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ABSTRACT

The explosion of s star supernova occurs st the
end of its evolution when the nuclesr fuel in its’
core is slmost, or completely, consumed. The astar
may explode due to s small residual thermonuclesr
detonstion, type I SN or it may collspse, type 1
snd type Il SN lesving s neutron stsr remnant.
The type | progenitor should be thought to be an
old sccreting white dwerf, 1.4 M_, with s close
companion ster. A type II SN is Qhought tc be o
massive young stsr 6-10 M,. The mechsnirms of
explosion Is still s chnlleﬁ;e to our sbility to
sode]l the most extreme conditions of matter and
hydrodyr.smics thst occur presently snd excessively
in the univerase.

1. INTRODUCTION

A nosition in the sky sssocisted with s distant
galaxy brightens up for s period of s month with »
luminosity compsrsble to the galaxy ass s whole.
This phenosenon, known ass supernovs, is ssscci-
sted with the expiosion of s ster tccsuse the mass
required to sdmit this luminosity st the inferred
temperature is of the order of s stellsr masss.
The simplest explunstion for the observed iumi-
nosity requires the diffusion of redistion from sn
interns] energy source snd the further sususption
that the stsr hes expsnded to s diwmensior sui-
ficient to give the necessary radisting srea as
well ss to sllow the diffusion of radistion from
its interior. The time tn maximum luminouity snd
the w,dth or the nesk luminosity sre cespsrable
snd so the ipferred expsnaion rate is of the order
of 10Y (o s This velocity is subs.a:tisted by
the Doppler shifta of the lines coserveo in the
esrly stsges (Brsnith 1980). This genersl deacr,p-
tion of the dynsmical expsnsion of a »i3r i< the
resson for interpreting the phenomenor as s atel-
lsr exploaion.

2. THE ORIGIN OF THE LIGHT

Let us illuntrete thjs with the sppropriste num-
bers. Luminosity st maxisum of s type | lulwrnovn
(S§ 1) s variously estimated ss 1-4 % 10%3 orge
8  depending on whether H, equsls 70 or 33 (Branch
1981). It rises to mexisle light within roughly
10 deys 5r 8 X 10® s snd has a coler temperstuie
of 1.5 x 104 degrees with line blanking in the
ultraviolet thst prevents sny (~ 1%) of the UV
trom escaping. (Tbis is s nesr fluorescent con-
verter.) Then the surfsce ares of the matter thst
sust he emitting no grester than the blachbody
flux of 13,000 K in the optical, becomes

A=c—’z—.T‘— (1)

where b i3 the bolometric correction for radistion
with s cutoff sbove the blue bsnd, A > 3400 R,
from s body st 15,000 K. An estimate of b ¥ 6, n0
that A = 103! ca® snd the redius st maximua light
is 10'® cm. The mass required to emit the radias-
tion depends upon the opscity which in turn is
dependent upon the materisl snd the relstively ncw
considerstion of line blsnking (Wagoner, R. 1981;
Colgate sond PelLschek 1981; Kerp er sl 1974).

A relstively conservstive vslue for the opacity
corresponding to s typicsl hesvy element st [?u
density snd this tempersture is x = 0.03 cm® g .
Line blsnking enhnpfel this by s factor of times 3
or xz20.1 ca? § ss estimsted by Ksrp ct al
(1977). The enhancement of the opacity due to
line blanking is due to the Doppler brosdening of
the lines in sn expsndiny wedis. Then the surface
layer becowes A/x = 103% ¢ or 1/20 Mg: The vslo-
c of expsnsion is R/t = v £71.2 x 10¥ om
l“y If we believe thst r"ﬁ“ﬁ%n sust diffuse
out within the time of the width of the maximum of
the light curve AT = 10® s, then the optical
thickness becomes

v e =3 (2)

v
surfare
snd the mass becomes

nejag»",_-lo".-sno )

This is why a SN is interpreted ss the explosiun
of sn entire stsr.

Type 11 SN also have recently been observed in the
UV (Panagis et al 1980) and the spectrs shov »
combinstion of nsrrow snd brosd emission lines an
well ss a UV excess sbove Lhe Planck value. Thia
is interpreted ss ejected mstter colliding snd
sccelersting sn extended envelope, pre-SN stellsr
wind, R > 101" cm, (Frsnason 1981). This col-
lision then supplies the energy later emitted as
opticsl snd enhsnced UV emission. But how does s
type | emit light without such s collision source?

SN 1's show no hydrogen in the spectrs snd an
previously noted no UV emission. 8ince the kine-
tic energy supplied by the e?lnllon velocity is
80 such H’J vej)'/2 > 3 x 1050 ergs, compared to



sn opticai emission of X 2 X 104% ergs, we might
nsively believe thst the original hest of the
explosion would be asdequste following expansion.
Let us generously extimate Lhis hest au being both
the kinetic energy ss well ss sn initisl gravi-
tations) binding energy of w =5 x 10%! ergs,
l.e., times 10 grester thsn the kinetic energy.
The rsdius correlpondins to the gravitationsl
energy is R = M.G/(M_.v®/Z) = 10 cm. We have
slresdy sssumed l?o subBequent collisiona of the
ejected matter (until inlerstellsr remnsnt forma-
tion) snd so the expsnsion will be sdisbatic snd
tbe internsl energy will decresse st least ss fast
88 1/R for radistion dominated matter, y = 4/3.
Therefore, sdisbatic expsnsion will decresse the
internsl emergy by the ratio R /R ¥
10, This is zuch s 1.:.&“&&!3..8"%‘.‘\’ no
ressonsble sssumption of initisl energy content
csn sccount for thc opticsl radistion. A lste
time energy source is required. It is now s'aost
universslly asgreed (Colgste and McKee 1969;
Axelrod 1980; Wesver, Axelrod, snd Woriley 1980;
Colgste, Petscheak, snd Kriese 1980) t'ist the lste
time energy sust be derived from the rsdiosctive
decsy of "®Ni formed by nuclesr synthesis in the
erploding stsr. If we rearrange slphs psrticles
py thermonuclcsr resctions ot slphe particle
nuclei, i.e., C, 0, Si, carbon oxygen and silicon,
then the minimum energy nucleus is_ ®®Ni. This
decays s» %ONi -+ 58Co (6.6 deys) + B8Fe (77 days)
which sccounts for the large sbundsnce of irom in
the universe. It slso conveniently sccounts for
the peculisr upticsl decsy curve of SN | when the
transpsrency loss of radiosctive gsmea rasys snd
positrous 1is included in the calculstious of
luminosity, Figs. 1 snd 2.

There is still s dissgreement ss to whether the
long-time opticsl decsy of 56-dsy hslf-life is
produced by positron loss (Arnette 1980; Colgate,
Petachek, snd Kriese 1980) or infresred emission
(Axelrod 1980) but this uncertsinty ssy he re-
solved by the cslibration of the pesk luminosity
snd 4.. This is becsuse the two mudels of an SN I
type 0‘ explosio. collspse to s neutron stsr (NS)
or s thermonuclesr explosion (TN) produce & M
ejected or 1.5 M, ejected, respectively, and lhg
ejected msss in lurn determines the density and
hence \ste tise infrared emission. The opticsl
snd UV emission by ita spectrs, time varistion snd
intensity describe s stsr cxploding with s velo-
city chsrscteristic of the gravitstionsl binding
of the late stages of evolution,

3. THE INSTAEILITY THAT STARTS EXPLOSION

The grest surcess of astellsr modeling using
gravity, msss, rsdisticn trsnsport, snd nuclesr
reactions leads one tv the inevitsble conclusion
thst the steilar explosiou is the result of lste
nuclesr evolution to sore unstsble end point.

There sre now recognized three unatsble end points
of nuclesr synthesis. Themse sre, in order of
decressing mass of the psrent star:

1. The electron positron psir instsbility
(Fraley 1968) for stars hesvier thsn ~ 75

Here st s lste stage in evolution with sn oxygln
or hesvier rore, the rsdist!on pressure support is
weskened by the specific hcst of the rest mass of
the uesr relstivistic pairs snd collspse to a

LD oo '

Fig. 1. The cslculsted luminosiLy st early and
intermediste times for M,. = 0.25 solsr mssses snd
the corresponding deponl‘l‘.ion functions for n = |
st 20 dsys snd 40 desys. Gsmms-rsy deposition snd
the Ni +» Co + Fe decay determine t"s solid curves.
Tbe dashed curve is the modificstion of the depo-
sition function due to diffusion and expsusion
(Colgste snd McKee 1969). The extnrolauon 0
the deposition curves resches 2 x 10%3 ergs o

st ¢ = 0, snd the difference between this sud the
dsshed curve is due to hest energy converted to
kinetic by expsnsion. The circles give NGC 5253
dets (Kirshner snd Oke 1975), snd squares give NGC
4182 dats (Bssde snd Zwicky 1938; Ven Hise 1974).
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Fig. 2. Ssme ss Fig. | for timas out to 700 days.
Here the curves sre priasrily determined by the
deposition of positrons from the Co + Fe decay.
The dsshed curve is s fit to the dstas with s slope
corresponding to s 36-day half-life.



neutron star or black nole results. The number of 3. Finally, s type I SN is most likely a thermo-

such massive stars, according to the present nuclear instsbility, but with two possible out-
stellsr mass function (Miller snd Scalo 1979) are comes. The thermonuclear instsbility is associs-
toc few to account for either type of SN sud more ted with the thermonuclesr burning of s cerbon-
particularly supernova type T1l's and neutron oxygen stellsr core. This may be initisted off{
stars. center in s mantle of helium that detonstes. This

then leads to the detonation of the high density
2. A more reasopable mass for SN II's is ~ 25 He core snd therefore sn off-center explosion
and then the original suggestiopr of Burbidge, (Nomoto, Msrisi, asnd Sugimoto 1979; Nomoto 1980;
Burbidge, Fowler, and Moyle 1Y57) applies snd snd Weaver, Axeirod, snd Woosley 1280). The
collapse is initisted by the thermal decomposition helium mantle is most likely formed by sccretion
of iron back to slphss snd neutrons. The exten- from s helium stsr compsnion onto s white dwarf.
sive nuclear systhesis cslculsticn of Arnette Alternstely, the core may initiate csrbon-oxygen
(1977); Weaver, Zismerman, snd Woosley (1978) burning st the center by pico-nuclear reactions.
ronfirm the evclution to the instsbility. A still Then s detonstion or deflsgrstion may result and
more recent cslculation of stellsr nuclear ayn- this may heve two very different outcomes as
thetic structure is given in Fig. 3 from Weaver indicated in the section om light curves. The
and Woosl~y (1980). This nuclesr structure is detonstion or deflsgrstion may result in the
exceeding. complex and would be very different if entire disruption of this star or following uefla-
convection w~.re driven by rotstion or magnetic gretion only the bets decsy via electron cspture
fields. Following collspse, an explosion of the of the heavy nuclei may be fssl enough such that
star results presumably by the energy from the collapse results bufose explosion (Buchler,
creation of s neutron stsr. However, despite the Mszurek, snd Colgste 1979). In this case s col-
desire by theorists to explain this explosion, a lapse to a neutron stsr would result snd sn explo-
truly convincing description is still illusive. sion would occur similsr to the SN Il explosion.
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(From Weaver and Wousley, 1980, Annals of N.Y. Acad. Sci., 336, 335.)

Fig. 3. Presupernovs coupolition profile of s 25 H° Populstion I star sn s function of the interinr msrs
coordinste ss given by WZW.$ The structure is vhown s® the point st which collspse velocities in the iron
core have nearly reached 1000 ka/s and sre 1sp.dly incressing. In the region interior to 1.61 M. where a
131-1isotope qussiequilibrium nuclenr -burning network wss used to treat qussiststic silicon buﬂhxn; snd
neutroni:ntlon‘ the curve lsbeled P®Ni includes minor contributions fiom other A & 22 iron peak nuclei; the
curve labeled B3Fe includes those lran penh 1notope| with A = 2(2 ¢ 1), while that lsbeled "Fe” inc'udes
sll other 1|otope| with 2 > 22 (e.g. 8’Fe, snd asjor contributions frem highly neutronized iion pesk

;g;c{en such ss 4%Cs, ""iit, BOT§, etc. ) "For sdditions]l detsils snd & similsr plot for a 15 My ster, see



The maas ejected in the casse of collspse would be
only ~ 0.5 Mg and perhaps 0.25 M, of SNi. The
thermonuclasr  explosion on the o&er hsnd would
eject 1.2 M, of vhich st lesst 1 M, would be
8®Ni. Posuiply the liht curve from e&ly SN U’s
will tell the difterence. Possibly s more sccu-
rate budget of iron in the galaxy will tell the
difference. Also the current estimate of the
slactic rate of SN is 1 per 20 to 40 yesrs
Temmann 1981) snd the error in the neutron stsr
production rste in the gslsxy is slso 1 per 20 to
40 yesrs (Hills 1980). Thia then also allows
either possibility, namely, neutron stsrs may
result from SN Il only or from both types of SN,

4. STATISTICS CF NEUTRON STARS AMD SUPERNOVAE

Certsinly many neutron stars ss seen in the
Galaxy and s few, the Vels snd the Crab, are
uniquely sssocisted with SN events. Unfortuns-
tel , all the historicsl SN do not uniquely have
neuvor. stars snd their types cannot be uniquely
detersined f-om the records (Clark snd Stephenson
i981 snd 1977) snd furthermore, sll neutron stars
might not be expected to be visible becsuse of
possible besming of the superluminal pulssr
radistion.

To summarize, stellar instsbility st the end point
of evolution hss two @rignificently divergent
possibilities; i.e., collspse to s neutron star or
s thermonuciesr detonation. These slternstives
sre not yet resolved. We will now discuss these
alternstive mechsnisms in grester detsil.

5.  THERMONUCLEAR EXPLOSION AND COLLAPSE

The off-center explosion depends upon the slow
sccretion from s red gisnt envelope of s helius
compsnion atsr to s helium envelope building up on
s vhite dwerf ster. This sccretinG lsyer of
helium burns st its bsae, buiiding up A carbon-
oxygen core. Depending upon the core mass, helium
sccretion rste, snd core density, the helium shell
msy or may not detonnste before ignition of carhon
burning st the center. The casrbon burning ecy
slso be initisted st high density by pico-nuclesr
reasctions which depend upor the electron degen-
erscy. in either csse the centrsl de_lylty of the
ignition will be roughtly 10!'9 g cm At this
high density, the electron degenerscy pressure is
significsntly greater, times 10, than the incre-
mental pressure arising from complete ther,gnu-
clesr burning of s csrbon-oxygen core of P°Ni.
Hence, the pressure wave srising from the thermo-~
nuclesr energy is only s s.rong sound wave snd a
very wesk shock. Hence s detonstion wsve is not
self-supporting snd only in the csse of the heliua
igoition is s driven shoc' likely to be strong
enough to initiste the nesr simultsneous TN igni-
tion of the entire core. The subsequent history
of the core is then Jetermined by the competition
between electron capture which raspidly decresses
the presssure by resoving electrona from the tep of
the Fermi ses (7 to 8 MHeV) snd disassembly thst
occurs st s fraction, (~ 1/3) of sound speed. The
radics of the gare is 3 X 10’ cu and sound speed
i8 2 %10 cms ', or s time of 0.05 s. Bince the
core sust bounce, the totsl time is ~ 1/10s. In
this time the electron cspture ia just sbout rspid
snough to remove 10% of the pressure and collapae

to s npeutron star would emsue. Collapse or TN
explosion therefore depends sensitively upon the
electron capture rates ss well as the hydrodyma-
aics of the helium detonstion shock core compres-
sion. The cspiure rstes depend sensitively upon
the Fermi level, hence, density snd hence radius,
roughly ss (rasdius)® yet the core is close to
uastable collaspse due to gravity and relativistic
degeneracy. Hence, the issue of collspse or TN
explosion ruquires very detsiled knowledge of the
equation of stste, core atructure, beta decay
rates, asnd finslly the hydrodynsmica of sn off-
center explosion.

Recently, Fuller, Fowler, snd Newman (1980,1981)
hsve significently revised the electron cspture
rates due to "beta decsy blocking.” This results
in an incresse in the capture .rste st the pre-
collspse density, = 109 g ca” snd o large de-
cressg in the rates st esrly collapse, s fev 101!
g cm

Finslly, if csrbon-oxygen burning initistes at the
center of the stsr, the burning leads to a defla-
gration rather thsn detonstion becsuse of the
weak, ¥ 1CY, overpressure from TN burn. Deflegra-
tion consumes s core st the rste of turbulent
pluse mixing which will take considersbly longer
thsn s sound wave trsversal time by roughly the
ratio of the solid sngle of s plume to thet of the
full sphere, or by roughly s fector of 4n. Hence,
the deflagrstion time is closer to 1 s slloving
more time for electron cspture than shock wsve
initistion. This lesves the issue of collspse or
TN detonstion for type I SN uncertsin.

6. TYPE 11 SUPERNOVA

Type 11 SN sre more massive stars that evolve
s higher edisbst, i.e., more tompersture for s
given density, snd hence burn csrbon asnd oxygen
nondegenerstely snd stsbly to s core Fe as shown
in Fig. 3. (Weaver snd Woucley 1980). The col-
lspse of the core vhen asll aveilsble fuel is
burned is inevitsble. The results may oe s neu-
tron stsr or & blsck hole. The existence of
neutron stars would dictste that the ususl result
is s neutron stsr. but just how is atill slightly
uncertsin.

Bethe, Applegate, sid Applegate (1980) hav: re-
cently comp.eted the most exhsustive snslysis of
the problem nf forming a supernovs explnaion from
the forsation of s neutron star. This work tskes
into account the lstest understsnding of the
equstion of stste, neutron trapping snd diffus.on,
hydrodynsmics of ccllspse snd core bounce ahock
formation. We give only a brief description of
this phenomenon, but with some emphssis on Lhe
points of uncertainty.

7. BUPERNOVA TYPE II COLLAPSF.

The iron core of s ressonsbly msssive star, 6
T0 10 H. is partislly degenerste st the end of TN
burning "with s low entropy 8/k % 1. As collspse
proceeds, simost all the leptons sre trapped
becsuse 1. blocking reduces electron caspture snd
esrly collspse, snd 2. neitrsl current neutrino
acattering treps the neutrinos. The lepton frac-
tion Y‘, decrusses from that of iron & 0.48 to



Y, = 0.35 and hence the pressure is significantly
reduced. (Nuclei do no contribute significsantly
to the pressure.) Hence, s fraction of the core
collapses homologously (~ 0.75 M) the mass cor-
responding to the new Chsndrssekhdr limit sssocis-
ted with the reduced Y,. This new homologous core
bounces st just lbo\& nuclesr density (nuclesr
matter is stiff) initisting s shock wave st the
homologous core boundary.

8. THE BOUNCE SHOCK

It is presumed thst this shock csuses the SN
explosion. This core bounce shock climbs out
through the izploding matter hesting it to s high
tempersture kT 2 10 MeV in high e=tropy S/k * 7 to
10 which dissocistes the npuclei back to free
nucleons. The shock is weskencd by dissocistion
snd lepton degrees of freedom, It is strengthened
by the density grsdient. Numerical cslculations
indicste s weakening due to neutrino emission.
Anslysis would say thst neutrino diffusion behiud
the shock should astrengthen or sid the shuck
becsuse diffusion sllows thermal conduction to
trensport heat from the inner higher density,
higher tempersture -egions to the outer, lower
density regions behind the shock, i.e., forming s
nesr isothermal shock. On the other hsnd, neu-
trino lesksge (st low energy, small cross section)
should definitely weaken the shock. Further out
beyond where neutrinos will be trspped, thermo-
nuclesr burniang will sid the shock as well zs the
re~ombinatien (thermonucleur burning) of the
previously wshocked decomposed nuclesr wmatter.
These gsius asnd losses are so complicsted that an
unequivocel prediction is not possible but ix
certainly pleusible thst this is the mechsnism of
SN crested froms collapae.

There sre several further complexities like degen-
erste lepton-driven core convection snd violent
overturn, post ejection, rarefsction collapse, snd
neutrino luminosity atress thst hsve yet to be
fully reaolved. Nevertheless, the grest asdvance
is the detsiled snaslyticsl reproduction of much of
tie numerical modeling. This has strengthened the
physics bassis of the understsnding of SN.

9. BJECT VELOCITY DISTRIBUTION

The optical evidence snd its interpretation
is the resson for believing that supernova eject
roughly & solsr mass st high velocity. A shock
wave inevitsbly precedes such sn exploasion, snd
depending upon the structure of the mantle of the
presupernovs stsr, i.e., s compsct star for type I
SN, this shock csn become relstivistic before
reaching the asurfsce of the star (Colgste snd
White 1966). The «xtended envelope modcls of SN
II, ss nlresdy printed out, give good sgreement
with observation and particularly UV observations,
snd in these models no high velocity ejects is
formed. Hence only in the case of SN I's do we
foresee a possibility of relstivistic ejecta. The
mess fraction that becomes relat!viatic can be
estimated from the solution of shock waves in
density gradients snd these estimrtes sre confir-
med by the numericsl hydrodynamice (Colgste snd
White 1966). Recently this phenomenon of the
shock wave speeding up in th~ envelope hss been
confirmed by cslcusitions by Wesver, Axelrod, and
Woosley (1980)for compact models of SN I, Fig 4.
The msss fraction that becomes relstivistic sfter
the expsnsion of_sthe port nhct_%k energy density is
then roughly 10~ to 3 x 19 7 snd so the totsl
energy in reltivistic mstter becomes 10 ~ ¢2 M, =
104? ergs. This is sdequste to power cosmic rfys

W71 1 T T
Type | supernovs models
2%+ Final velocity profiles
2.03 MOC/O
(10 Mg cors™}

20+

Velocity {10° km/s)

1.41 MC/0

1.12 MgHe/C

06 os 1.0

Interior masi fraction

(From Weaver, 8. A., Axelrod, T. 8., snd Woosley, 8. E., 1980, in proceedings of the Texss Workshop on Tvpe
1 Supernove, ed. J. C. Wheeler, Univ. of Texds Press, Austin, Tenss.)

Fig. 4. Finsl velocity profilea for Type I supernovs models as s function of interior msss fraction. As
in Fig. 1, major sbundsnce discontinuities sre indicsted by hars.



in our galsxy provided the relativistic metter can
escape from the region of the SN without degreds-

tion

snd with the sppropriate energy distribution.

The escape 1s s question of the effectiveness of
Alfvén wave trspping (Kulsrud 1979) and the spec-

trum

is determined by relstivistic shock hydro-

dynsmics (Colgate and Petschek 1978, Fig. 5). A

summary of these questions with

references 1a

glven in Colgste (1981).

10. REMNANT FORMATION

Remnsnt formation stsrts with THE first intersc-

tion of the SN ejects with the interstellar medium.

The first indicstion of this may be the detection
of the SN I1 1979 c¢ in radio emisaion, (Weiler et

sl 1980).

Pacini snd Sslvati (1980) have inter-

preted this ss pulsar emission, but the esrly time
of detecticn (less thasn obe yesr) would result in
s high enough density of the SN ejects such ss to

prevent

the observastion of sn embedded source.

There sre not yet models thst would predict this

very

esrly reemnant emission by nonthermal

electrons.

Lster stasges of remnant forsation are concerned

with

the ISH.

the development of s collisionless shock in
This structure of such s shock is still

problemstic (McKee 1974) yet extensive modeling of

the

collisinnless shock (Bell
Ostriker

origin of cosmic rays depends upon such »
1978s,b; Blanford snd
Axford, Lesr, snd Skadron

1978, 1980;

1977).

in physics ss well ss sstrophysics and the observa-

11.  SUMMARY

The vhole of the supernovs phenoaenon is rich

tions and interpretation test our sbility to mudel

the

most extreme observable phenomenon of the

universe.
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