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ABSTRACT

Ve descemn the nesrhitrcat ors that have czerged in the de-
scriptacas of sielliae ctable coilapse to a ventren wtar. The
neutral cari-t wean 12t ractren leads to alpont carplete nentrino
Lrapping in the cootae and Lo an ehectien tractren Yv 0.2 an
equilil -t e with tioppeed eledtenn reutpyuen a3ad “rron™ naucleai.,

A soft cyuotaien ! stote (y 7 1LA0) leads to ceilopne, and bonnce
occurs on 4 had coie, y # 2.5, at muclear denstitiesn.  Neutrine
emission 1+ prodieted frem 3 photosghere at r 7 2 x lO7 wa and

EJ T 10 eV, The cjectzon of matter by an elantic core bounce

tad a suleccygaent eccang sheel s marginal at test ol indeed

may not Y peehicted for aconrate values of the equation of state.
Severdd fuacters could cuprove tins:  Additional nentrino types
and, ¢1, aceutrine wavay with (tronsformation te) a4 nominteractang
state arc 10yccted as too specanlative. Amisotrepy per se - i.e.,
large critacal stress aotation and, or, large magnetic fieclds

(]0'7 Caues) are 1rjected on the lavis of obuyrvations. A new



concept of Rayleipgh-Taylor driven core instabiiities based upon a
suggestion of curc convective mixing (K. Epstein, 1978) is in-
voked to predict an increased mass ejection cither (1) dve to an
increased flux and energy of neutrinos at scecend buunce time
(several milliscconds after first hounce) and, or, (2) (ke rapid
0.1 to 0.4 sccond faimation of a more ¢nerge.ically bunnd ncutron
star. The instability is causeil by Ekighly neutromized external
matter frem which pentiines have escaped Leing supported by (accel-
erated hy) highter (hgher pressure) matter or the lepten trapped
core. The first case is just an extremmm of the second ana depends
upon the =peed of convective overturn of the core. An initial
anisotropy of 10-2 to 10-3 snould lead to adequately rapid (several
milliscoends) overturn joilcwing several (& to &) bonnees. Final-
Jy, subsequent to the overturn with or withont a strong cjection
shock, a weak ejection shock will allew an acceretion shock to form
on the “ccld” ncutron star core due to the r1cimplosion or rare-
faction wave in the weakly ejectadl matter. The accretion shock
forms at low cnough mass accumulation rate, % Ha svc-l. such that

a black body nentrine vlux can escape from the shock fron'., (KT =
10 HeV, <E“> T 30 MeV). This strongiy augments the veaker bounce
ejection shock by heating the external matter in the mantle by
electron sentrine scattering, (& 105? ergs) causing adequate mass

cjection.
SUPERNOVA MASS EJRCTION AND CCRii SYDRODYNANICS

The creition of a supernova cxplosion is still a puzzle.
The current consensus is summarized in the cocperative paper by
Bruenn, Arnett, amd Schramm (1975). Their vaper brings togother
the extensive calenlations of lmshennik and Nadyozhin (1973);
Wiluwon (1971, 1973, 1976); Nadyo:rhin (1970); Sato (19.,,); and
Mazurck (1975, 1977); a; well as those of the authors. The con-
clusion is that regardless of details of neutrino transport and
equation of state, neutrinos are trapped in the initial dynamical
collapse and a neutiine driven pass ejection is not likely to
occur. This concluzion is recently mnst strongly reinforced in

the extensive calculations of Arnctt (1977) and Tubbs (1977). In



these caleulatiens even <ith the west aptimiztoc conditions of

coll:pue, romplily % the neutrinc: are trapped. Partheisore nen=
trina eminoen el by weakens the beancescreated nans erectian,

This coniluien o not the taoe tor Wilsen'= 1477 recent calenla-
tions where wonn ejectiaon occurs due to the tirnt hounce of the
core anml pen tle anscrniance 18 added by the paitial neutrino emis-

gion at e ol e,

The carlhiest view of the dvpamical callage= 19 a peatron star
maintaine ! i eutmine: were cmtted and eniaped az fant an tlay
were foieed b ociectoen cuptare (G cate aal whaite 1960, CW).
Hence, omve wtaated at lagh eaensh dennaty, the electrea capture
reactica o ¢ ¢+ a ¢ v. would proceed as fast es at was enerpeta=
cally aller-d Tio: wrcurrsy ot o 20X lOll £ r:n-3 vhere the
electron Jerze lewel of normal oatter equal:n the no- p mass dif-
ference an bl belom mcler. The completion of the clectron

capturce reaction leads to a neutron star.

What now parevents this fror happenin, on the trapping of the
neutrine: by the JTarpep s nection of nentrine nentral curreat
colicrent scualinv: . t1em nucle: (Werpnhers 167 ; Saiam 19o8;
Weinberp 167 wnio bk ancreades the traasaest cretn sectron by an
order of rapiataie. M the weutrine: are trapped, the pressuare
in the coell oy eaitter follows a different hirtory.  Siace there
is no longp any sticrs or heatiue from nentring transport, only
sound wave: can tiantport the hinding enerey of the newly formed
core to the mantle amd cansc mass ejectieon. Furthermore, the
binding cuciyr o the core will be conriderably less than wiat

it would be if coupn - of pention matter., .
Fouation ¢f State

Oue simplisxtic prior view of the behavior of matter with
trapped nentiinos was that the trapped slegenerate nentrine Fermi
level woulil intabat eleciren capture and one woinld have essen-
tially the same pressure as without neutrines, and therefore a
relatively weak 1aplos:on. The compiexitaies of the equation of
gtate have recentily been greatly siuplificd by Rethe (1978), vho

points out that the original paper (Buaym, Bethe, ami ¢ethick



1971, RBEP') as ex.ended by Barkat, Buchler, and Ingher (1972) sws-
marized by Canute (1973) and further extemded by Lattimer and
Ravenhall (1978). implies the following sinplified cquaticn of
state for trajped neatrine matter.  Fhen the chemical potentials
of the nucler, clectrans, and neutinos are bajanced, then the
nuaber fraction Ye (:~lutive to nucleen number) of electrens re-
duces to ~ G.35 from an original preiplosion (white Ewarf) value
of Ye T 0.46. The final value of 0.35 15 large encuph (anvthiap
preater than 0.2 will suffice) that the m lear moatter can be
approximited Ly sron nuclei within a very wide range ¢f entrupy
(finitce temperature) besause of the nuclear excited staie specifac
heat. Thereiore the pressiure is deternined cut:irvely by the depene
erate lepteorc. (y = 4/3). The ratio ot pres.ure of nornd mtder
(y = 4/3) to that of nrutrino trajied matter becemes

CaB) 3y R

tween compron:ang normal matter along a /) adiolat (meutral sup-

= 1.21. The presture derect be-

port against proviiy) and lepton conscrived matter in then roughly
20%. Partial newirinoe jess during collapse (Y“ S 0.29) mpht an-
crease this to o maxirnr of 507; that is, if a fractica ot the
corc correspending to a limiting Chamlrasckar wans of 1.4 Hﬂ col-
lapses alonp the neutra?l cencrpy difference, y = 4/2 adi «lai, then

the actual prevure will full to = 475 of the prevsure sappe.d

valve. This prewnure defect ahiakat ¢rll contrae- uaat:ioan tear

14

density is reacked (p 7 4 x 10 g rm-3) and then, o 10 Lave
pointed out, the pressure will increase as y = 2.5. Thas as a
very stiff cqua'ion of state and the pressure will gucrease rapad-
ly a: a function of density until the core boences. This occurs

<, -
1 £ cm 3 where, for

at a density only slightly larger, 5 x 10
bounce, the pressure evershaots the neutral suj port pressare by
the inverse of the presaure defect. The speciiie bimhing energy
of Lhe trappes lepton cu;v is of the order of the pressure defect,
i.e, 20 te 50 MeV/nucleon.  1f the bounce were entairely clastic,
the kinetic energy in the bouncing core wonld e just this hinding
energy becanse there is ne other degree of frecdem avarlable.

The higher hinding cenerey of a neutron star ir reached by the

release of nentrinos so that only part of the binding encrpy of



the final neutron atar will be availabile to elistic oscillation.
In this scnze, neutrino emizsion tends to dasp the clastic bounce
and a2 russ ejecticn which is dependent purcly apon bornce may be
hindeicd rather than Lelped by nentrino smiztien altheugh the de-
tailed competitirn between ancreasiny bind=

ing encryy and neutrinoe enerpy lons damping is uncertain.
Hass Ljection Mv Core Prance

Ken Van Riper (1677) hazs mads s extensive analysis of
varyoun core ccliapnens and the cifoct of varsiig y's on the

strengtl of the reflected wnock wave due to hounce. For the

typical equaticn o state parameters y T 1.32, 2 x lO” <pc<
2% 10wt i~ L, 2x 10" < p e 2.5 x 10", and
O lmax ié...‘ - ‘ S ' Ynuclear

= 1.75 p > 2.5 x 10 the mass ererted was estimated to be T 0.01

He and the tatal ejrcted energy ~ 5 x 10“9 erys. This is too

emall to descriir a supernova.  9Only when the lical y is signifi-
. <

(lbouurv < 1.4 compared

Lo Ypax ~ 2.5) does a reascnable mass ojection 7 0.05 He and +jec-

cantly less than Lhe stitf nuclear value

tion cuergy ~ thI ergs occur, Fig. 1. his softer bounce on a
lower valuc of y can be created by general reictivistic terms with
the =tiff y = 2.5, but 1t is critically mass J-pendent. The sound
wave of an adialatic hounce turns first into a weak and then later
a strong shodii wave as it climbs out of the imploding matter.

The question of “climb-out"™ is a suatle one. As Van Riper has
shown the shaock is swallowed by the imploding uatter field if y <
1.27. This result was demonstrated ecarlier in the initial calcu-
lations of CW where the the original supernova explanation of
Burbidge, Burbidge, Fowler, and loyle (1957, of iron thermal decom=
position implosion and core bhounce was tested numerically with an
artificial hard core (y = 2). The shock barcly climbed out in
the soft (y = 1.3) imploding matter {ield and an inadequate mass
tjection T .0} He resulted (Fig. 2). Wilson's (1977) calculations
(Fig. 3) and Van Riper's more recently (1977) parameterization of
bounce and Arnctt and Van Riper's calculations with neutrinos all
demonstrate that SN mass ecjection is indeed possible due tu core
bounce, but that its existence is extremely sensitive to details

of the cquation of state and ncutrino transport. Finally gencral



Ffg. 1. Van Riper’s calculatiens for vpin ® 1.33 and vp,, = 1.8, Note
the strong reflecira htca,
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Fig. 1. Van Riper's calculations for y . = 1.33 and ¥y =
min max
1.38. Note the strong reflected shork, but the curva-
ture of the v=v ; lLagrange coordinate is in-
escape
determinate on this time scale.

relativity is no longer ignorable in such a delicately balanced
process. This is an unleisfaclnry state of affairs for such

important, dramatic, and ubiquitous phcnomena as supcernovae.
Possible Cures .

The original scenario of CW was that a collapse to a cold

neutron star took place immediately. The initial specific binding
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Fig. 2. Colgate and White calculations of a bounce
and reflected shock from a fictious y = 2
haid core. Since the cffective y of the im-
ploding matter was < 4/3, Yoin = 1.30, the
shock barcly climbs out nf the imploding mat-

ter field and does net eject significant ma*ter.

encrgy of the small mass core was also small and as additional
malter imploded onto this core the increasing binding energy of
the added mass was rrlcased as heat in a (nearly) standing accre-
tion shock on the ncutron star surface. The radiation proper-
ties of this shock were peculiar - black body neatrino radiation
wvhere the lower energy neutrinos had a larger mean free path (dif-
ferent from the usual case with photons), and the shock-hecated
matter radiated most of its cnergy through the accreting matter
depositing a saall fraction in the m.ntle sufficient to heat it
to the point 6[ cxplosion and mass cjection. (The neutrino momen-
tum stress was not invoked becausc of the obvious limitation of
the Eddington limit.) When neutrinos are trapped, such a

heat transport cannot take place. The consequence is that if
there is no necutrino transport, only sound waves ~ or shocl:

waves - can rcdistribute the binding energy.
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Fig. 3. VWilsun's talculation of core collapse azd
) mass ejection hy both beunce and the nautrinc

flux. Note the seccad pcunce traasition to a
collapzed cor> - partially neutroniced and the
one reimplosion r-ajectory. The cross-
hatched regicn is predamirantly Si; the ricl.c-
slashed region is cargon, left-slashed rezion
is Fe; and the plain area is decenposed Fe.

i.e., He, n, and p.

There are secversl possible vavs to recover the original sat-

isfactory conccept of thermal transport of the neutron star bind-

ing energy to lower gravitational bound muntle matter.

lI

Invoke diff{=rent neutrino properties such as helicity chang-
ing or mixing 1nteractions due to finite mass interaction
with magnetic or gravitational fieids. Presumably if such
could happer, a ncutrino could spend - fraction of :Ls life-
time in a norirteracting state and thrn return to a an inter-
acting one. Lifetimes would have to lie of the order of r/c

£ 10-3 to 10-5 sec to nrevent trapping.
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is continnzunly =upplicl with neatrines from the inner collapzed
core and that furthersore the nentrino enerpy distribution ic fully
filled oat to the depeneracy level, E“ ~ 10 eV, Instead the neu-
triaos are trapped at high density and thus high energy and

greater opacity deep within the corve. Neutrino transport and
encrgy redistitbution is the subject of complivated caleulations
(Wilson, 1176; Arnett 1977; Tubbs 1978; Yuch iud Buchler 1977a,
1977h) which cstimate nnth longer times, up to several seconds.

The partionlar feature of Tubbs' (1977) Monte Carls calculations

is that nentrinod in the core down f£catter fast encugh thet the
approximition of a4 neatrino photosphere at E“ T 10 MeV remains
valid. low can we then form a ncution star fast cnough that the
subscquent reizplosion can take place as a luminous aceretion shock
wvave?

Richard Epstein (1978) has pointed out Lhat, when neutrino
emission takes place from a neutrine photosphere rurface, the mat-
ter is then hesvier (neutronized) and thus convectively unstable
relative to the interior. It is hard to realixze that classical
convection cun take place in the short times between first and
fecond beunces, but let us estimate convection amd apply it to
the problem of core relaxation. The core will lmild up in the
collapse in such a fashion that the innermost regions have more
completely trapped neutrino matter, (Yc = .35) than the exterior
layers that fall in later, say (Ye 2 ,2) and have had a chance to
radiate nentrinos. Thus the first bounce will occur with exterior
matter that is heavier - i.e., there is negative gradient of Yc
and there will be unstakle Taylor growth. The ratio of pressure
defect (rela ive to Yp = 0.48 and y = 4/3) is a measure of tha
equivalent density ratio [Atwood numbor (p1 - p2)/(pl + pz)].

The pressure defeet is of the order of 3 fold or greater for
modest changes in Yc (0.35 » 0.1) and so the Atwood correction
will reduce the growth rate by T 4. Rayleigh-Taylor instability
regults in the expuenential increase of an init.al perturbation
across a boundary between pl and Py- 1f pl >> pz, then the per-

turbation amplitude grows as

A=A expl (ka) "t ], a)
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neutren star core i then v € 0.4 sec, Fip, 3.
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enry, vyt Cotoono et anle g and it tne enerpy relative
e fla--2.00 - 7 a0 ren oL e et b o oerthvrion of masy
ejeit. - o W aesa wtien o Thin as weverzary but not sufl-
facacis Tt el ! the rreanmeed CXjodetlen 1S o mass sink
TN 11 3 A N T i tiave hele, then e slodiied matter will
expar oL L 1owerl e vutiards and eie 1s g partial
geas, !t 0 0 e nniT L asut=tosbe clected mattier, which turns
[ ¥ TP TP +eotabe o Zans sink. Thin preblem was paraa-
eter:s "L e LT an! the fratthion o patter remploded

vas f:o b e e gt larae and sarp:isingly imlependent

of 1nvrca: v e trecginoet thy amitral shacs. A stronger shock
create: .t -t Laternal as weidl ar kinetic energy ra that
the soi =+ 2 T st e lapver. The raretaction wave of re-
mple ooy - oct 0 teetn toe reverse mmtiaily eatward trajectories.
Hende 3d w e o D that tor the ndealired caxe of a radially um-
form jirr-c .- o or o aen amd ererpres ety & times the pravita-
tional - :en, w0 ol the matier fell back onto the neutron star
(Fig. 4). Hvidie calanlations of 8N are usually terminated long
befor thes sl1ect conid be evaluated (because of computing time)
and Leroe 1t wechi net be calculated.  in a typical mass ejection
exanple, Wailnen (i977), estimates that several x 1050 erps will
eject about 110 Hﬂ of mclear @ nthesized matter as well as the
mantlc (1. <), This is & marpinal result especially if one
estimates that an Fag. &.a sipmficant fraction (up to 50%) of

the matter on a radially oatward e=.ape trajectory will full back
omto the nentron star and weaken the ejected enerpy.  This fall
back or acaretien would ocenr in roughly 0.4 sec by estimating
Lragrctonaes fiem Fig. 3. We can calceulate this time by observing

that it shoeuld be ronghly 4 times the free fail time from
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|
3
s
i
Timy 1@ goeny ul .Vu.
Fig. 4. The parameterized reimplosion trajectory of

Jaagranpge coordinates for an idealized explosion an

the presence of a gravitationai mass “sink"
(Colgate, 1971). The radius verzus time of the
explosion history is shown in lincar coordinates
and using the reduced variables X = r/ri and 1 =
tUolri. Ileavy lines are the lLagrange coordinates
of various mass {ractions denoted by the initial
radius fraction of the outer beundary Xo. The
inner mass fractions reimplode when overtaken by
the outgoing rarclfaction wave, denotcd by 1.
Three such waves (dashed curves) are shown for
. various ratios of a/p, where a/ff is the ratio of
internal to kinetic ecnergy. The escape=velocity
boundary ry is shown as a dotted curve fogr the
condition I' = f§ = 2. The reimplosion terminates
** when the rarefaction wave passes the escope=

velocity bounudary.

E2x 10s cm or ¥ 0.4 sec. The outwiard average velecity will he % free

fall velocity if turn-around takes place and onc deubles this time
for the return trip. The density of the reimploded matter can be
estimated by observing that the mass flux at the seutron =tar sur-

face must be approximately % "@ (reimploding) iu 0.5 sec at v ¥

w 1nl0 3
c/3 or Pyurface = 10 g/cm”.
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Begastae. UE oY

Tl rottec 13 h iy ente the simnface of the neutron star
ir new very s L L D cer ol e 3ty than the atatial collapie = s
low tha! oot toeg;ane e wld e neglevalide (HI“I ~ |0-| at
[v SO0 NeVD o Thocer e owee eapreet free 2all to the ncution star
Ul face wmnb il cevtetien ok to deve e, Koo ently lruean,
Buchle:, nd Ve G D070 Lave aneve s ba, ot sp detas]l the nentrinag
Ju oot L s e st gt teldy Lot guite an the regime
POtted e il e Lee LLa e DD b peneral they pale tantaate
the erzprr b o5y, 0 0 tien o0 2V thet g marer frartien ot the an-
ternal oo e wrll e ralrate T owledll o bonoeutiatees an hlack heady
B aes v o (v Dt il b aae Y e . ke mant (roesipate Gl Ghen 1970,
Let nn entnate i Jnan aendfitoonse. M the snodkh were to radiate
the cuvryy ting, thea the terpe ratite beoenan:

cla(iie) 10

(-Il\a 2 |o‘° ¢rps cm - sec

"1 Q)

aUl face

'
(L“ 10" erpe ne

e i Qo onet at ¥ = 2 x 100

for an ara3st i st ]

= IO‘O ln-1. Then

cm and p

T ™ 10 M\, il "l'.“-‘ = 3T = 10 MeV,

The thickosr: ot the apploeding mattvr s pr L = | mean {rec
path no that tie weitrason will excape. The tlnckness ol the re-
gidual sttty - N "« €t r = |os e amd p T lu6 g/rm“ i® roughly
0.1 nentrine eleciren neatterning wean free paths at W Meb so that

& x I(l!'I

shocked Mmasta-r .

erps wall he depesited as heot in the ontgoiug weakly
Thas ag enough to ensure a xtrong mass ejection
and a supcrnove cuivrpy release.

!Qr!girh Tayle:

Finally the conveetion tEpe ten 1978) that we have postulated
driven by the Reviciech=-Taylor prowth from a presamed initial small
« 10-3) anisnticpy nay 1n iteelt! be sufficient to augment the
reflected shock at secend bommre time to ensime a strong explosion.

Wilson's (1497¢) calcalation: indicate that the rotlected shock



17

forms at the time of the sevond bounce of the core as well as the
major weutrino flux. This flux ~ 1052 ergs ig still small com-
pared to the total binding enerpy nltimately available. If
imuediately following the second hounce, Fig. &4, the neutrine {lux
were strongly anpmented (x 10) by Rayleigh=Tayler driven coavec-
tive overturn of the core, with the emission of a harder spectram
of ncutrinos hefore complete thermalization, then the reflected
thiock would he greatly stiengthened at the r;ilicnl point in time
and a more cnergetic explosion would occur. The subrequent re-
implosion accretion shock would oualy strengthen thiz result
Thercfore we beliceve that convective core overturn at second to
third bounce time will be driven by Rayleigh-Taylor instahility.
This may be the critical missing physics thar will ensure that

we can calculate a SN exploxnion with confidence.

We have reviewed and confirmed the dilemma of neutrino trap-
ping in the stellar collapse to form a ncutron star and a super=
nova. We belicve that core bounce alone is too subtle and margiral
to satisfactorily explain SN mass ejection. lnstcead the recent
suggestion of R. Epstein that a partially neutroniied core is con-
vectively unstable is critically important. We suggest that it
allows Taylor unstable exponential growth of initial asymmetrices
or perturbations during scveral bounces. The resuit is a rapid
overturn of the neutrino trapped core. Thus can have two bene-
ficial results: (1) The augmented released ncutrino flux can
significantly increasc the bounce initiated first and second
bounce mass cjection. (2) The convective neutrinoe release allows
the carlier formation of a cold neutron star, = 0.4 svconds, so
that a subscqueut asccretion shock forms with sufficicat neutrinoe
luminosity Lo cause mass cjection.
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