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We report on a method, PUSH, for artificially triggering ca@lapse supernova explosions of
massive stars in spherically symmetric simulations. Ounugitions are based on the general rel-
ativistic hydrodynamics code Agile and the detailed newttransport scheme IDSA. To trigger
explosions in the otherwise non-exploding simulations,relg on the neutrino-driven mecha-
nism. The PUSH method taps the energy reservoir providedéyhéavy neutrino flavours to
locally increase the energy deposition in the gain regiomioking in spherically symmetric
simulations the fects of large multi-dimensional hydrodynamical instdigii. \We analyze the
feedback of the neutrinos on the evolution of the systemudhicg the explosion dynamics, the
electron fraction and the resulting nucleosynthesis. imwork we calibrate the PUSH method
by using observed properties of SN 1987A. We found thatdakis necessary to reproduce the
observations of nucleosynthesis yields, in agreement @thier works. Our method provides a
framework to study many important aspects of core-collapgernovae: thefiects of the shock
passage through the star, explosive supernova nucleesysittind the progenitor-remnant con-
nection.
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1. Introduction

We report on a new method, PUSH, for artificially triggerirayescollapse supernova explo-
sions of massive stars in spherically symmetric simulatiomhich takes into account théfect
of neutrino interactions with matter and its impact ¥nand the abundance composition. Here
we only give a brief description and discuss some first piekny results, further details will
be reported in a separate forthcoming article. Our methogiges a framework to study many
important aspects of core collapse supernovae: fieets of the shock passage through the star,
explosive supernova nucleosynthesis and the progemitonant connection. We will show that
our method reproduces the known properties of SN 1987A, (@3- We analyse the mass range
between 18 and 21 ) which corresponds to the typical values of the progenitassrof SN1987A
reported in the literature (e.g., [2]). For this study, we tise non-rotating, solar-metallicity pro-
genitors of Woosley et al. [3]. The simulations were perfedimaking use of the general rela-
tivistic hydrodynamics code Agile [4]. The tabulated mighgsical equation of state of Hempel
& Schdtner-Bielich [5], whereas the DD2 parametrization for thelaan interactions has been
used. We employ the Isotropic fRiision Source Approximation [6] for the electron flavour and a
advanced energy-dependent leakage scheme [7] for the-tegatey flavour neutrino transport.

2. The PUSH method

To trigger explosions in the otherwise non-exploding smtiohs, we rely on the neutrino-
driven mechanism. The PUSH method taps the energy resgmairded by the heavy neutrino
flavours to locally increase the energy deposition in then gagion, mimicking in spherically
symmetric simulations theffects of large multi-dimensional hydrodynamical instaieii. This
energy deposition is achieved by introducing a local heatinm (energy per unit mass and time)
given by
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being a typical neutrino cross-section, ~ 1.674x 10-2*g an average baryon mass, and

(dL,, /dE)/(4nr?) the spectral energy flux for any singlgneutrino species/ = Vs Vs Ve, Vo) With
energyE. Note that all four heavy neutrino flavors are treated idatiif by the ASL scheme, and
contribute equally th;ush. The term# (r, E) in Equation 2.2 defines the spatial location where
qush(t, r) is active:

T(r,E):{O if ds/dr>0 or eve,;e<0, (2.4)

exp(r,(r,E)) otherwise
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Figure 1: The functiorg(t) determining the temporal behavior of the heating due tolRUS

20

trise: 50 ms, bUSh: 25—
trise: 100 ms, bUSh: 3.0-
trise: 150 ms, bUSh: 35

= 15 : tise™ 200 ms, k= 3.9 = 7 3

& )
[

= >
S 10t 2 2
> Q
o solid: Boysy o
2 dashed: df,,s{dt

wogl kY long vertical: §+tic. 4 1

short vertical: &,

Time post bounce [s]

Figure 2: Temporal evolution of the cumulative energy dépdsy PUSHEush and of its deriva-
tive, for four models with progenitor mass 18, Mnd an explosion energy of approximately 1.05
Bethe, but diferent combinations of PUSH parameters.

wherer,, denotes the (radial) optical depth of the electron neustisas the matter entropy per
baryon ana,, 5, the net specific energy deposition rate due to electroninestand anti-neutrinos.
The two criteria above are a crucial ingredient in our desicm of articifially exploding CCSNe:
PUSH is only active, where electron-neutrinos are heating, (> 0) and where neutrino-driven
convection can occudg/dr < 0).

3. Fitting of SN1987 A

We calibrate the PUSH method by reproducing the observegeptiies of SN 1987A. The
guantitiest,, andt.s are set by multi-dimensional models and also by estimatethéoditerent
involved timescales (e.g. [13], [12]). We use values,pt 0.08, which we relate to the time when
deviations from spherically symmetric behavior appear uitiadimensional simulationsiyg is
the time after which the PUSH contribution starts to be dwattdt. Due to the fast decrease of
the luminosities during the first second after core boun@eexpect neutrino driven explosions to
develop fort < 1s. We fixtog = 1s. Once the explosion has been launched, the energy deposit



Parametrized Core-Collapse Supernovae K. Ebinger

Ni56 mass (with fallback)

Ni56 mass (without fallback)

0.2 0.2
0.18 1 0.18
016 | X k=25, t;5=100 ] 016 | X k=25, t;5=100
0.14 | ®K=3.0, tise=150 )8 0.14 | ®K=3.0, tise=150
—_ 7 —
EG 0.12 | B k=35, 115,=200 %A z 1 EG 0.12 b A k=35, t5=200
@ o1 B ol
= =
0.08 | 1 0.08 | §
—F— e
0.06 - 1 0.06 l?’..-J ]
18.0 18.0
0.04 | ®19.27 0.04 ® 1921
®19.4 ®19.4
0.02 | ® 2067 0.02 - ® 2067
. . . . . L . . n . . . . . L . . n
00 02 04 06 08 10 12 14 16 18 20 00 02 04 06 08 10 12 14 16 18 20
51 51
Eexpt [107 erq] Eexpi [10°" erg]
(a) (b)

Figure 3: Subplot (a) shows the ejected mas®ni. Subplot (b) shows the ejected mass&ii
with fallback. The error bar box represents the observatigalues from [1], [9]

rate Epyst/dt decreases fast (see Fig. 2). This behavior makes our r@sattScally inpedendent
of tor. The parametertsse andkyyshare set by our calibration procedutgse defines the time scale
over whichg(t) increases from zero tusn We connectyise with the time scale that characterizes
the growth of the largest multi-dimensional perturbatibesween the shock radius and the gain
radius. We use values of@bs< trise < (0.30s—ton). Koushis @ global multiplication factor that
controls directly the amount of extra heating provided by8P1JThe calibration is done by finding
a combination of progenitor masg,sh andtsise which provides the best fit to the observational
quantities of SN 1987A, i.e., explosion energy and ejectegsas oP®Ni, 5'Ni, °8Ni, and**Ti.

To compute the explosion energy, we assume that the totadeinéthe ejecta with rest-masses
subtracted converts into kinetic energy of the expandimgswova remnant. Our final simulation
time is always much larger than the explosion time, whictvedl the explosion energy to saturate.
The explosion timéeyp is defined by the time the shock reaches a radial extensio@okm. We
find a roughly linear correlation between the explosion gnand the amount of synthesizetiNi
(Fig. 3 (a)). This correlation is not directly compatibletvihe observational values, since the
ejected nickel mass is systematically larger than expe®&gdmposing fallback of the innermost
ejecta we can match the explosion energy and the ejecteélmitkss (Fig. 3 (b)). Using also
the yields of®’Ni and °8Ni we can narrow down the relatively broad progenitor samplee *4Ti
yields are underproduced in all our simulations compardtdémbserved value.

In our analysis we obtained the best fit to SN 1987A with thd M, progenitor model with
Kpust=3, trise=150 ms and a fallback of 0.1 M Fig. 4 shows the temporal evolution during the
first 0.8 sec after core bounce of the shock radius, the gdingathe PNS radius and neutrino
luminosities (with and without the inclusion of PUSH). Aftilie initial stalling phase, the shock
starts to expand due to the influence of PUSH around 200 mseacties a radial extension of 500
km attexp=316ms. One sees in Fig. 2 that the PUSH energy depositiom Eatgr/dt reaches its
maximum a few tens of milliseconds befdig,. Once the explosion has been launched and the
accretion rate on the PNS has diminished due to the shocksixpea the luminosities drop. Only
the contribution coming from the cooling PNS remains andehergy deposition rate of PUSH
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Figure 4: (a):Temporal evolution of the shock radius andgéi@ radius for the SN 1987A fitting
model: 19.4 M, progenitor, with §= 80 ms, fise= 150 ms and fst= 3. (b): Temporal evolution
of the neutrino luminosities for the SN 1987A fitting model

decreases significantly (Fig. 2).

4. Conclusion

Our simulations are based on a detailed neutrino transgloeinse, and the artificial explosions
are induced via a neutrino mechanism. In comparison totioadi artificial methods as pistons
or thermal bombs (e.qg., [10], [11]) we can analyze the feekilod the neutrinos on the evolution
of the system, including the electron fraction which is aufor nucleosynthesis. Furthermore,
the PUSH method has the advantage that the mass cut emetgesiydrom our simulations.
Differently from Ugliano et al. [14], who also used neutrinosrigger explosions in spherically
symmetric models, we don’t need to impose any inner boundamgitions, but we model consis-
tently the evolution and the cooling of the whole PNS. We daaproduce the observed properties
of SN 1987A using PUSH and found that fallback is necessangpooduce the observations of
nucleosynthesis yields. The amount of fallback we find tod®essary is in agreement with other
works (e.g. [8]). In a next step we will identify general tdsnand systematics of our explosion
models, for example the distinct behavior of high and low pantness models (see also [15],[16]).
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