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ABSTRACT

Ve datcvesn the wireliticatrors that have r2ergped in the de-

scripticns of steliav cntable cojlapse to 3 peutren star. The
neutral curi-nt wearn 1ateractton leawds to alpont cotplete neutrino
trapping :n the ooty e and te an election traction \"‘ 0.2 an
equilitrii- with tropped eledtzon reutnines 3ad “ran™ nucleni.

A soft cquatien of stote (y 7 1.30) leads to ccilapse, and bounce
occurs on a4 hard coie, y = 2.5, at nuclear densitacs. Neutrine
emiksion 1+ predirted frem a photosphere at ¢ 7 2 x 107 «m and

E" 10 MeV. The egection ol matter by an elantic core bounce

tud a subseqaent eccsang shock s marpanal at lest and indeed
may not o pcehicted for acdurate values of the equation of state.
Several factors could suprove this: Additional acutrino types
and, o1, aculrine taviag with (transformation te) a nomateractang
statle are nojected as toe speculatave.  Amisotrepy per se - i.e.,
large cntacal stress sotation and, or, large magnetic tields

(lO” GCanes) are tejected on the tavis of ohuervations. A new



concept of Rayleiph-Taylor driven core instabiiities based upon a
suggestion of cure convective mixing (K. Epstein, 1978) is in-
voked to predict an increasced riass ejection cither (1) due to an
incrcased flux and energy of acutrinos at secend bounce time
(several milliscconds after first bounce) and, or, (2) ke rapid
0.1 to 0.4 sccond fcairrtion of a move enerpeically bound ncutron
star. The instability is caused by baghly neutronmvzed external
matter fream vhich neutrinos have escaped Leing sapported by (accel-
erated by) highter (higher pressure) matter ot the lepten trapped
core. The first case is just an extremum of Lhe second ana depends
upon the =peed of convective overturn of the core. An initial
anisotropy of IO-: to 10-3 spould lead to adequately rapid (sceveral
milliscoonds) overturn foiicwing several (2 to 4j) bounces. Final-
Jy, subsequent to the overturn with or without a strong ejection
shock, a weak ejection shock will allew an accretion shock to form
on the "ccld” neutron star core due to the 1cimplosion or rare-
faction wave in the weakly ejected matter. The accretion shock
forms at low enough mass accumulatien rate, % Ha sec-). such that

a black body neutrine 1lux can escape from the shock fron'., (kT =
10 HeV, <H“> T 30 MeV). This strongiv augments the veaker bounce
ejection shock by heating the external matter in the mantle by

. 52 .
electron necutrine scattering, (7 107° ergs) causing adequate mass

cjection.
SUPERNOVA MASS EJLCTION AND CCL HYDRODYNANMICS

The cve:tion of a supernova cxplosion is still a puzzle.
The current consensus is summariaed in the cooperative paper by
Brucnn, Arnett, and Schramm (1975). Their vaper brings together
the extensive calculations of Imshennik and Nadvozhin (1973);
Wiluwon (1971, 1973, 1976); Nadyorhin (1976); Sato (19.,)); and
Bazurck (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 dyvnamical
collapse and a neutirine 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). Ia



these calculaticrs even - th the nest optimist e condhitions of
collopue, rouykly L the neutrine: are trapped. Furthercore neu-
trina eminoaen e ly weakens the beunce=created nass cjectian,

This conilu-icn o pot the taoe tor Walsen'n 1477 recent calceula-
tions where i e)ection occurs due to the tirst boeunce of the
core and posn e ancintance 1s added by the partial ncutrino emis-

gion at se:: ol bLuvnhoe.

The carhieet view of the dvpanical colla; <= 2o a neutron star
maintoined ! neotrines were eatted and escaped az fant as they
were forred v edectron capture (Golcate and binte 1940, CW).
Hence, once wtorted at hapgh enough densmity, the electren capture
reacticn p ¢ ¢ r»n ¢ \‘c would proceed as tast 2s 1L was enerpeti-

. 11

=]
cally allee-d thiy wreurret gt o2 2 x 1000 goem 7 where the
electron Jerm level of porsal natter equals the n o« p mass dif-
ference an besied bheirim nucler. The completion of the electron

caplure reaction leads to a neutron star.

What new prevents thie froe happenan, -s the trapping of the
ncutlrine:s by the Jar,er crets seclion of newtrine neutral curreat
coherent scatiev:.ns trem nucle:s (wWerrhers V9675 Saiam 1908,
Weinberg 167 wriich ancreases the traanssert crees section by an
order of raymitate. It the neutriner are tiapped, the pressure
in the coll oy riatter follows a difterent hartory. Since there
is no longer anv stiers or heatine from neutrina transport, only
sound wavesr can tiransport the handing enerpy of the nevly formed
core to the mantle and cause mass ejection.  Furthermore, the
binding enciyy of the core will be considerably less than wiat

it would be it conpa -4 of neutron matter.
Ecuation_of State

One simplistic prior view of the behavior of matter with
trapped neutrninos was that the trapjped degenerate nevtrine Fermi
level would intaahat electiron capture and one would have essen-
tially the same pressure as withoutl neutrines, and therefore a
relatively weak amplonion. The compicxities of the equation of
gtate have recently been greatly simplificd vy Rethe (1978), vho

points outl that the ormginal peper (Baym, Bethe, and (ethick



1971, REP) as ex.ended by Barkat, Buchler, and Ingber (1972) swe-
marized by Canuto (1975) and further extended py Lattimer and
Ravenhall (1978). implies the following sinplified equaticen of
state for Lrajpped newtrine matter.  Fhen the chemical potentaals
of the nucler, clectrons, and peutrinos are bajanced, then the
nuaber fraction Ye (:~lutave to nucleen numler) of electreons re-
duces to ~ G.35 from an original preicplosion (White Lwarf) value
of Ye * 0.46. The final value of 0.35 15 large encuph (anvthnng
preater than 0.2 vall suffice) that the m lear matter can be
spproximited bty 1ron nuclei within a very wide range of entropy
(finite temperature) because of the nuclear excited staice specifac
heat. Therciure the pressure is deternined ent:irely by the degen-
erate lepten:. (y = 4/3). The ratio ot pres.ure of normsl matter
(y = 4/3) to that of nrutrino trapped mattler becomes

.48)/3/1(. 35"

tween compres: iny normal matter along a 4/5 adiabat (neutral sup-

W/
v £.13)777) = 1.21. The pressure detect be-

port against pr.vity) and lepton conscerved matter i then roughly
20%. Partiul nevirine juss during collapse (Yp “0.29) mgpht an-
crease this to a maxirum of 50%; that is, if a fracticn ot the
core correspending to a limiting Chandrasekar nass ot 1.4 Nﬂ cnl-
lapses along the neutra!l encrpy difterence, y = 4/3 adi abat, then
the actual presaure will fall to = 475 of the pressure suppe.t
valvee. This prewnure defect adiabat will contana unt:i au. lear
density is reached (p ~ 4 x 10‘4 [ rm-3) and then, o I8P Lave
pointed out, the pressure will increcase as y = 2.5, Ths as a
very sLiff cqua’ion of state and the pressure will ancrease rapid-
ly as a function of density until the core bounces.  This occurs
at a density only slightly larger, 7 5 x lOlh £ cm-J where, for
bounce, the pressure evershoots the neutral suj port pressure by
the inverse of the pressure defect. The specafic binding energy
of Lhe trapped lepton core is of the urder of the pressure defect,
i.e, 20 te 50 MeV/nucleon. 1L the bounce were entirely elastic,
the kinetic encergy in the bouncing core would he just this binding
energy because there is ne other degree of frecdem avarlable.

The higher biading encrey of a neutron star it reached by the

relcase of neutrinos so that only part of the binding energy of



the final neutron star will be available to el stic oscillation.

In this sense, neutrino emission tends to danp the c¢lastic bounce
and a mass cjection which is dependent purely apon bovnce may be

hindeied rather than helped by peutrino rmisnnion although the de-
tailed corpetition between ancreasing bind-

ing encryy and neutrine enerry lons damping is uncertain.
Mass Ejectinn b Care Trunce

Ken Van B.per (1677) has nade an extensive gsnalysis of
varjous core c(cliapaen and the cifoct of varying y's on the

strength of the reflected wpnock wave due to bounce. For the

typical equation of stule paranmeters y n T 1.32, 2 x loll <p<
"‘ . .- ~ "3 ~ . I:’ 4 f 16
2x 10 and lmax 11.53. <x 107 <p - 2.5x 10", and Yauclear

= 31.75p > 2.5 x 10 the mass ererted was cestimated to be = 0.01
49

He and the total ejrected energy ~ 5 x 10 7 erps. This is too

emall to descrile a suprrnova. Ouly when the fical y is signifi-

(Ybouurv < 1.4 compared

to Ypax ~ 2.5) does a reascnable mass ojection " 0.05 He and ~jec-

cantly less than the «titf nuclear value
tion cuergy ~ iU:’l ergs occur, Fip. 1. bis softer bounce on a
lower valuce of y can be created by general reiotivistic Lterms with
the =tiff y ~ 2.5, but a1t is critically mass Jdependent. The sound
wave of an adiabatic bounce turns first into a weak and then later
a strong shock wave as it climbs out of the iwploding matter,

The question of "climb-out" is a sudtle one. As Van Riper has
shown the shock is swallowed by the imploding ratter 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 Hoyle (1957, of irom thermal decom-
position implusion and core bounce was tested numerically with an
artificial hard core (y = 2). The shock barely climbed out in

the soft (y T 1.3) imploding matter {ield and an inadequate mass
cjection T .0: HG 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 ejection is indeed possible due to core
bounce, but that its existence is extremely sensitive to details

of the cquation of state and ncutrino transport. Finally general



Ffg. 1. Van Riper’s calculatiens for vpin ® 1.33 and vy, = 1.8, Note
the strong reflecira shtca,
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Fig. 1. Van Riper's calculations for y . = 1.33 and ¥y =
min max
1.3B. Note the strong reflected shock, but the curva-
ture of the v=v ; Lagrange coordinate is in-
escape
determinate on this time scale.

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

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

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

neutron star took place inmediately. 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 effective y of the im-

ploding matter was < 4/3, Ynin = 1.30, the
shock barely climbs out rf the imploding mat-

ter field and does net eject significant ma*ter.

energy of the small mass core was also small and as additional
matter 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 neutron star surface. The radiation proper-
ties of this shock were peculiar - black body neatrino radiation
where the lower energy neutrinos had a larger mean free path (dif-
ferent from the usual case with photons), and the shock-heated
matter radiated most of its energy through the accreting matter
depositing a samall fraction in the m-.ntle sufficient to hecat it
to the point Sf cexplosion and mass ejection. (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 neutrino transport, only sound waves - or shocl:

waves - can redistribute the binding energy.



Fig. 3. Vilsun's calculation of core collapse and
mass ejection by both beunce and the neutrinc
flux. Note the seccud pcunce traasition to a
collapzed cor> - partially neutroniced and the
one reimplasion t-ajectory. The cress-
hatched regicn is predosmirantly Si; the righe-
slashed regicn is cargon, left-slashed regzion
is Fe; and the plain area is decenposed Fe,

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

Therce are several possible vavs to recover the original sat-

isfactorv concept of thermal transport of the neutren star bind-~

ing energy to lower gravitational bound mantle matter.

l.

Invoke diffsrent neutrino preoperties such as helicity chang-
ing or mixing i1nteractions due to finite mass interaction
with magnetic or gravitational fieids. Presumably if such
could happer, a neutrino could spend = fraction of s life-
time in a norirnteracting state and thrn return to a an inter-
acting one. Lifetimes would have to be of the order of r/c

& 10-3 to 10_5 scc to nrevent trapping.
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is continununly supplicd with neutrines from the inner collapsed
core and that furthermore the neutrino eperpy distribution i fully
filled out to the depeneracy level, E“ ~ 10 XNeV. Instead the neu-
trinos are trapped at high density and thus high energy and

greater opacity deep within the core. Neutrinoe Lransport and
encrgy redistribution is the subject of complivated calculations
(Wilson, 1976; Arnett 1977; Tubbs 1978; Yuch wnd Buchler 1977a,
1977L) which cstimate muzh longer Limes, up to several scconds,

The particular feature of Tubbs' (1977) Monte Carle calculations

is that neutrinos in the core down scatiter fast encugh that the
approximation of a neutrino photosphere at Ev T 10 MeV remains
valid. How can we then form a neutron star fast cnough that the
subscquent reimplosion can take place as a luminous accretion shock
wave?

Richard Epstein (1978) has pointed out Lhat, when neutrino
emission takes place from a neutrine photosphere surface, the mat-
ter is then heawier (ueutronized) and thus convectively unstable
relative to the interior. It is hard to realize that classical
convection cun take place in the short times between first and
fecond bounces, but let us estimate convection and apply it to
the problem of core relaxation. The core will huild up in the
collapse in such a fashion that the innermost regions have mere
complctely trapped neutrino matter, (Ye = .35) than the exterior
layers that fall in later, say (Ye % .2) and have had a chance to
radiate ncutrinos. Thus the first bounce will occur with exterior
matter that is heavier - i.e., there is negative gradient of Yc
and there wi11 be unstal:le Taylor growth. The ratio of pressure
defect (rela ive to \'o = 0.48 and y = 4/3) is a measure of the
equivalent dchsily ratio [Atwood number (p1 - pz)/(pl + pz)].

The pressure defect is of the order of 3 fold or greater for
modest changes in Yu (0.35 » 0.1) and so the Atwood correction
will reduce the growth rate by ¥ 4. Rayleigh-Taylor instability
results in the cxponential increase of an initial perturbation
across a houndary between P and Ny- 1f p1 >> Py then the per-

turbation amplitude grows as

A=A expl (ka) "], a)
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corc in tines of r/vt“" = 10-2 sevends for - 10w, Thas sbicuna
occur by the end ot ~ 3 bounces (30 millised, ¥:0a. 1, Van Kiper?
and so enzures a convectively miaed core. heretore the nevtnane
corposition will he near uniform cut te a rauhius wheve e lihe
rium pressure support allows cenvective overtern.,  ~alnen’s (19700
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2 x 106 (tm. Hence we expect a shorter tame to ovesturn the core
by convection but am |nr;vahv in tipe to 1eleane the neutiane: by
emission from & x 10-3 sec¢ at a photesphere radias of 2 X 10/ m
to 0.6 s from the convctive radhus 2 x IO“. Si1ace a s;pmf-
icantly greater flux (Wilson 14977) extstz tor 0.1 sec Jurang col-
lapse, a reasonable eatimate of the Lime to produce a3 cold bound

neutren star core i then U € 0.4 sec, Fap. 3.
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geas, Y - 0 s e nn it scnt=to=be ejected matter, which turns
ATCuL Wl «woante the Suann sink. T probiem was paraa-
etey:,r - L e LT and the tzattiun o catter rewmploded

wvas fro-obore e overs ooty larae amd surpiiringly independent

of ynenear o e trnoytn of the mmitaal shock. A stronger shock
creates Lot ety Lnterhal as well ar kinetic energy £23 that
the =ai « U0 c-rn s latver. The rarctactien wave of re-
mple oo, -t t s e o reverse amitiaily cutward trajectories.
Henoe it w e o U that tor the adealiced case of a radially um -
form jrern e vor o ten and ererges uir to & times the gravita-
tional orzev, w0 af the matier {e]l back ento the neutron star
(Fagp. 4). Hedio calvelations of SN are usually terminated long
before th.: ef1ect coulid be evaluated (because of computing time)
and Lt at woild net be calvulated. in a typical mass ejection
exanple, Wiluen (i77), estimates that several x 1050 erps will
eject aboumt 110 Hﬂ of muclear @ nthesized matter as well as the
mantle (. <). Thi: is & marginal result especially if one
estimates that an Fig. 4.a sipmficant fraction (up to 50%) of

the matter on a 1adially oatward es.ape trajectory will fall back
onto the neutron star and weaken the ejected enerpy.  This fall
back or acaiet:on would occur in roughly 0.4 sec by estimating
Lrageetonses from Fig. 3. We can calculate this time hy observing

that it should be roughly 4 times the free fail time from
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Vimg 1n wniry of Yy

the parameterized reimplosion trajectory of
J.agrange coordinates for an idcalized explosion 1
the presence of a gravitationai mass "sink"
(Colgate, 1971). The radius versus time of the
explosion history is shown in lincar coordinates
and using the reduced variables X = r/ri amd 1 =
tUolri. Heavy lines are the Lagrange 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 rarcfaction 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 encergy. The escape-velocity
boundary Ty is shown as a dotled curve fog the
condition I' = B = 2. The reimplosion terminates
when the rarefaction wave passes the escape-

velocity boundary.

E2x 10s cm or ¥ 0.4 scc. The outward average velocitly will be

fall velocity if turn-around tukes place and onc deubles this time
for the return trip.
estimated by observing that the mass flux at the seutrom star sur-

face must be approximately 4 My (reimploding) in 0.4 sec at v ¥

c/dorp

surface

10 3

10 g/cm.

)
?

The density of the reimploded matter can be

free
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Bt VoL

The ratter 15t iy ento the surface of the neutron star
i nes Ve L L D cer o e ity than thee armatial collapae = 5o
low th.! st 2 gpane =0 Wld be meglavilide (Hl“l - lo" at
Ev =10 NeV) Thotr o1 we eajeet free tall to the titutron star
supface wnd L ceoretoen tLeods to develep,  Keceptly ruean,
Buclle:, i V- -0, Lave anve: i, ated i ddetaz]l the neutrine
Yur oot e L sl et ey Lot grnile an the repame
postul et b o oy L P L an pereral they tabrtantiate
the er:,pir il 5,0 0 i 8 0V that g maner fractaaen ot the in-
tersal o e wrol P saadaatead fy eledlr noentnitoe an black hody

Basilant o o Bao e L ddl wtag i e .an e mant LGaa ettt anid Ghen 1970,

Let un entr ol

Sar tenditoona, I the snock were Lo rad;ate
the enerpy finy, then the terpe tatute beoenon:

t,‘(.i/"l) -lIL f

=2 -

A
(« /Y = Io‘o erps cm - osec

(L“ - 1051 erp- hr-.l) 3)

aug face

for an ar:3:% i culs w81 sl Ol st at 1 = 2 2 100

= ln‘o tn-1. Then

‘e cm and p

T ™ 10 MV, and “E“> = 3T = 320 ¥eV.

The thacleer: ¢t the applading matter s pr L <~ 1 mean {ree
path wo that tie neitraiios will excape. The thickness ot the re-
giduasl nattey ~ H“ ator - IOR e and p ~ lu6 g/rm“ 15 roughly
0.1 nenttane eleciren weattening wean free paths at 0 Meb so that
& x l(l!'l erpe wall be depenited as heat in the outgeing weakly
shocked mitter. Thas ag enough to enxure a strong mass ecjeclion

and a rupernova cuerpy release,

!qy!qi[h Taylo:

N - . .
et e Releane

Finally the convectaon (Ipctean 1978) that we have postulated
driven by the Kavieach=-Taylor provth from a presumed initial small
« 10.3) anisotiepy nay an ituelt be sufficient to augment the
reflected shock at secend bounce tine to ensute a strong explosion,

Wilson's (1970) valculatrions indacate that the roflected shock
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forms at the time of the second bounce of the core as well as the
major neutrino flux. This flux ~ 1052 ergs is still small com-
pared to the wotai binding coerpgy ultimately available. If
immedaately fellowing the sccond hounce, Fig. 4, the neutrinoe flux
were strongly avpmented (x 10) by Rayleigh-Tayler driven convec-
tive overturn of the core, with Lhe emission of a harder spectrum
of ncutrinos before complete thermalization, then the reflected
thock would he greatly stiengthened at the r;iticnl point in time
and a more cnergetic explosion would occur. The subrequent re-
implosion accretion shock would oaly strengthen this result
Therefore we believe that convective core overturn at second to
third bounce time will be driven by Rayleigh-Taylor instability.
This may be the critical missing physics thav will ensure that

we can calculate a SN explosion with confidence.

We have reviewed and confirmed the dilemna of neutrino trap-
ping in the stellar collapse to form a neutron star and a super-
nova. We belicve that core bounce alone is Loo subtle and margiral
to satisfactorily explain SN mass ejection. Instead the recent
suggestion of R. Epstein that a partially neutronized core is con-
vectively unstable is eritically important. Wwe suggest that it
allows Taylor uanstable cexponential growth of initial asymmetries
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 neutrino flux can
significantly increase the bounce initiated first and second
bounce mass ejection. (2) The convective neutrine release allows
the carlier formation of a cold neutron star, = 0.4 seconds, so
that a subscquent accretion shock forms with sufficient necutrine
luminosity Lo causc mass e¢jection.
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