Dynamics of Type-II Supernovae
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Hydrodynamical simulations of type-II supernovae in one and two dimensions are performed
for the revival phase of the delayed shock by neutrino energy deposition. Starting with a post-
collapse model of the 1.31 Mg iron core of a 15 My star immediately after the stagnation of
the prompt shock about 10 ms after core bounce, the models are followed for several hundred
milliseconds with varied neutrino fluxes from the neutrino sphere. The variation of the neutrino
luminosities is motivated by the considerable increase of the neutrino emission due to convective
processes inside and close to the neutrino sphere (see Janka 1993), which are driven by negative
gradients of entropy and electron concentration left behind by the prompt shock (Burrows
& Fryxell 1992, Janka & Miiller 1992). The size of this luminosity increase remains to be
quantitatively analyzed yet and may require multi-dimensional neutrino transport. However, in
the presented simulations the region below the neutrino sphere is cut out and replaced by an
inner boundary condition, so that the convective zone is only partially included and the neutrino
flows are treated as a freely changeable energy source.

For small neutrino luminosities the energy transfer to the matter is insufficient to revive the
stalled shock. However, there is a sharp transition to successful explosions, when the neutrino
luminosities lie above some ‘threshold value’. Once the shock is driven out and the density
and temperature of the matter between neutrino sphere and shock start to decrease during the
expansion, suitable conditions for further neutrino energy deposition are maintained, and an
explosion results. With the neutrino energy deposition the entropy per nucleon in the region
between neutrino sphere and shock grows, and convective overturn will set in. Multi-dimensional
simulations show that due to the large pressure scale height a large-scale pattern of up-flows and
down-flows with velocities close to the local speed of sound develops. Consequently, cold, post-
shock material is advected down into the neutrino heating layer close to the neutrino sphere and
hot material is transported outwards, thus reducing energy losses by re-emission of neutrinos
and increasing the pressure behind the shock. Therefore these convective processes are found
to be a very important aid to the delayed supernova explosion. In fact, two-dimensional models
explode even in cases where spherically symmetrical computations fail.

1. Type-II Supernova Explosions and Convection

According to the current understanding type-II supernova explosions can be driven
by neutrino energy deposition in the layers between the nascent neutron star and the
stalled prompt supernova shock (Bethe & Wilson 1985, Wilson et al. 1986). The ‘delayed’
explosion is triggered on the neutrino heating time scale instead of the hydrodynamical
time scale, i.e. within (several) 100 milliseconds rather than ten milliseconds after core
bounce. Although the neutrinos streaming out of the neutrino decoupling region in
the surface of the forming neutron star loose only a small fraction of their energy (at
most a few per cent) in the surrounding stellar matter, this energy may be sufficient to
‘revive’ the core bounce shock, which transformed to a standing accretion shock when
energy losses due to dissociation of iron nuclei and emission of neutrinos reduced the
pressure in the post shock material. The principle viability of this mechanism seems
to be proven. However, there are still crucial questions to be answered. Firstly, it is
not well understood, how, and when, the shock revival occurs and what the possibility
of a successful explosion is defined by. Controversial results by independent elaborate
supernova simulations (Mayle 1985, Wilson et al. 1986; Bruenn 1989a,b, 1992) give a
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hint that an increase of the neutrino emission by convective processes inside the neutron
star may be crucial: While Bruenn (1992) does not regard convection and does not get
explosions, Mayle (1985) and Wilson et al. (1986) obtain explosions when they include
mixing processes by neutron finger instabilities in a parametrical description in their
one-dimensional simulations. Secondly, although neutrino heating is able to eject the
envelope of the star, the explosion energies in the delayed scenario are too low compared
with typical type-II energies as deduced from light curve analyses (see Wilson et al. 1986;
Janka 1993). This defines a quantitative problem, which still remains to be settled.

Janka (1993) performed long-time hydrodynamical simulations of the post bounce
supernova evolution until more than 10 seconds after the revival of the stalled shock.
Neutrino heating external to the nascent neutron star was carefully taken into account
and the neutrino emission from the neutron star was varied within ‘reasonable’ limits.
The simulations showed that high explosion energies cannot be obtained through energy
deposition by the slowly decaying neutrino emission during the Kelvin-Helmholtz cooling
of the protoneutron star. Instead, it was found that energetic explosions require the
occurrence of an early phase of high neutrino luminosities with efficient heating in the
vicinity of the neutron star. This means that the answer to the energy problem has to
be searched for in the first few hundred milliseconds after core bounce. In this sense
neutrino-driven supernovae are exploded by a delayed mechanism, not a late one.

When the prompt shock propagates through the outer layers of the collapsed stellar
iron core and a luminous outburst radiates away several 106 electron neutrinos within
about 10 milliseconds, negative gradients of entropy and lepton number originate, and
can give rise to convective instabilities (Burrows 1987; Burrows & Lattimer 1988). Two-
dimensional (Burrows & Fryxell 1992, Janka & Miiller 1992) and three-dimensional sim-
ulations (Miiller 1993) indeed show that these instabilities grow on a time scale of about
10 milliseconds and mix a region encompassing the neutrino sphere with maximum ve-
locities close to the local speed of sound. After 10-20 milliseconds a region of about
0.5 My between 20 and 120 kilometers is involved in the convective overturn and is
homogenized within about 20 milliseconds (see Janka & Miiller 1992). Neutrino decou-
pling occurs at densities p < 10 g/cm®, which is inside the convective layer. Therefore
a considerable increase of the neutrino emission must be associated with the transport
of material with high electron concentration from regions at p 2 102 g/cm3 into the
neutrino-transparent regime. This convection takes place inside the forming neutron star
and is not in direct contact with the exploding layers of the star. Of course, crucially de-.
termining the neutrino luminosities during the early post bounce phase, this convection
is of immediate importance for the explosion of type-1I supernovae in the context of the
neutrino-heating mechanism.

Observations of 55Ni mixed into the hydrogen-rich envelope in SN 1987A suggest that
convective processes might have occurred also outside the protoneutron star at a very
early stage during the supernova explosion. This could have brought material originally
located close to the new-born neutron star with high velocities into the outer layers of
the star. Herant et al. (1992) have shown that the energy deposition by neutrinos in the
vicinity of the neutron star is able to drive large-scale convective overturn. Together with
the turbulence phenomena inside the forming neutron star these instabilities introduce
a new level of complexity in our picture of type-II supernova explosions.

The work presented here concentrates on the post-bounce history of the supernova
shock. The behaviour of the stalled prompt shock wave under the influence of varied
neutrino emission from the protoneutron star is studied by hydrodynamical simulations.
One- and two-dimensional simulations are compared to gain evidence about the occur-
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rence and importance of turbulence outside the new-born neutron star. In Sect. 2 the
model, physical assumptions and some numerical aspects are described, in Sect. 3 the
results are discussed, and Sect. 4 ends with a summary and conclusions.

2. Model, Physical Assumptions, and Numerical Aspects

The post bounce evolution of the collapsed 1.31 Mg iron core of a 15 Mg star is
simulated for a period of several hundred milliseconds, starting at a time about 10 mil-
liseconds after core bounce. By that time the prompt shock wave has transformed into
a standing accretion shock at a radius of about 115 km, enclosing a mass of 1.25 M.
The matter behind the shock has small negative velocities and settles onto the forming
neutron star. The initial model was provided by Bruenn (1993, private communication;
see also Bruenn 1992), who computed core collapse and core bounce with use of the
equation of state developed by Lattimer & Swesty (1991). Following the further history
for nearly 700 ms Bruenn did not find an explosion of the star.

As described above, the neutrino luminosities are dependent on convective processes
around the neutrino sphere (see Janka 1993, Janka & Miiller 1992) and cannot accurately
be determined without an elaborate treatment of neutrino transfer in this turbulent
region. Possibly even methods to simulate neutrino transport in more than one dimension
have to be applied. Therefore, we decided to vary the neutrino luminosities and to study
their influence on the destiny of the shock. For this purpose it is adequate to cut out
the inner part of the collapsed stellar core, which also helps to save computer time when
performing a large number of one-dimensional runs or multi-dimensional simulations.
We put the inner boundary to a density of about 10'? g/ cmg, corresponding to an initial
radius of 32 km in the considered model. The radius of the inner boundary was either
kept fixed, or was allowed to shrink with time to mimic the contraction of the cooling
neutron star. Although we located the inner boundary somewhat inside the neutrino
sphere, our computational domain did only partially encompass the convective layer
in the protoneutron star. Prescriptions for time-dependent fluxes and spectra of the
neutrino emission from the inner core were imposed. While the spectra were not changed
in different runs, the neutrino luminosities were varied to study their influence.

The simulations (see Sect. 3) were performed by treating the neutrinos in a ‘lightball’
approximation: The fluxes entering the computational grid at the inner boundary were
kept constant with radius (except for Doppler shift and gravitational red shift effects).
Although not being correct, this approach is not too bad outside the neutrino sphere
and reduces the computational effort, in particular in multi-dimensional simulations.
Since we are not interested in the question, how these fluxes are formed, but in their
effect on the shock evolution, the neutrino lightball approximation is very likely justified.
The validity of this approximation will be tested in forthcoming simulations (Janka &
Miiller, in preparation). All types of neutrinos (ve, e, vy, Py, V7, Uy) were included,
and the processes taken into account were electron neutrino/antineutrino absorption
on neutrons/protons, neutrino scattering off neutrons, protons, nuclei, electrons, and
positrons, and neutrino pair production and pair annihilation by/into electron-positron
pairs. Our simulations were performed with an elaborate, vectorized equation of state,
which contains contributions by neutrons, protons, alpha particles and a representative
heavy nucleus in nuclear statistical equilibrium. Electrons, treated as an arbitrarily
degenerate and relativistic gas, and positrons and photons were taken into account.

We employed two different numerical methods for solving the equations of Newtonian
hydrodynamics: An explicit, second order Lagrangian scheme with automatic, conserv-
ative rezoning, which handles shocks by use of a tensor artificial viscosity (see Janka et
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TABLE 1. Model data for one-dimensional (letter ‘O’ in the model name) and two-dimensional
(“T’) simulations. The letter ‘f’ indicates that the radius of the inner boundary was kept fixed, ‘c’
marks model runs with contracting inner boundary. In case of two-dimensional simulations the
numbers in parentheses behind the model name give the numbers of angular zones (of one degree
size). LS? is the electron neutrino luminosity (in 10°2 erg/s) at the start of the computation, L32
are the individual luminosities of muon and tauon neutrinos and antineutrinos. The luminosity
of electron antineutrinos is constrained by the requirement that the inner part of the neutron
star with mass Mic = 0.85 Mg looses an electron fraction of AY,. The total energy loss due
to neutrino emission is assumed to equal Ae - Moc?. texp gives the heating time scale, defined
by the moment when the explosion energy Eexp (see text) of the model becomes larger than
10*8 erg. The values in column Eexp give the explosion energies at the end of the computation,
i.e. at time tenq after the start of the simulation.

Model L2 L2 DeltaY. Deltae texp tend Eexp(tend)

[erg/s] [erg/s] [ms] [ms]  [10% erg]
O1f 1.850 1.650 0.05 0.035 oo 462. 0.0
O2f 1.900 1.700 0.05 0.035 270. 796. 7.1
0O3f 1.925 1.725 0.05 0.035 211. 735. 8.2
O4f 2.750 2.250 0.25 0.150 48. 635. 48.3
Olc 1.900 1.700 0.05 0.035 oo 34l1. 0.0
02 2.000 1.800 0.05 0.035 oo 365. 0.0
03c 2.100 1.850 0.06 0.045 oo 372. 0.0
O4c 2.200 1.875 0.06 0.045 162. 697. 4.9
O5c¢ 2.225 1.875 0.06 0.045 122. 927. 9.5
O6¢ 2.250 1.900 0.07 0.050 97. 485. 13.0
T1£(90) 1.900 1.700 0.05 0.035 93. 720. 8.9
T1c(90) 1.900 1.700 0.05 0.035 88. 214. 0.9
T2c(180) 1.900 1.700 0.05 0.035 85. 199. 1.2

al. 1993). Multi-dimensional simulations were performed with a modified version of the
explicit PROMETHEUS code (Fryxell et al. 1989), which is a Eulerian implementation
of the Piecewise Parabolic Method by Colella & Woodward (1984). Comparing results of
both codes yields excellent agreement where it required (see also Janka et al. 1993).

3. Shock Evolution in One- and Two-Dimensional Simulations
3.1. Spherically Symmetric Case

A set of one-dimensional simulations was performed changing the neutrino fluxes from the
inner boundary from small values to successively larger ones. The effect on the standing
accretion shock was investigated. The results are collected in Table 1. The model
sequence ‘O#f’ was computed with a fixed radius of the inner boundary Rj;, = 31.7 km,
while the inner boundary was contracting in models ‘O+#tc’. The initial electron neutrino
luminosity L,, and muon and tauon neutrino/antineutrino luminosities L,, can also
be found in Table 1. The luminosities of all neutrino kinds were assumed to decay
exponentially and were constrained by the requirements that a total lepton number
AY, - A Mi.c? (Mic = 0.85 Mg, A is Avogadro’s number) and a total energy Ae - Mgc?
is radiated away. Numbers for AY, and Ae are listed in in Table 1.

The models do not explode for low values of the neutrino luminosity. The neutrino
emission has to surpass a well defined threshold value to drive a strong expansion of the
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FIGURE 1. Radial positions as functions of time for a sample of mass shells of model O3c (see
Table 1). The protoneutron star is sitting at the bottom of the figure, and the position of
the supernova shock can be identified at the sharp turns of the curves. The shock exhibits an
oscillatory motion and the model does not explode.

layers between neutrino sphere and standing accretion shock against the ram pressure of
the material falling into the shock. Only if this expansion is sufficiently fast and strong,
a successful explosion is initiated. Examples for both cases, no explosion and explosion,
are shown in Figs. 1 and 2. In case of failure the region between neutrino sphere and
shock expands and contracts, and the shock position exhibits an oscillatory behaviour
(see Fig. 1; model O3c in Table 1). Phases of expansion and net energy gain of the matter
alternate with compression and accompanying neutrino energy loss. In contrast, when
the neutrino heating is powerful enough, the strong expansion prevents the re-emission of
energy deposited by neutrino absorption outside the so called ‘gain radius’. This location
defines the point in the protoneutron star atmosphere, where neutrino cooling — which
dominates at high densities and gas temperatures - is exceeded by neutrino heating (see
Bethe & Wilson 1985, Bethe 1990). With the expansion setting in, the temperatures and
densities decrease, which maintains favourable conditions for continued neutrino heating.
This defines a runaway situation, and finally the shock wave propagates outward to trigger
the explosion of the star (Fig. 2; model O4cin Table 1). These results are obtained for the
idealized case that the neutrino fluxes originate from an independent central source and
are not influenced by the expansion or contraction of the protoneutron star atmosphere.
The exact and detailed post bounce history may depend on the coupling between neutrino
fluxes and hydrodynamical evolution. Nevertheless, our results show principle features
as they were found in the computations by Wilson et al. (1986). Comparison with
these, however, reveals some fundamental differences, too. In the simulations by Wilson
et al. (1986) much of the neutrino luminosity was produced by spherical accretion of
matter falling through the standing accretion shock onto the new-formed neutron star.
When neutrino heating began to drive an expansion, this accretion was turned off and
the luminosities dropped. Neutrino cooling took over, and the matter started to contract,
again increasing the accretion rate. This resulted in an oscillatory up and down of the
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FIGURE 2. Radial positions r(t) for a sample of mass shells of model O4c (see Table 1). After
about 400 ms post bounce a strong bifurcation between protoneutron star and stellar mantle
develops and the model explodes.

shock front in some of the models of Wilson et al. (1986). With our assumption of the
neutrino luminosities being produced in the convective mantle region of the protoneutron
star we do not have this negative feedback between neutrino emission and matter motion:
When a strong neutrino-driven expansion sets in, the matter temperature drops, neutrino
re-emission decreases, and neutrino heating by the unchanged neutrino fluxes continues
the positive energy transfer to the stellar gas.

This mechanism implies a strong sensitivity to the neutrino luminosities. The explosion
energy FEeyp, which is given by the total energy (kinetic plus internal energies minus
gravitational binding energy) of all zones with positive values of this energy, increases
steeply for higher neutrino fluxes. In Table 1 the corresponding numbers are listed for
the final models (column #e,q gives the time at the end of the simulation runs, measured
from the beginning of each computation). The time scale texp in Table 1 measures the
time to start the explosion and is defined as the moment when Eexp, = 10*®erg. This
time shrinks for stronger neutrino heating; in any case, however, it was found to be
longer than 50 milliseconds. It is remarkable that the threshold value of the neutrino
luminosity depends on the treatment of the inner boundary. With fixed radius Ry, our
one-dimensional models explode for L,, & 1.9-10%2erg/s, whereas the shrinking inner
core prevents explosions below L, ~ 2.2-10% erg/s.

3.2. Two-Dimensional Case

In a second set of runs we switched to two dimensions (models ‘T#{’, ‘T#c’ in Table 1),
again treating the two possibilities of fixed inner boundary radius (“T#{’) and contraction
of the inner boundary (‘T#c’). The numbers in parentheses, which follow the model
name, indicate the angular size of the grid (90 or 180 degrees); the angular resolution
was one degree. As in one dimension, the model did not explode without neutrino heating
in two dimensions. When including neutrinos we chose the electron neutrino luminosity
to be L,, = 1.9-102erg/s. For this case we found an explosion in the spherically
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FiGure 3. Convective overturn between protoneutron star (in the center) and outgoing su-
pernova shock in model T2c(180) (see Table 1) at time ¢t = 199ms after the start of the
computation. The contours correspond to 25 equispaced levels of constant entropy between

Smin & 5kp/nucleon and Smax = 17.3 ks/nucleon. Narrow tubes of down-flowing matter and
large rising bubbles occur.

symmetric situation, when the radius of the inner boundary was kept constant (model
02f), although it took as long as texp = 270ms to start the finally successful expansion.
The model with the same neutrino parameters, but with contracting inner boundary,
model Olc, did not explode. This appeared to us as an interesting case to be studied in
two dimensions.

Neutrino heating produces a region with relatively high entropies per particle outside
the gain radius; typical values are around 10-15kp per nucleon, whereas the matter
downstream of the standing accretion shock has entropies of about 6-7 kg /nucleon. Such
a situation is convectively unstable. In fact, this is confirmed by our two-dimensional
simulations, where convective overturn sets in within a few ten milliseconds. In the
beginning, the convective mixing encompasses the whole region between gain radius and
standing accretion shock. This moves cold (low entropy) material from behind the shock
into the heating region and transports hot matter outwards. The convective velocities are
several times 108 cm/s up to about 10° cm/s, which is close to the local speed of sound.
Without any doubt, this effect aids the explosion; this is clearly visible by comparison of
the numbers for texp and Fexp for models O2f and T1f: The explosion starts more easily
and the explosion energy tends to be higher in the two-dimensional case. Even more
dramatic, we found an explosion also in case of a shrinking central core (R;, decreasing
with time), i.e. in a situation where the spherically symmetric model Olc failed: Models
T1c¢(90) and T2¢(180) show a strengthening of the shock wave and an explosive expansion
on a time scale close to that of model T1{.

When the shock starts to move out and a dynamical expansion of the post-shock region
begins, the expansion time scale becomes shorter than the typical growth time scale of
instabilities. This is the moment when the convective pattern is ‘frozen in’: The number
of structures with upward and downward flows as well as their angular sizes and locations
on the sphere essentially do not change during the later evolution. Figure 3 shows the
region of convective overturn between central neutron star and outgoing shock for model
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T2¢(180) at the end of the computation teng = 199ms. We found the structure of the
turbulence pattern to be sensitive to the prescribed behaviour of the inner boundary,
and dependent on the angular size of the computational grid. Due to the large pressure
scale height the structures tend to become quite extended, typical angular diameters
being about 30 degrees (compare Fig. 3). With a grid of 90 degrees the structures are
artificially confined and cannot fully develop. This reduces the efficiency of the convective
transport and explains the difference in the numbers for models T1¢(90) and T2c(180).

4. Summary and Conclusions

We have performed one- and two-dimensional hydrodynamical simulations of the re-
vival phase of the stalled prompt supernova shock in a collapsed 1.31 M, stellar iron
core.

The results for the spherically symmetric situation demonstrate that the possibility of
a successful explosion by the neutrino-driven mechanism depends extremely sensitively
on the neutrino luminosities during a phase of 100-300 milliseconds after core bounce.
If the luminosities fall below a threshold value, the mechanism fails to explode the star.
However, if the luminosities lie above this threshold and initiate a sufficiently strong
expansion, then favourable conditions for continuing neutrino heating are established
and (energetic) explosions result, provided the neutrino luminosities do not drop when
the expansion sets in. This is the case when the neutrino flux is mainly originating
from a convective region in the protoneutron star, but it is not the case, if the main
contribution to the neutrino emission is generated by spherical accretion of infalling
matter onto the protoneutron star (as in one-dimensional simulations). Convection in
the protoneutron star (Burrows 1987, Burrows & Fryxell 1992, Janka & Miiller 1992,
Janka 1993) transports energy from deeper layers up to the neutrino decoupling region
more efficiently than it is done by neutrino diffusion. Therefore convection around and
below the neutrino sphere should be the crucial ingredient to neutrino-driven supernova
explosions.

Comparing the one-dimensional simulations with the two-dimensional ones we learn
that convection outside the protoneutron star clearly and strongly aids the explosion. It
transports hot matter from the region of powerful neutrino heating (at the gain radius)
into layers farther out behind the shock front. This changes the v-luminosity threshold for
the explosion as well as explosion energies and explosion time scales, and is also crucial
to determine the mass of the neutron star remnant. In each of our simulation, one-
and two-dimensional, it took at leas. 50 milliseconds for positive explosion energies to
develop. This appears to us as the typical neutrino heating time scale required to start
the explosion in the considered model. We conclude that high neutrino luminosities
from the neutron star have to be maintained for a period which is a multiple of this
time scale. Typically, after several hundred milliseconds the expanding material outside
the protoneutron star had accumulated an energy comparable with standard type-11
supernova energies. For cases of successful explosions the explosion energy is extremely
sensitive to the luminosity of the neutrino source. It therefore does not seem likely that
neutrino driven type-Il supernovae have a uniform value of the explosion energy.

We stress that the effects in two dimensions, quantitatively and qualitatively, depend
on the handling of the inner boundary in simulations where the high-density central part
of the protoneutron star is cut out. Moreover, they also depend on the angular size of the
grid for the simulation. Due to the large pressure scale height in the expanding region
between gain radius and shock position the convective overturn proceeds in long tubes
of down-flowing material and large rising bubbles. Typical angular diameters of these
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structures were found to be about 30 degrees. On an angular grid of 90 degrees (instead
of 180 degrees) the convection could not be adequately simulated, but was less violent
and less effective in transporting energy into the shock front. We suspect that opening
an additional degree of translational freedom by going to three dimensions could have a
similar influence on the convection as extending the angular size of the grid. This may
be taken as an indication that a satisfactory numerical treatment might actually require
three-dimensional simulations.
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