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Abstract

The mechanism of core-collapse supernovae is unknbDespite considerable effort, most simulationsugdernovae are not successful, and it has pratfesull to revive the stalled accretion shock, fpaularly for more massive

stellar progenitors. Although it is known that ®talled accretion shock turns into explosion whHenreutrino luminosity from the collapsed core exisea critical valueL™) (the “neutrino mechanisty the physics ot.ct, as
well as its dependence on the properties of theopreutron star (PNS) and changes to the heatialippgomechanisms has never been systematically eeghldWe quantify the deep connection between thdiso space of
steady-state accretion flows with bounding shocid the neutrino mechanism. In particular, we shioat for the simple model of pressure-less freedatb a shock bounding an isothermal accretion foth sound speed;

there is a maximum, critical sound spegtit above which it is impossible to maintain accretigth a standoff shock, because the shock jump ¢iongi cannot be satisfied. The physics of thisaaiitsound speed is general and

does not depend on a specific heating mechanismshtte that ¢,/v..)? = 3/16 = 0.1875 at;°t — the “antesonic” condition. We generalize this resnlthe more complete supernova problem, whereetitieal condition for

explosion can be written as macgy,.)? [10.19 over a broad range in accretion rate and mpigrsics. Other criteria proposed in the supernaegature fail to capture the physicsloft. In addition, we explore the effects of

collective neutrino oscillations drft.

\
B \
—0.2r
—0.4
§ E Bondi _
: accretion
—0.6 -
~0.8F ]
4 decelerating transonic
: accretion flow |
—1.0¢ | . . .
0.0 0.4 0.6

X

Figure 1. Isothermal accretion plotted in the space of Maamber.#

and rescaled radial coordinate= rc;%(2GM). Solid black lines show Cr- For th_e s_malle_st values of, the_required shock radius — the Intersection ef th Figure 2: The maximum isothermal sound spesdt that allows for g
solutions to the accretion equation with= 1 M/s starting front, = 30 black solid line with red dashed line — would beowelthe radius of the star, an shock in the flow at a giveM. The red critical curve separates stea

accretion with shock 1impossible

steady—state accretion with shock-

|Isothermal model 25
Although it is known that the stalled accretion ahdurns into explosiol 20 -
when the neutrino luminosity from the collapsedecekceeds a critical valuéc(t) c\T !
(the “neutrino mechanisty the physics ofL¢t has never been systematice » i
explored. In Pejcha & Thompson (2011) we found thatidealized model proble « 1o
of spherical steady-state isothermal accretion Bedrby a standoff shock is the k g ]
to understanding® and the explosions of supernova. The velocity stinecof sucl 2
flow is described by the equation O -
()2 L — 10[
M) dx ox 2x2 |
where.# = v/c; is the Mach number ard- rc;?/(2GM). The standing shock wave ¢ -
the flow exists at a point that satisfies the twankne-Hugoniot shock jumfg& 7 5F
conditions and we assume that the matter incononipe shock Is in pressure-le ]
free fall. i
In Figure 1, we show with black solid lines Machather profiles of flows -

with a single constant mass accretion rdie starting at a fixed radiug, 2.0
corresponding to the surface of the star, and witixed velocityv(r,). Different 0.1

lines correspond to different valuesmf The essential point of Figure 1 is that fc
fixed M the presence of a shock (red dashed line) is rmtagteed for all values .

km (grey dotted line). The value of? increases from the black solid linginphysical situation. As we step to highegr the shock appears af and moves
starting at lowesx to the highest line. The red dashed line showscitglo outward. At a critical value;“" (thick solid line), the shock can only coincide lwit explosion (Burrows & Goshy 1993). The PNS parametdvsandr, —

just downstream of a shock positioned at agyassuming that thethe sonic point ax = c;?/ve? = 3/16 = 0.1875 (red dash-dotted vertical line — the are the same as in Figure 1.
upstream flow is in pressure-less free fall A viahtcretion solution with “antesonic” condition). A shock is not possible tgr> ¢;*, because the red dashed

a shock starts at, and follows any of the black lines until it crosghs
red dashed line, where it jumps to the assumedagatvelocity profile.

line lies below the black lines in the range ofiiradl interest. Positions of,°"t as a
function of M are shown in Figure 2.

Above a certainc;"t there is no accreting solution with a steady-state In Pejcha & Thompson (2011) we showed that the pkysf c.°t is
shock. The critical valug®t, where this happens, is shown with a verticafjuivalent td_°"t, and that it does not depend on a specific heat@chanism.
red dash-dot-dot line.
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Figure 3. The antesonic condition. Maximum value of theaatf the
adiabatic sound spe@dto the escape velocity.as a function ot .
(individual lines). The color coding correspondsdifferent values ofi/
going left to right from 0.0Mg/s (black) to 1.99Mg/s (red). The filled
circles at the end of the lines mark the valukc8t Although the critical
condition plotted here appears to be a local cmrdin the sound speed
in the accretion flow, the quantity mas4{..)? is merely a scalar metric
for solution space of Euler equations and thus a global condition.
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Antesonic condition

As Lt cannot be determined in an time-dependent caloulait is desirable
to find an equivalent expression composed of véagbvithin the accretion flo
itself. In particular, we check whether tk&! = c?/v,. 2 [10.19 atc;°"t holds also fol
Lctin the more realistic calculations.

In order to that, we solve the 1D equations of dtestate hydrodynamic
coupled to equations for the electron fraction singple radiative transport as a tw
point boundary value problem between the neutrinesp and the boundir
accretion shock. We employ an equation of statesisting of ideal and relativist
gases with a chemical potential for the electraystpons, and simplified heating a
cooling due to the charged-current neutrino praegsslhe inner boundary is tak
to be the proto-neutron star neutrinosphere. HaePNS core luminositly, ... IS
specified. We obtain radial dependencies of thegmanhic variables as well as t
steady-state shock radius as a functiorL gf , M, the mass of the proto-neutr
star, and the neutrinosphere radius (see Pejcha & psami2011).

We plot in Figure 3 how maxgv,)? changes with_, .. and M. We find
that the value of this parameter is surprisinglgstant at 0.20 fok = L°t gver

!

!

v,core

almost three orders of magnitude in Furthermore, we took 1350 calculations ofluminosityL, ... and fixedM. Color coding is the same as in Figure
Note that the values of the ratio of the timed4. @t (dots at the end ¢

at Lot We find that the histogram can be very well fithva Gaussian with a lines) change as a function &f unlike the antesonic ratio in Figure 3.

Lert over a range ofl, M, andr, and computed a histogram of values of nglx{. )2

maximum at 0.193 and with a width of 0.009, thabmdy 5% of its value! This is
much better consistency than any other explosiowlition proposed In literature. '~
particular, the commonly assumed ratio of advectowl heating times does r
capture the physics &ft as can be seen in Figure 4.

Effect of collective neutrino oscillations

Most of the heating below the shock occurs due dsogption ofv, on
neutrons and protons, while the more energefiand v, escape without muc
Interaction. Thus, if the luminosities in each favare similar, ~2/3 of the tot
neutrino luminosity generated by the PNS is esalytinused. However, due to t §
high density of neutrinos in this region, self-iaigtion between neutrinos becon™
Important and can lead to a range of phenomenadcditollective neutrine
oscillations” (WO, Pantaleone 1992). Because the neutrino heatifigieaty
depends on the square of neutrino energy, conveddithe more energetic, andv,
to v, can increase the heating rate and lokét

We extend the code developed in Pejcha & ThompsBhl(2to include thi
effect of GO using a scheme recently reviewed by Dasgupta €2@L1), which
assumes that, effectively increase their energy as a functiomasfius. The increas
commences arg,. and is done afr.,, These radii are function of neutri
luminosities, energies, anmg. Figure 5 show& including GO as a function of/
(red dashed line) along with the fiducial calculati@lack solid line). We see th_..
CvO lowersLe to ~0.65 times the fiducial value far < 0.01Mg/s. For higheny,
the effect is smaller. Figure 6 shows the effecCoD for different parameter sets
and compares it to other effects like radiationgg@ort and multi-dimensional effects.
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state solutions from supersonic neutrino-driven dviR supernov:
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Figure 4. Ratio of advection and heating times as definetorphy &
Burrows (2008). Each line shows the ratio as a tfancof core
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Figure 6. Relative reduction otct with respect to the fiducial 1|
calculation . as a function ofi/ including various physical effect

Red dashed lines shdyy, for CvO. Lines are labeled withl andr,, of

the PNS. Blue dash-dotted line shows the effecCw® and reducel
cooling rate by a factor of 2 relative to a caltiola with reduced
cooling only. The upper thick grey line sho¥ys when neutrinos from

cooling of the accretion flow are taken into acdoaimd the lower thick
grey line illustrated, ., for cooling rate reduced by a factor 2 (Pejch
Thompson 2011). The grey solid lines with pointsvg, 4 for multi-
dimensional effects when the dimension of the satnh is increase
from 1D to 2D or from 1D to 3D (from Nordhaus et2010).
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