling model are adopted, and neutrino pressure is taken into account. This
ensures that the PNS contraction closely follows a simulation with detailed neutrino transport,
and the time-dependent PNS and gain radii of full 3D simulations are well-reproduced. Tests also
confirmed that the ejecta and explosion properties of 3D simulations with Nemesis show good
agreement with 3D results obtained with Vertex neutrino transport. Important aspects of the 3D
SN evolution can thus be treated more efficiently and with considerably reduced computational
expenses using the Nemesis approximation of neutrino effects.
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ECSN: electron-
capture supernova of a
progenitor with a
degenerate oxygen-
neon core, whose
gravitational collapse
is triggered by
electron captures and
whose explosion is
facilitated by the steep
outer density gradient
of the core

3.2. New Insights from Long-Term Supernova Simulations

Self-consistent, long-term simulations are needed to establish the link between the explosion
mechanism and the observable properties of SNe and their remnants. In the following, this is
discussed by means of the explosion energies, NS and BH kicks and spins, nucleosynthesis con-
ditions in neutrino-heated matter, neutrino and GW signals, and the possibility of BH formation
associated with SN explosions.

3.2.1. Explosion energies. Long-term simulations are indispensable to determine the measur-
able energies of CCSNe. Figure 4 displays the observationally relevant explosion energies for
a set of 3D models computed with Prometheus-Vertex/Nemesis. As stated in Section 2.2, the
self-consistent successful explosions in 3D were obtained under special assumptions (low-mass
progenitors, rotation, slightly modified neutrino opacities) or when 3D progenitor conditions
were considered (for a detailed description, see 186). The plotted energies as functions of time,
E(t), include the binding energy of the stellar layers exterior to the outward traveling SN shock.
This negative energy of the outer shells of the progenitor star is added to the diagnostic explo-
sion energy, which is often provided for short-time simulations and comprises only the integrated
energy of all ejected postshock matter with the positive total (i.e., internal plus kinetic plus grav-
itational) specific energy, etot (observable and diagnostic energies in comparison can be seen in
Figure 1).

In explosions of progenitors with oxygen-neon cores [so-called electron-capture supernovae
(ECSNe)] or low-mass iron cores with similarly steep outer density gradients (ECSN-like events;
see Reference 37), the energies effectively saturate within the first second after core bounce. After
the initiation of the neutrino-driven explosion, assisted by a short phase (∼0.1 s) of postbounce
convection (128, 134, 144, 154), neutrino heating near the PNS surface produces an essentially
spherical baryonic wind (206).This NDWadds a minor contribution to the final explosion energy
because the wind mass loss rates are low and a major fraction of the deposited neutrino energy is
consumed to lift the wind material out of the deep gravitational potential of the PNS.

In contrast, in explosions of higher-mass (iron-core) progenitors, long-lasting, massive accre-
tion downflows exist and channel infalling gas close to the PNS, where this matter absorbs energy
from the PNS’s intense neutrino radiation and gets ejected again in outflows. Because of the high
mass inflow and outflow rates (see Figure 5) and the gravitationally weakly bound initial state of
the infalling gas, the explosion energies can strongly rise over periods of several seconds, followed
by a more gradual further growth that can continue for more than 10 s. The explosion energy
increases according to Ė = Ṁouthout, where hout = etot + P/ρ is the specific total enthalpy (P and
ρ are pressure and mass density, respectively) averaged over the mass outflow with rate Ṁout (all
measured at 400 km).When the explosion begins, the integrated neutrino energy deposition rate
in the gain region, Q̇ν , exceeds the growth rate of the explosion energy (Ė/Q̇ν < 1) because the
energy transferred by neutrinos is mostly used to gravitationally unbind the matter initially sitting
in the gain layer (but the nuclear recombination energy of this material also adds to Ė). Then a
longer period of time follows in which Ė ≈ Q̇ν , consistent with neutrinos providing the bulk of
the explosion energy during the phase of its steepest rise and largest growth. During this phase,
the downflows contain stellar matter falling inward from large initial radii where the gravitational
binding energy is low. Finally, and with a model-dependent appearance when Q̇ν has dropped to
low values, the ratio becomes Ė/Q̇ν > 1. This signals that energy produced by nuclear reactions
in the ejecta contributes significantly at late times, typically on the level of approximately (1–1.5)
MeV per nucleon (Figure 5f ), corresponding to the conversion of low-mass elements (C, O, Ne)
in the downflows to more stable intermediate-mass (e.g., Si, S, Ar, Ca) and iron-group elements
in the outflows.
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Figure 4

Long-term 3D core-collapse supernova (CCSN) simulations of the Garching group for 9.0, 9.6, 12.28, 15, 18.88, and 20M�

progenitors (138, 144, 186; D. Kresse et al., manuscript in preparation; models s12.28b, m15a, m15b, s18.88b, s20a, and s20b
correspond to models s12.28, m15, m15e, s18.88, s20, and s20e, respectively, discussed in Reference 186). The calculations were
performed with the Prometheus hydrodynamics code including Vertex neutrino transport for periods between 0.5 and 5.1 s and
continued with the Nemesis neutrino treatment to later times. The m15 models are based on a rotating progenitor (185), and the
s12.28 and s18.88 models made use of progenitors whose convective oxygen shell burning had been computed in 3D for the final hour
before core collapse in the 12.28M� case and the final 7 min in the 18.88M� case (140). The CCSN runs were either performed with
the LS220 equation of state (EoS) (155) or the SFHo EoS (156, 157) (for details, see 186). (a) Spherically averaged shock radii as
functions of postbounce time. (b) Proto-neutron star (PNS) baryonic masses (solid lines) and gravitational masses (dashed lines) as
functions of postbounce time. (c) Explosion energies versus postbounce time with overburden energies (i.e., the binding energies of the
progenitor stars above the outward moving shocks) taken into account (for a definition, see Section 2.1.3). The a and b versions of the
models differ slightly in their explosion energies (the b versions are more energetic) and roughly bracket uncertainties connected to
neutrino heating and cooling as well as hydrodynamic stochasticity. (d) Time evolution of the PNS kicks due to asymmetric mass
ejection (dashed lines) and asymmetric mass ejection plus anisotropic neutrino radiation (solid lines). Figure provided by Daniel Kresse.

A larger set (20 models in total) of recent long-term 3D simulations of neutrino-driven explo-
sions (149) demonstrates correlations, partly with considerable scatter, of explosion energy and
NS (gravitational) mass with postbounce explosion time, ejecta mass and energy dipoles, com-
pactness ξ 1.75, total NS kick, and ejected mass of radioactive 56Ni, and with other quantities that
are characteristic of the precollapse stellar structure and relevant for SN nucleosynthesis. Some of
these interesting results confirm trends that had been expected on grounds of previous 2D CCSN
calculations (113), parametric 1D explosion models (169, 175, 207, 208), and observations (209).
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Figure 5

Mass downflow and outflow properties, neutrino-heating rates, and explosion energetics in the long-term 3D core-collapse supernova
(CCSN) simulations of 9.0, 9.6, 12.28, 15, 18.88, and 20M� progenitors shown in Figure 4 (138, 204; D. Kresse et al., manuscript in
preparation). Panels a–c show (a) mass downflow (i.e., inflow) rates, (b) mass outflow rates, and (c) ratios of outflow rate to inflow rate as
functions of postbounce time, all measured at a radius of 400 km. Inflow and outflow rates are effectively equal between ∼1 and
∼(6–8) s because inflowing matter absorbs energy from neutrinos close to the proto-neutron star (PNS) and is reejected afterward as
long as neutrino heating is strong enough. Afterward, Ṁout/Ṁin begins to decrease, thus signaling the onset of fallback accretion by the
PNS. Models s9.0 and z9.6 are exceptions as their mass inflows to the PNS stop early, giving way to neutrino-driven wind (NDW)
outflows, which, however, are much weaker than the inflow–outflow rates of all other models. Model m15a is also an exception with an
outflow-to-downflow ratio smaller than unity, signaling continuous mass accretion by the PNS (see Figure 4b). Panels d–f show
(d) total (i.e., volume-integrated) neutrino-heating rates, (e) ratios of the growth rate of the explosion energy (with overburden taken
into account) to the total neutrino-heating rate, and ( f ) ratios of the growth rate of the explosion energy (Ė with overburden taken into
account) to the mass outflow rate at 400 km. The energy deposited by neutrino heating around the PNS leads to a continuous,
long-lasting growth of the explosion energy (see Figure 4c). Models s9.0 and z9.6 are again exceptions because their neutrino heating
gravitationally unbinds near-surface PNS matter in the NDWs, although without providing any relevant net gain for the explosion
energies. In phases where the growth rate of the explosion energy exceeds the total rate of neutrino energy deposition, Ė/Q̇ν > 1,
nuclear energy generation contributes to the growth of the explosion energy. This typically happens at very late times (≳6 s after
bounce) except in models m15a and m15b, where the heating rates drop more rapidly in comparison. Figure provided by Daniel Kresse.

3.2.2. Neutron star and black hole kicks and spins. Asymmetric mass ejection in the explo-
sion as well as asymmetric neutrino emission carry away linearmomentum.Therefore,momentum
conservation implies that the newborn compact remnants in CCSNe can obtain natal kicks (210,
211); in the presence of these two effects, asymmetric emission of GWs contributes only on
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LESA: lepton
emission self-sustained
asymmetry

a negligible level to these kicks because of the small mass equivalent of the radiated GW en-
ergy (EGW ≲ 10−7M⊙c2 compared to Etot

ν ≳ 2 × 1053 erg ∼ 0.1M⊙c2). A simple estimate of the
hydrodynamic kick of a NS with (baryonic) massMNS yields (212)

vNS ≈ 211 km s−1
(
fkin

ϵ5βν

)1/2 ( αej

0.1

)( Eexp

1051 erg

)(
MNS

1.5M⊙

)−1

, 1.

where αej is the momentum-asymmetry parameter of the SN ejecta and Eexp is the explosion
energy. The first factor is of order unity (212), and Equation 1 with this choice reproduces the
results of long-term CCSN simulations within some 10% (192). Similarly, one estimates the
neutrino-induced kick to be (213)

vν
NS ≈ 167 km s−1 ᾱtot

ν

0.005
Etot

ν

3 × 1053 erg

(
MNS

1.5M⊙

)−1

, 2.

which means that a time-averaged dipole asymmetry of the total neutrino energy loss (Etot
ν for νe,

ν̄e, and all νx) of 0.5%, implying a dipole amplitude of 1.5% of the monopole, leads to a recoil
velocity of the NS of approximately 170 km s−1. The asymmetry of the neutrino loss expressed by
the parameter ᾱtot

ν emerges from anisotropic transport of neutrinos out of the NS interior, mainly
connected to the LESA (lepton emission self-sustained asymmetry) emission dipole (38, 96, 214–
216), as well as emission, absorption, and scattering of neutrinos in dense accretion flows around
and outside the neutrinospheres (186). Hydrodynamic kicks are mediated by momentum transfer
through asymmetric mass accretion flows and outflows, asymmetric pressure of the surrounding
gas, and long-range gravitational forces between compact remnants and asymmetric ejecta (217).

The kicks caused by these mechanisms typically take many seconds to asymptote to their fi-
nal values. Hydrodynamic kicks sometimes grow for even more than 10 s (186, 192, 218, 219)
(Figure 4d), which confirms the importance of the long-range gravitational interaction between
the ejecta and compact object. As expected fromEquations 1 and 2, SN simulations yield tight cor-
relations of kick magnitude and the ejecta energy and neutrino energy dipoles αejEexp and ᾱtot

ν Etot
ν

(149, 219). Neutrino (LESA)-induced NS kicks dominate the total kicks in ECSNe and ECSN-
like events because of short postbounce accretion phases and correspondingly early, fast, nearly
spherical, and low-energy explosions. They can produce NS velocities up to ∼50 km s−1 (186).
NSs in explosions of more massive progenitors with longer-lasting PNS accretion can attain neu-
trino kicks up to (100–150) km s−1, but these kicks are usually subordinate to the hydrodynamic
kicks, which can reach values of 1,000 km s−1 and more (143, 186, 192, 218, 219) (Figure 4d).
The total kick magnitudes thus obtained by these mechanisms are compatible with measured and
inferred kicks of radio pulsars and NSs in binary systems and associated with gaseous SN rem-
nants. The ejecta distribution observed in many gas remnants exhibits concentrations of mass and
chemical elements pointing opposite to the NS kick direction (220–223), as expected from 3D
CCSN simulations (62, 64).

BHs also can receive kicks at their formation. Anisotropic neutrino loss mainly before the
PNS collapses to the BH can cause kicks of only a few kilometers per second if no explosive
mass ejection occurs and the entire progenitor collapses into the BH (failed SN) (150, 186, 194,
219), which seems compatible with the recent analysis of BH binary VFTS 243 (224). However,
much larger kicks can occur when the BH is formed accompanied by a successful CCSN with
highly asymmetric mass ejection or later fallback of initially expelled matter that does not become
gravitationally unbound, in which case hydrodynamic BH kicks may even exceed 1,000 km s−1

(150, 219), a possibility that had been predicted in Reference 225.
Newborn NSs and BHs, on the one hand, inherit the angular momentum of the stellar core or

star that collapses into the compact remnant. On the other hand, even in nonrotating or slowly
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rotating stars, the SASI spiral mode and asymmetric accretion can transfer significant amounts of
angular momentum to the compact object, whereas the opposite angular momentum is carried
away by the ejecta (40, 226–228). This can produce NS spin periods ranging between ∼10 ms
and seconds during the onset of the explosion and shortly afterward (62, 143, 144, 186, 219),
but later anisotropic accretion of fallback material with high angular momentum may change or
outdo this early spin-up of the NS or BH (218, 229). The possible spin–kick alignment inferred
for some observed pulsars (e.g., 230–233 and references therein), if it is a generic trend of a larger
population, is yet unexplained by CCSN models and controversially debated.

3.2.3. Neutrino-heated outflows and nucleosynthesis. NDWs are known from 1D CCSN
models as neutrino-driven outflows of hot PNSs. Quasi-spherical NDWs occur in 3D explosion
simulations only for ECSNe and ECSN-like events of low-mass stars and during short-term (in-
termediate or late) phases in the explosions of more massive iron-core progenitors (144, 154). The
properties of these NDWs (mass outflow rate, electron fraction, entropy, expansion time scale) de-
pend on the radius andmass of the PNS as well as the luminosities andmean energies of the PNS’s
νe and ν̄e radiation (206). Instead of the winds, 3D explosion models show that low-entropy matter
of the progenitor is pulled inward in massive accretion downdrafts that reach down toward the
compact remnant for many seconds after bounce.These downflows are separated by high-entropy
plumes of neutrino-heated matter that expands outward (137, 138, 235) (Figure 6).

The interaction of accretion downflows and outflows creates a highly turbulent medium in
the close surroundings of the newborn NSs (Figure 6), and the high mass accretion rates in the
downflows lead to densities that are orders of magnitude higher than those of NDWs, whose de-
velopment is therefore suppressed. For a PNS with a gravitational mass of approximately 1.4M�,
a radius of 20 km, and a total neutrino luminosity of 6 × 1052 erg s−1, typical NDW mass loss
rates are several 10−3M� s−1, and with a 10-km radius and 6 × 1051 erg s−1 they are only several
10−5M� s−1 (206, 236, 237), whereas in the 3D model s12.28 of Figures 4 and 5 with a similar
PNS mass, comparing at times with the same neutrino luminosities, the inflow and outflow rates
are ∼2 × 10−2M� s−1 and several 10−3M� s−1, respectively.

After the first second, the inflow and outflow rates are essentially equal in all of our 3D simula-
tions (Ṁout/Ṁin ∼ 1 in Figure 5) except in the rapidly rotating model m15a. This implies that the
magnitude and time evolution of the mass outflow rates are determined by the mass infall rates
from the outer layers of the progenitor rather than being defined by the properties of the PNS
and its neutrino emission as in the case of NDWs. As stated in Section 3.2.1, the high mass inflow
and outflow rates are crucial for boosting the SN explosion energies over several seconds, mostly
by neutrino heating with a highly time-variable effective energy input between ∼2 and >13 MeV
per nucleon (137, 138, 238) (Figure 5f ).

The nucleosynthesis conditions in the neutrino-heated outflows of 3D SN models are funda-
mentally different from those in (quasi-)spherical NDWs. Since the gas in the PNS surroundings
is turbulent with downflows and outflows colliding with each other, secondary shocks occur and
lead to a nonmonotonic density, temperature, and entropy evolution of ejected mass elements
(234) instead of the smooth and continuous evolution of NDWs in radius and time. While 1D
NDW ejecta have a single value of entropy per nucleon s and electron fraction Ye at each time, de-
scribing a line in the s-Ye plane, outflows in 2D and 3D explosion models possess distributions of s
and Ye at each time, and the conditions fill a complex-shaped area in this two-parameter space (144,
154, 234, 235, 239).The ejecta mass distributions are correspondingly wide with entropies ranging
from ∼5 kB per nucleon up to approximately (70–80) kB per nucleon and electron fractions from
∼0.45 or slightly lower to more than 0.6. They show considerable variation between explosions
of different progenitors with partly stochastic evolution in time and possibly even case-to-case
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Figure 6

Ejecta conditions in the long-term 3D core-collapse supernova simulation of an 18.88M� progenitor (model s18.88a of Figures 4 and
5, which is similar to model s18.88b analyzed in References 138 and 234). (a) Entropy per nucleon (top) and radial velocity (bottom)
along randomly chosen directions (being the x and y directions of the cross-sectional cuts shown in panels b and c) at 1.5, 3.5, and 7.0 s
after bounce. (b,c) Cross-sectional cuts of the entropy per nucleon (top) and radial velocity (bottom) in the x-y plane at 3.5 s after bounce.
Panel b displays the entire ejecta behind the deformed supernova shock (thin gray line); panel c provides blowups of the vicinity of the
proto-neutron star (PNS), which is located at the center of the coordinate system. Inflows (velocities colored in blue) and outflows
(velocities colored in red) lead to a highly asymmetric and unsteady ejecta distribution with secondary shocks due to multiple collisions
of inflows and outflows. The neutrino-heated matter near the PNS is extremely turbulent and dynamical and provides drastically
different conditions for heavy-element nucleosynthesis as opposed to the smooth and radially continuous and monotonic outflow
trajectories of neutrino-driven winds in 1D supernova models and 3D explosions of low-mass supernovae (i.e., low-mass iron-core and
electron-capture supernova-like events). Figure provided by Daniel Kresse.

variability and dependencies on 3D perturbations in the precollapse progenitors. Low-mass
CCSNe expel more neutron-rich matter with Ye reaching down to ∼0.35, connected to an early
and short postbounce phase of convective overturn (128, 144, 240, 241), whereas SNe of higher-
mass stars tend to produce more proton-rich ejecta (138, 235, 239, 241) and build up a high peak
around Ye ∼ 0.5 by themassive, neutrino-heated outflows that continue over many seconds.While
the nucleosynthesis conditions in MDmodels are therefore grossly different from those obtained
in 1D neutrino-driven explosions, the results of 2D and 3D CCSN simulations broadly agree in
their overall behavior and basic features.

Full mass distributions and production factors of nucleosynthesis yields, including special
radioactive isotopes relevant for γ -ray astronomy (e.g., 26Al, 60Fe), weak r-process nuclei, and
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p nuclei created in the neutrino-heated ejecta during several seconds of the explosion in 3D
CCSN models, can be found in References 234, 235, and 239; similar results from a set of
shorter 2D simulations with a GR hydro code and a different neutrino transport can be found in
References 240–243. However, simulations longer than ∼10 s are needed to reach the asymp-
totic abundances and to avoid the need for extrapolations of the thermal histories of ejected mass
elements and of the late-time mass outflow rate (244). Interestingly, some radioactive isotopes
(e.g., the neutron-rich nuclei 48Ca, 57Ni, and 60Fe) are considerably more abundantly produced in
some of the MD neutrino-driven explosions compared to 1D SNmodels. In particular, long-term
3D simulations solve the underproduction problem of 44Ti in 1D CCSN models (245) because
neutrino-heated matter is ejected with high rates in the high-entropy outflows for many seconds
(see Figures 5 and 6). These outflows include a major fraction of material with Ye ≳ 0.49, which
has been heated to NSE temperatures, undergoes an α-rich freeze-out process, and experiences
multiple reheating episodes with temperature increases due to collisions with secondary shocks
in the turbulent PNS environment. This enables efficient 44Ti production that goes on for many
seconds (∼10 s), much longer than the explosive production of 56Ni, whose yield essentially satu-
rates within seconds. The long-lasting creation of 44Ti makes modern 3D CCSN nucleosynthesis
of initially nonrotating progenitors consistent with the 44Ti and 56Ni (or iron) masses and ratios
observed in SN 1987A and Cas A (234, 244), as anticipated by 3D neutrino-driven explosion sim-
ulations in Reference 64, which employed a more approximate treatment of the neutrino physics.
The 44Ti/Fe ratios for explosions of different progenitors vary moderately between several 10−4

and more than 10−3, and in the ejecta of individual explosions they span a wide range from less
than 10−5 to more than 0.1, as suggested by observations of Cas A (220, 221).

A closer inspection of the results from the 3D CCSN simulations with the Prometheus-
Vertex and Fornax codes reveals interesting differences. Not only does Fornax yield more and
earlier explosions (see Section 2.2) and roughly twice as energetic ones as those of Prometheus-
Vertex in comparable cases (see discussions in References 128, 138, and 144), but Fornax
simulations also yield significantly more 56Ni for similar explosion energies. For example, the
15.01M� and 16M� SNmodels in Reference 244 explode with energies of∼0.3 B and∼0.4 B and
produce ∼0.055M� and ∼0.065M� of 56Ni, respectively, whereas 0.064M� of nickel is obtained
in an ∼1-B explosion of an 18.88M� progenitor with Prometheus-Vertex (234). Similarly ener-
getic Fornaxmodels (1.1- to 1.2-B explosions of 18.5M� and 25M� progenitors) yield∼0.14M�

and∼0.19M� of 56Ni.Unlessmuch of this radioactivematerial falls back and is accreted by theNS
at times later than simulated, the Fornax 3D CCSN simulations of red supergiant (RSG) progen-
itor models seem to overproduce 56Ni compared to the average value observed for Type IIP SNe
of RSGs or BSGs. Reasonable concordance between Fornax results and observed 56Ni masses is
stated in Reference 149, but the comparison there is made with Type IIb and Ib/c SNe of stripped-
envelope progenitors, which eject on average more than double the amount of 56Ni and iron
than SNe IIP (0.090 ± 0.005 and 0.097 ± 0.007 M� of 56Ni and iron, respectively, compared to
0.037 ± 0.005 and 0.040 ± 0.005 M�) (246, 247). For example, the Type IIP SN 1987A of BSG
Sanduleak −69°202 was diagnosed to have an explosion energy of (1–1.5) B and an ejected 56Ni
mass of ∼0.07M� (e.g., 8), which is compatible with the mentioned Prometheus-Vertex 18.88
M� explosion.

3.2.4. Neutrino signals. The elementary phases and general properties of the neutrino lumi-
nosities and spectra radiated by CCSNe and nascent NSs have been described in numerous recent
reviews (e.g., 205, 249, 250). Figure 7 displays results obtained with the Prometheus-Vertex
code for sets of 1D and 3D simulations of SN explosions and PNS cooling with different nuclear
EoSs.
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Neutrino signals from a large set of long-term 2DCCSN simulations, based on one of the cur-
rently most elaborate treatments of neutrino transport, have meanwhile been published (118, 251)
as well as a smaller sample of 3D results with a few cases also extending to several seconds post-
bounce (118, 138, 186, 252). However, there are significant differences in the neutrino emission
properties predicted by modern SN models using different neutrino transport codes and neu-
trino interactions. This is not too astonishing in consideration of the quantitative differences of
MD CCSN results mentioned in Section 3.2.3 and the qualitatively different outcomes discussed
in Section 2.2. For example, Fornax yields a 3D explosion for a 40 M� progenitor model (253),
whereas Prometheus-Vertex does not for the same progenitor (186). Some indications of signifi-
cant differences in the neutrino signals can indeed be seen in the 1D comparison of Reference 102,
although based on a test setup with reduced and controlled microphysics inputs.
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(Caption for Figure 7 appears on following page)
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Figure 7 (Figure appears on preceding page)

(a) Lab-frame luminosities and (b) lab-frame mean energies of radiated νe, ν̄e, and a single species of heavy-lepton neutrinos, νx, versus
postbounce time with the well-known phases of prompt νe burst (duration ∼10 ms), postbounce accretion (∼0.1–1 s), and proto-
neutron star (PNS) cooling (seconds). Various 3D supernova (SN) simulations with different PNS masses and different nuclear
equations of state (EoSs) are compared with 1D cooling simulations for PNSs with similar masses and the SFHo EoS (D. Kresse et al.,
manuscript in preparation). The 1D calculations (thin gray lines and black lines) were done with the Prometheus-Vertex neutrino
hydrodynamics code and mixing-length theory (MLT) PNS convection. The 3D simulations (bold colored solid lines) employed Vertex
neutrino transport for 0.5–5.1 s and used the Nemesis scheme afterward (colored dashed lines) with Vertex applied for the longest
evolution times in model s12.28b (5.1 s) and model s18.88 (1.7 s). The 3D Vertex results are angle-averaged. The model names listed
in the box below the panels are composed of dimension, baryonic PNS mass, explosion model with progenitor zero-age-main-sequence
mass, and employed nuclear EoS. The 3D models exhibit features connected to long-lasting PNS accretion, whereas the 1D models
show the characteristic step-like decline of the neutrino luminosities and mean energies after the artificial initiation of the SN
explosion. Overall, however, the 3D neutrino signals show the same basic features as the 1D results and closely follow the time
evolution of the 1D cases for similar PNS masses and EoSs because the 1D calculations include MLT PNS convection. During the
postbounce accretion phase, the νe and ν̄e luminosities and mean energies are determined by accretion emission, which depends
sensitively on the PNS mass but less strongly on the nuclear EoS. In contrast, both PNS mass and nuclear EoS have an impact on the
νx luminosity and mean energy in the accretion phase. During the long-term evolution after 1 s, the nuclear EoS is most crucial for the
decline behavior of the cooling luminosities, and the PNS mass determines the magnitude and signal duration. Note that all 1D
calculations were done with the SFHo EoS, whereas most 3D models (except two) used LS220 (for a detailed discussion of the EoS
effects in 1D models with MLT convection, see Reference 248). Figure provided by Daniel Kresse.

Neutrino signals from 2D simulations display time variability and fluctuations with substan-
tially overestimated amplitudes and for overly extended periods of time because the artificial
constraint of axisymmetry favors the existence of long-lasting and very massive equatorial accre-
tion flows, whose impact and settling on the PNS surface lead to enhanced accretion luminosities.
These equatorial flows are actually toroidal sheets, which separate plumes of neutrino-heated
ejecta expanding toward both polar directions. Because of the interaction of downflows and out-
flows, the equatorial accretion sheets are highly time variable, thus fueling strong and irregular
minibursts of neutrino emission (254). The long-time, angle-averaged neutrino signals of 3D sim-
ulations are usually smoother and exhibit fewer and less extreme eruptions after the postexplosion
accretion by the PNS has abated at typically∼1–3 s, depending on the model (see the 3D results in
References 118 and 186). Such accretion features can be witnessed in models s12.28b and s18.88
in Figure 7, which were started from 3D precollapse progenitor data and evolved with Vertex
neutrino transport until 5.1 and 1.7 s postbounce, respectively. The reason for the 2D-3D dif-
ferences is twofold. On the one hand, the downflows in 3D are less massive and more numerous
because they are tube-like accretion funnels rather than toroidal sheets. This implies less extreme
accretion fluctuations but also a higher degree of angular averaging. On the other hand, in 3D a
larger fraction of the matter is blown out again after the gas has absorbed energy from neutrinos
and before it is accreted onto the PNS (133). The 2D geometry impedes the reejection of the in-
falling matter, which leads to a long-lasting, significant increase of the PNS mass in 2D, whereas
the enhanced reejection of neutrino-heated downflowmaterial causes a continuous and prolonged
growth of the explosion energy and more energetic explosions in 3D.

In fact, when the phase of massive PNS accretion before and after the onset of the explosion is
over, the neutrino signal properties of 3D simulations tally with those of 1D cooling models for
similar PNS masses if PNS convection by an MLT treatment is taken into account (see Figures 3
and 7). In 1D simulations, PNS accretion ends quite abruptly when the explosion is artificially
triggered and the shock expansion cuts off further mass infall. Therefore, the luminosities de-
cline from the accretion plateau to the PNS cooling tail quite sharply within only a few 100 ms.
In contrast, in 3D simulations significant mass accretion by the PNS can continue for several
seconds after the onset of shock expansion (though more weakly than in 2D simulations, as men-
tioned above), and accretion emission enhances mainly the νe and ν̄e luminosities for up to ∼1 s.
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Afterward, the radiated luminosities and mean energies transition to the PNS cooling behavior
more gradually than in 1D, but they asymptote very closely to the level of 1Dmodels for a compa-
rable PNS mass. The slope of the late-time decline of the PNS cooling emission is determined by
the nuclear EoS and the symmetry energy–dependent evolution of PNS convection (255), while
the magnitude and duration of the emission are governed by the NS mass (Figure 7). A system-
atic analysis of the long-term evolution of neutrino luminosities for PNS models with different
masses and different nuclear EoSs including PNS convection by an MLT treatment can be found
in Reference 248.

Although accretion by the PNS never completely stops but persists episodically, the accretion
rates are usually so low (reaching at most some 10−3M� s−1 in subsecond-long peaks because
inflow and outflow rates are essentially balanced; Ṁout/Ṁin ∼ 1 in Figure 5) that the accretion
emission adds relatively little to the neutrino radiation produced by the cooling PNS.Only at very
late times (later than ∼7 s postbounce, model dependent), when the PNS emission has decayed
and therefore the diminishing neutrino heating gives way to fallback accretion onto the PNS
(Ṁout/Ṁin < 1 develops), can the fallback emission become the dominant source of neutrinos.
However, this fallback accretion does not take place from a spherical flow, creating a steady-state,
shocked accretion mantle of the PNS as assumed in Reference 256. Instead, the PNS environment
is turbulent, and the highly dynamical conditions visible in Figure 6 with colliding and mixing in-
flows and outflows exist during all of the simulated evolution until well beyond 10 s. The longest
3D simulations performed so far, reaching nearly 20 s, show a continuous (but nonmonotonic)
trend of decrease in Ṁout/Ṁin. Because of turbulent mixing of low-entropy and high-entropy
matter, the medium in the immediate surroundings of the PNS (r ≲ 100 km) is nearly isentropic
with entropies of several 10 kB per nucleon. Therefore, the angle-averaged temperature and den-
sity profiles can be well-approximated by power laws, T(r) ≈ T0(RNS/r) and ρ(r) ≈ ρ0(RNS/r)3. A
lot of the infalling matter, however, does not reach the close vicinity of the PNS and the narrow
shell (radial thickness ∼5 km) of efficient neutrino cooling. Due to its high angular momentum
and large total energy, much of the fallback gas passes the PNS and returns to greater radii, filling
a bigger volume around the PNS. Since the angular momentum is likely to delay accretion, this
matter will be able to settle onto the PNS only over much longer time scales, or it will ultimately
escape from the gravitational attraction of the newborn NS with low expansion velocities or ac-
celerated by magnetic activity of the newborn NS. All current long-term 3D CCSN models keep
the NS fixed at the origin of the computational grid and thus ignore the movement of the kicked
NS (see Section 3.2.2). However, the gradual displacement of the kicked NS from the center of
the explosion is likely to play an important role when considering the interaction of the newly
formed compact remnant with its fallback environment over even longer evolution times; this
poses a generic 3D problem to be tackled by future work (218).

Several recent papers have addressed the important question of whether the neutrino signals
predicted by modern SN models are compatible with the detected SN 1987A neutrinos (203,
257–259). Considering a set of long-term 1D cooling simulations for PNSs with systematically
varied masses and EoSs, obtained from artificially triggered SN explosions and computed with
the Prometheus-Vertex code including MLT convection, Reference 203 reported overall agree-
ment of the total energy and mean neutrino energy with the joint 95% confidence regions for
all experiments [Kamiokande II (Kam-II), Irvine–Michigan–Brookhaven (IMB), Baksan Under-
ground Scintillation Telescope (BUST), and Liquid Scintillation Detector] (for a determination
of best-fit parameters, see also 257, 258, 260). Moreover, the modeled signal duration agrees well
with the IMB burst. However, the predicted signals are too short to explain the last three events
between 9.2 and 12.4 s in Kam-II and the last two events in BUST (at 7.7 and 9.1 s), mainly be-
cause PNS convection shortens the neutrino emission from Kelvin–Helmholtz cooling to ≲10 s,
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at which time the luminosities for each neutrino species have fallen well below 1051 erg s−1 even
for the most massive considered NSs and for all employed EoSs (Figure 7). In Reference 261,
a tension of number counts and especially mean energies was claimed to exist between models
and data during the first second, but the study employed an inhomogeneous set of 1D and MD
models, which partly did not explode and applied neutrino transport and rates with different levels
of detail. Moreover, angle-averaged neutrino results from MD models were used, and therefore
variations with the viewing direction (up to several 10% for the luminosities in 3D; 216) were
not taken into account. The tension was not confirmed by the analysis in Reference 203, where
the statistical significance of a mismatch between model spectra and detected event energies was
attributed to a local fluctuation of the data, because it disappears again when longer data intervals
are considered.

The short PNS cooling signals require an alternative explanation of the latest events in Kam-
II and BUST. Additional neutrino emission from fallback accretion is an interesting possibility
(262; see also 256). Indeed, our 3D simulations show considerable time variability of the mass
infall rate with stochastic excursions, and in model s18.88b a large and seconds-long increase of
Ṁin peaking near 10−2M� s−1 can be witnessed between ∼9 and ∼12 s, which is connected to a
massive downflow in one hemisphere that channels several 10−3M� toward the PNS within this
time interval. Therefore, fallback accretion luminosities of

Lν,acc ∼ GMNSṀacc

RNS
∼ 4.5 × 1051

(
MNS

2M⊙

)(
Ṁacc

0.01M⊙ s−1

)(
RNS

12 km

)−1 erg
s

3.

seem possible in extreme cases and are mostly shared by νe and ν̄e produced via charged-current
reactions in the hot, turbulent medium around the PNS. Such accretion luminosities dominate
the PNS emission at approximately 10 s after bounce by far (Figure 7) and are much larger than
the fallback luminosities expected in Reference 261. Neutrino emission from a fallback episode
like the one in model s18.88b is already marginally compatible with the 95% confidence region
for the events detected between ∼9 and ∼12 s in Kam-II (figure 11 in Reference 203). Note that
this late neutrino emission is not visible in Figure 7 because the version of theNemesis neutrino
approximation applied in the 3D simulations up to 20 s did not yet include the relevant physics.

Alternatively to the fallback scenario, the explanation of the latest SN 1987A neutrino events
might be connected to the nuclear EoS. The properties of the EoS in the supernuclear core might
prevent convection from becoming as strong as in the current models, and thus it would advance
inward but much more slowly, thereby delaying the convective transport of energy and electron
lepton number out of the PNS core.Or a late phase transition (e.g., from hadrons to quark matter)
might release internal or gravitational energy (due to a second collapse) and reheat the compact
remnant (e.g., 71, 72), which should extend the neutrino-cooling signal for several seconds.

3.2.5. Gravitational waves. Like neutrinos,GWs are an important direct probe of the processes
taking place in the SN core. They are generated by temporal changes of the mass/energy-
quadrupole moment and are thus produced by asymmetric mass motions as well as anisotropic
neutrino emission. A growing number of MD simulations reveal that the GW signals from CC-
SNe are stochastic, displaying enormous variability in time, based on viewing direction, and from
case to case. However, there are well-identified signal components and various systematic trends
(for reviews, see 282–287).

Collapsing stellar cores produce a characteristic millisecond-long GW pulse at the moment
of core bounce, if they get deformed because of sufficiently rapid rotation, and later on they can
radiate strong GW signals due to spiral modes, triaxial hydrodynamic (spiral and bar-mode) and
magnetohydrodynamic instabilities, mass ejection in polar jets, or, in the most extreme case, even
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GW “memory”:
abiding systematic
offset of the GW
amplitude from the
zero level due to
anisotropic neutrino
emission and
aspherical explosive
mass ejection

NEUTRINO FLAVOR CONVERSION

One of the major uncertainties in current CCSNmodeling involves the occurrence and treatment of neutrino flavor
conversion in the SN core, in particular between the neutrino-decoupling region around the neutrinospheres and
the gain layer where neutrinos deposit energy driving the SN shock. Only in recent years have the possibility and
importance of so-called fast pairwise neutrino oscillations in this region been recognized (263, 264). Fast flavor
conversion (FFC) is a self-induced phenomenon connected to ν-ν refraction, spawning this collective behavior,
which depends on the density and angular distribution of the neutrinos. It takes place on small length and time
scales (centimeters and nanoseconds), and therefore it cannot be resolved by global MD SN simulations with a
spatial resolution of typically ≳100 m and time steps of ∼10−7 s. Moreover, since FFC is a multiangle effect, direct
calculations require the full phase-space distribution of the neutrinos, which is not available in current full-scale
and long-term SN calculations. Effective treatments of FFC effects on large scales are needed based on a detailed
understanding of the physics on the unresolved scales. So far, only first steps have been taken to investigate the
impact of FFC in dynamical SNmodels. These studies reveal a possible influence on the detectable neutrino signal,
the neutrino-driven explosionmechanism, SN nucleosynthesis, new features in the emittedGW signal, and possibly
neutrino-induced SN kicks (265–270). The enormous interest in this fascinating phenomenon has led to rapid
developments propelled by a large community of active researchers.The corresponding accomplishments and status
cannot be adequately reported here, and the reader is referred to dedicated papers (271–276) and the references
therein.

off-center density maxima and core fragmentation, all connected to rapid rotation.The collapse of
nonrotating stars also can act as a source of GWs because asymmetries develop by hydrodynamic
instabilities such as prompt postbounce convection (for tens of milliseconds) due to a negative en-
tropy gradient behind the decelerating core-bounce shock, violent SASI and convective overturn
in the neutrino-heated postshock layer (for hundreds of milliseconds), and PNS oscillations (g-,
p-, and f-mode activity for many seconds), stimulated mainly by accretion downdrafts hitting the
NS from outside and less strongly by convection inside the PNS (e.g., 288–296). After the onset
of the explosion, GW emission continues from long-lasting PNS convection and vibrations, fall-
back accretion, and the asymmetric morphology of the expanding explosion ejecta and radiated
neutrinos, leading to a long-term GW strain (i.e., GW memory) (297–299).

Typical distance-independent GW quadrupole amplitudes obtained in 3D simulations are on
the order of several centimeters for the matter-associated signal (216, 288, 289, 294, 295, 300–303)
(Figure 8a), which is a factor 10–20 smaller than in 2D simulations (304, 305), but for very mas-
sive and rapidly rotating progenitors, peak amplitudes of several tens of centimeters can also be
obtained in 3D (292, 296). (The detector strains require division by the source distance D in 3D
and by 3.66D for optimal source orientation in 2D.) Although the GW amplitudes are overesti-
mated in 2D, the basic signal features and associated frequencies are comparable with 3D results.
The matter signal covers a wide range of frequencies from tens of hertz up to several thousand
hertz, in particular before and shortly after the onset of the explosion. Hydrodynamic instabil-
ities in the postshock layer (convection, SASI) cause GW emission mainly around 100–200 Hz
(twice the SASI frequency), whereas oscillations and pulsations of the PNS, which are mostly in-
stigated in its near-surface layers by the impact of accretion downdrafts, produce high-frequency,
broadband GW emission, whose dominant frequency characteristically increases from a few hun-
dred hertz shortly after bounce to more than 1,000 Hz after approximately 1 s, signaling the
contraction of the PNS due to neutrino losses. In exploding models this high-frequency compo-
nent transitions into a narrow-band signal (assigned to the fundamental PNS f-mode quadrupolar
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Figure 8

Gravitational wave (GW) signals produced by asymmetric mass motions and anisotropic neutrino emission
in 3D explosions of 12.28M� and 18.88M� progenitors (173) (explosion models s12.28b and s18.88b of
Figure 4), postprocessed by A. Lella et al. (manuscript in preparation). The core-collapse supernova
simulations were carried out with the Prometheus-Vertex code (138, 186; R. Bollig, personal
communication) for progenitors with convective oxygen shell burning computed in 3D (during the final
hour before core collapse in the 12.28M� case and the final 7 min in the 18.88M� case) (140). (a,b) GW
amplitudes for the plus and cross polarizations of the (a) matter signals and (b) total neutrino signals (sum for
all neutrino species) as functions of postbounce time tpb for an observer located in the equatorial plane of the
source. (c) Cumulative GW energies for the matter signals (solid lines) and neutrino signals (dashed lines) of
both supernova models. (d) Amplitude spectral densities as functions of frequency f for the combined
neutrino and matter GW signals of both supernova models assuming a Galactic supernova at a distance of
10 kpc. The black lines depict the sensitivity curves of current [Advanced LIGO (aLIGO); 277] and
forthcoming GW experiments [Einstein Telescope (ET; 278, 279), Cosmic Explorer (CE; 280), DECIGO
(281)] operating in the frequency range of interest. Note that in the case of model s18.88, the GW power at
frequencies above ∼1,000 Hz is underestimated because of sparse output sampling with time intervals of
0.5 ms. Figure provided by Alessandro Lella.

oscillation) with further increasing frequency reaching up to more than 2,000Hz in low-mass NSs
and over 3,000 Hz in high-mass NSs after several seconds. Moreover, exploding models display
a strong low-frequency (≲50 Hz) contribution from the matter memory of the asymmetrically
expanding ejecta (visible as the gradually growing offset of the matter amplitudes from the zero
level in Figure 8a).

The exploding models in Figure 8 (Eexp ∼ 0.25 B and 1.0 B) radiate GW energies up to
10−9M�c2 (Figure 8c), but values up to 10−7M�c2 were reported in Reference 295 for very mas-
sive and exploding progenitors, and even higher values seem possible with rapid rotation (296). A
direct scaling of the GW amplitudes and energy with the convective (or turbulent) energy in the
postshock layer and thus with the explosion energy was predicted (302, 306) and was confirmed
by a growing collection of 3D CCSN simulations (289), which also revealed a positive correlation
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Metallicity:
abundance of metals
(i.e., of elements
heavier than helium);
here, in the plasma of
stars at the time of
their birth

Population III: the
first generation of
possibly very massive
stars with zero
metallicity in the very
early Universe

with the compactness of the progenitor’s core (294)—which, in turn, correlates with the explosion
energy (113, 149).

The neutrino memory signal dominates the GW power mainly in the low-frequency domain
(≲10 Hz) with amplitudes up to ∼200 cm, but because of the low frequencies it contributes
to the total radiated GW energy at least an order of magnitude less than the matter signal
(Figure 8b,c). In extreme cases of massive progenitors with highly asymmetric neutrino emission
and/or very large radiated neutrino energies, neutrino GW amplitudes up to ∼2,000 cm and cor-
responding energies of several 10−10M�c2 were witnessed with still-growing values after seconds
of postbounce evolution (294, 295).

A detailed GW measurement from a future Galactic CCSN will permit diagnosis of various
hydrodynamic and otherwise inaccessible effects in the cores of collapsing stars, including rapid
rotation, the contraction of the hot PNS, stochastic and quasi-periodic (SASI) shock motions, the
onset time of the explosion, PNS pulsationmodes affected by the nuclear EoS, and the asymmetric
morphology of the inner ejecta.However, quantitatively reliable predictions of theGWproperties
require 3D models with full GR because Newtonian simulations underestimate the GW frequen-
cies, and the approximate inclusion of GR effects in the majority of current 3D CCSN models
tends to overestimate them (by ∼20%; 304).

3.2.6. Black hole formation. Along with the remarkable progress in long-term MD SN mod-
eling, special focus has also been put on BH formation in collapsing stars, which has led to new
insights, in particular that BH formation can be accompanied by successful explosions in various
ways. Shock expansion before the PNS collapsed to a BH had been seen already in previous 2D
and 3D CC simulations (e.g., 186, 194, 307–310), but either these simulations stopped at a point
where they were still inconclusive about mass ejection, or the shocks were too weak to initiate
any powerful, SN-like explosion. In References 193 and 311, a zero-metallicity (Population III)
progenitor model was collapsed and tuned such that delayed shock revival and (ultimately weak)
explosions were triggered by neutrino heating due to intense luminosities and hard spectra of νe

and ν̄e, before BHs formed. The subsequent growth of the BH mass by continued accretion of
fallback matter was tracked until shock breakout at the stellar surface.

Recently, self-consistent explosions of this kind with a range of explosion energies and BH
formation via accretion over time scales of ∼100 ms to ∼2 s after the shock revival were witnessed
for a set of eight zero-metallicity progenitors with masses between 60 and 95 M� (198). The
corresponding 2D simulations also followed the blast-wave evolution and fallback accretion by
the BH until shock breakout. Similarly, in References 150 and 253, such a case of BH formation
accompanied by a powerful explosion was obtained in a fully self-consistent 3D collapse simulation
of a solar-metallicity 40M� model with the physics used in the Fornax code.The same progenitor,
however, collapses silently to a BHwhen simulated in 3Dwith the Prometheus-Vertex code; that
is, the BH is assembled in a direct collapse through uninterrupted accretion of infalling stellar
matter onto the transiently stable NS, while the shock recedes (see 186).

The BH formation time in such CCSNe (whose naming is still ambiguous; in Reference 198
they are called “fallback SNe,” whereas Reference 197 terms them “BH-SNe”) and the explosion
energy, ejecta and compact remnantmasses, and nucleosynthesis, including the amount of expelled
56Ni, depend on the nuclear EoS (e.g., 156, 174, 310); in Reference 197, these dependencies were
explored by 2D long-term simulations using Skyrme-type EoSs with different values of the ef-
fective nucleon mass to probe the impact of varied thermal contributions to the pressure of the
nucleon gas. A higher nucleonic effective mass reduces this thermal pressure and triggers a faster
contraction of the PNS and its earlier collapse to a BH. The early BH formation shortens the
phase of neutrino energy transfer to the shock and weakens or prevents an explosion. (Explosion
stochasticity due to axis artifacts might be the reason why this correlation is not perfect in the 2D
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PPI (pulsational pair
instability): a violent
pulsation of a very
massive star
(∼70–140M�),
triggered by e+e− pair
formation in the stellar
core, leading to
SN-like mass ejection

models of Reference 197.) Any other effect that softens the EoS and thus reduces the maximum
mass of hot (or cold) NSs (e.g.,muon creation in the PNSmedium) can have similar consequences
and can make an explosion concomitant with BH formation less likely.

Since postbounce PNS accretion in 2D and 3DCCSNmodels is a long-lasting phenomenon or
does not completely stop (except for short, irregular periods of time and in explosions of ECSNe
and some low-mass iron-core progenitors, where NDWs can develop) before neutrino heating
abates and fallback sets in, the huge variation of the density structures of progenitors allows for a
diversity of BH formation scenarios. The progenitor’s density profile determines the initial mass
and accretion rate of the PNS. If this accretion proceeds with a higher rate, the PNS as a neu-
trino source survives for a shorter time, reducing the neutrino energy deposition that powers the
neutrino-driven explosion.

Based on their large set of long-term 3D CCSN simulations, Burrows et al. (150) witnessed
different paths to BH formation and distinguished four corresponding channels ordered by de-
creasing strength of the neutrino-powered shock: Channel 1, where BHs from the maximum NS
mass upward are formed within seconds by continuous mass accretion in stars (19.56 M� and
40 M� in the model set) that still explode, potentially strongly (≳1.75 B), as described above;
Channel 2, where a relatively weak explosion (≲0.5 B for a 23 M� model) leaves a NS that col-
lapses to a BH by fallback on time scales of tens to hundreds of seconds (corresponding to what
was originally understood as “fallback SN” and was also predicted on grounds of 1D explosion
models with neutrino engines, e.g., 169, 175, 207); Channel 3, where a very massive precollapse
star with pulsational pair instability (PPI) history (100 M� in Reference 150, but similar results
were found for Population III and PPI progenitors with ZAMSmasses between 60 and 115M� in
References 186, 194, 198, and 310) collapses to a BH within fractions of a second and the revived
shock is too weak to initiate a SN explosion and to prevent the collapse of essentially the entire
progenitor; and Channel 4, where the stalled bounce shock is never revived but the stellar collapse
(for 12.25M� and 14M� cases in the model set of Reference 150) leads straightaway to a BH (this
is the BH birth in a failed SN imagined as a quiescent or direct implosion of a star).

These formation paths of stellar-mass BHs and possibly additional variants (e.g., connected
to a phase transition at supernuclear densities) may exist, depending on the EoS and accretion-
rate-dependent survival time of the PNS and the energy transfer by neutrinos to the surrounding,
infalling stellar gas. However, the association with progenitor masses in a given pool of stellar
models must still be considered as highly uncertain because of the repeatedly addressed differences
in the CC outcomes obtained with different SN codes (see, e.g., Section 2.2).

SUMMARY POINTS

1. The viability of the neutrino-driven mechanism is supported by a growing number of
multidimensional (MD) neutrino hydrodynamics simulations. However, different state-
of-the-art codes do not agree in their predictions of supernova (SN) explosions and
explosion properties or black hole (BH) formation of individual progenitors. The ex-
plosion systematics of massive stars depending on the stellar mass are therefore still
controversial.

2. Explosion energies of core-collapse supernovae (CCSNe) can take several seconds to
reach their terminal values, persistently fueled by neutrino energy transfer to matter
that is accreted from the progenitor in an inflow–outflow cycle continuing for many
seconds.
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3. Long-term 3D simulations show that neutrino-driven winds (NDWs) of baryonic
matter blown off the proto-neutron star (PNS) surface occur in low-mass CCSN ex-
plosions in analogy to 1D models. In contrast, the innermost ejecta of CCSNe of
more massive progenitors comprise the neutrino-heated matter of the inflow–outflow
accretion cycle. This highly turbulent environment with secondary shocks provides
nucleosynthesis conditions significantly different from those of the quasi-spherical
NDWs.

4. Newborn neutron stars (NSs) receive natal recoil kicks by anisotropic neutrino emission,
which dominates in low-mass CCSNexplosions, and by asymmetricmass ejection,which
is the main effect in CCSNe of more massive progenitors and can accelerate the NSs
for 10 s and longer. Asymmetric accretion of fallback matter on even longer time scales
might transfer considerable amounts of angularmomentum to theNS,which could over-
ride the spin-up of the PNS caused by asymmetric mass accretion during the onset and
early phase of the SN explosion.

5. Neutrino signals from state-of-the-art SN models are basically consistent with the gen-
eral properties of the detected SN 1987A neutrinos and also during the accretion phase
of the first second after bounce. However, the latest three Kamiokande II events are
incompatible with the short cooling times of convective PNSs.

6. These last three Kamiokande II events might point to less strong and shorter PNS
convection than that obtained with current nuclear equations of state (EoSs), or to a
seconds-long episode of massive fallback and accretion emission by the NS, or to neu-
trino emission connected to late energy release from a nuclear phase transition. Since the
hot PNS EoS also has a strong influence on the success or failure of the neutrino-driven
mechanism and the explosion properties of SNe, the PNS EoS remains one of the major
uncertain ingredients in CCSN modeling.

7. Stellar-mass BH formation is possible in collapsing stars on different time scales and
accompanied by SN explosions of different strengths. The corresponding formation
channels depend on the mass accretion rate by the PNS, its EoS, and the power of neu-
trino energy transfer to the medium surrounding the PNS. The associated progenitor
masses are unclear because of stellar evolution uncertainties and disagreements in stellar
core-collapse (CC) outcomes with different simulation codes.

8. Relevant aspects of the long-time evolution of PNSs and of the SN explosion, although
involving 3D physics, can still be well-treated in 1D. This holds, for example, for con-
vection in the PNS interior, where mixing-length theory yields a good match of the
structure and neutrino emission of MD PNS models. Making use of such possibilities
in the Nemesis code, the neutrino effects on the long-time SN hydrodynamics can be
handled with an enormous gain of computational efficiency.

FUTURE ISSUES

1. The discrepant results for the explodability of progenitors and for the SN properties
obtained with different numerical codes in 3D demand a detailed and well-controlled
code comparison testing different setups, resolutions, and physics inputs, in particular
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for the crucial neutrino rates. Such a task, however, will be challenging because of its
high demands on computational resources and the workforce.

2. To account for the macroscopic consequences of collective fast neutrino flavor conver-
sion in global, long-term 3D CCSN models, computationally efficient treatments are
needed that effectively describe the neutrino flavor evolution obtained by direct solu-
tions of the quantum-kinetic problem, because full-scale SN models cannot resolve the
relevant small time and length scales and also lack accurate information on the neu-
trino angular distributions as long as 3D Boltzmann transport with high resolution is
not feasible in these models (see the sidebar titled Neutrino Flavor Conversion).

3. Despite a growing body of work on CCSN modeling with rotation and magnetic fields,
the role of these aspects needs to be better understood, in particular by replacing con-
structed precollapse conditions with stellar progenitor models that take into account
rotation and magnetic fields consistently over long periods of evolution.

4. Most MD CCSN simulations, in particular those for larger model grids and following
the long-term evolution, have employed progenitors from a single stellar evolution code
(Kepler). Because of significant differences in the progenitor structures and their vari-
ation with zero-age-main-sequence mass, 3D CCSN modeling should also be extended
to sets of precollapse models obtained with other stellar evolution codes.

5. The nuclear EoS of hot PNS matter and a consistent treatment of the neutrino reac-
tions are of crucial importance for predicting the remnant and explosion properties of
CCSNe. Systematic studies with different available EoSs that are compatible with all
theoretical, experimental, and astrophysical constraints are needed, including tests of
the consequences of well-motivated phase transition scenarios.

6. Reliable MD CCSN simulations, strengthened by their scrutinized compatibility with
observational SN properties, will permit stronger or more solid bounds on particle
physics beyond the Standard Model by including such effects into self-consistent SN
models.

7. From the astronomical and astrophysical perspective, including gravitational wave (GW)
astronomy, large sets of ultimately 3D CC models for different kinds of progenitors, in-
cluding single stars and binary evolution outcomes and different metallicities, are needed
to answer the pressing questions connected to observed properties of different types of
CCSNe and their compact and gas remnants, of SN nucleosynthesis and galactic chemi-
cal evolution, and of GW sources whose statistics will tremendously grow over time with
further improved detection sensitivity and planned future instruments.

8. Current self-consistent 3D CCSN simulations need to be extended to much later times,
well beyond shock breakout from the stars, to put their predictions to a test by detailed
comparison with observations of SNe and SN remnant properties. Multimessenger
signals (neutrinos, GWs, and electromagnetic radiation in many wavelength bands)
from the next Galactic SN (or SNe?) will provide an ultimate test for the theory of
neutrino-driven explosions.
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