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SUPERNOVAE

1934 - Baade (gravitation energyof SN : neurtron star + envelope of
SN)
1960- Fowler (Nobel Prize),Hoyle (1-thermal instability; 2 - collapse)

1966-Colgate, White (numerical model: collapse— neutrino emission
— throw out the envelope — neurtron star )

1966-67-Arnett (numerical model of detonation supernova)
1970-Imshennik, Nadezin(neutrino diffusion- t about 10 sec.)

1974-Chechetkin,Imshennik,Ivanova(deflagration model of SN, in
1997 model of nucleosynthesis — formation of elementsin “Fe”-peak

and formation of heavy elementsin Chechetkin,Ptisin 1980- )



The decay of the detonation wawve of burning
in degenerate CO cores of supernovae.

Imzhennik V.5, Fal'vanowa ML, K.oldoba &0
Chechetkin % M. &stronomy Letters, Vol 25, Mo 4,
1999, pp. 206-214.
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a) The width of the reaction zone [cm)] of the shock
wave az a function af time.
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Supernovae (continuation)

1980- Chechetkin, Gershtein, Imshennik, Khlopov(neutrino
ignition in SN model*

1981-Chechetkin, Ivanova (“Fe”-core with 1 _® , energy of SN is
equal 5 10150 erg)*

1990- Cooperstein, Baron (“Fe”-core with 1.1 _®, energy of SN is
equal 10151 erg, for massive stars the explosion of SN is absent,

model «prompt shock»)

1986-1989 - Chechetkin, Popov (the explosionof therotatihg -
core = throw out of envelope along rotating axis - jets)

1989-Colgate _ Wilson,Mayle(model «delay shock» -energy of SN
10148 erg)

1994-1996 -Chechetkin (large-scale instability in SN II expplosion)
1963- Chandrasekhar,Lebovitz,Ap.J.p138

2004 — Chechetkin, Popov, Ustuygov (large-scale instability in SN
I expplosion), Astr. Rep., 2004, vol. 10, p.1-14.
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Fig. 3. Three-dimensional entropy profile for two characteristic times. The axis scales are the same as in Fig. 1.

SUPERNOVAE EXPLOSIONS IN THE PRESENCE
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Fig. 1. Levels of constant entropy in the Ozx plane. Both axes have scales in fractions of the characteristic length; 0.1 corresponds
10 20 km. The entropy is expressed in dimensionless units, normalized to the Boltzmann constant and the mucleon density. The initial
background entropy is 1.6327 kg/nucl (corresponding to the normalized value C.37).
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Fig. 4. Distributions of the entropy and velocity field in the Oz plane during the formation and initial motion of a bubble toward the
neutrinosphere, The axis scales are the same as in Fig. 1.



inside the region. The mean bubble density was deter-
mined by averaging over all C-D-DJ.PII‘[EIEi.D]J..a[ cells inside
the bubble. Since we are primarily mterested in rela-
awely rough estimates, we shall consider a model that
describes the matter in the perturbed region and rele-
vant nenimno processes only approximately. but retains
the features we consider to be most impaorfant.

To =1 ity the model, we assume that, at the 1mtal
time, the bubble iz composed of iron nuclei (4 = Sa,
£ =281 and free ultrarelativistc electrons. At densities
of 2 = 10 gleme®, such a medium is characterized by
intensze beta processes, which are a source of neumings:

(A. Zy+e=({A. Z—11+w.
Imvrerse processes that abzorb nentrines alse occour:
(A Z+11y+e = (A, 21+ v,

Both direct and inverse beta processes produce new ele-
ments, complicating the model for the medinm. To
avold this, we nmoduce a neutron component and do
not distinguish betoreen different types cf maclel. Along
with inelastic processes, neutninos also participate in
elastic interactions with elecmons and meclei:

(A, Z1+wv = (4. Z¥ + ',
et+wv =g +wv.

We emphasize that, due to the large difference betwesn
the mas=zes of electrons and nuclel, neumines lose sub-
stanfially greater energy im collistoms with electrons.
Since our eatment will be limited to a uwniform and
1somopic approximation for the neomne distmbuation
fimction (whereas =scatterimg by muocler comtributes
appreciably only to the amisotropic component of the

mibution function), we can neglect scattering by
maclel in the collision integral. However, since scatter-
ing by nuclei appreciably affects the rate of escape of
neumrines throungh the bubble bowndary, we will taken 1t
into account in this process. We neglect all ather pro-
cesses nwolving neuntminoes. In contrast to [3], we 11
take into account the fact that there is also some distri-
bution of neutrinos outside the bubble. Therefore, nen-
trincs can both leave and enter the region under consid-
eration. The electron distmbution fimction will be inter-
polated by a Fermi step fimetion, which 1s obwvicusly
applicable cnly when = 1.5kT (1.e_, when the Fernm
energy of the electrons 1s considerably greater than
their thermal enersy).

3. THE MATHEMATICAT MMODEL
In a mmform, Isotropic approximation, the kinetic

equation describing the evolunion of the neumine distn-
buation in a bou region whose characteristic size 4.

density, and partial concentrations of components wvary
with time can be written in the form
Afp. t .
BT — anl(1- fip. o) [dp (2

o
= Fip, r‘,l_!i‘_'i“fp, L

—Fp. 0 [dp'(p (1 — fip oK™ e Pl ol
=]

. dpit) _
pfﬂdrﬂp. i+l — e £8P N

—fip. OF(p. )~ ey fﬁp_ 7@ 0= Flp. pd).

Here, the functions Eiyp, p° 1) and Eeyp_ . ) depend
on details of the process of nentrino scattening by elec-
trons, and S, ) and Tip, f) are sources and sinks of
neutrinos, determined by the direct and imwerse beia
processes. The term contamming the loganthmuc deriva-
tive of the density is respon=sible for varations in the
neutrino distribution due to the changing dimensions of
the region where the neumines are concentrated. The
last term describes neutrimo escape through the bound-
ary. {The wvalue v = 0 commesponds to the case of free
prﬂtpalgatiﬂ-u.:l WWe normalized the distmbution function
as followrs:

Wir) = 4w f2nﬁj‘3_|‘dp'fp'ﬁf{p', £). (2)
(8

This equation for the nentrine distribution fimction
must be supplemented by an equation describing evolu-
tion of the electron mumber density

dn_(ty . ¢ a
Er = 4:1J-dpp
1 (3
x[—(1— fip. tSip. o)+ fip. O Fip. 0]+ %HJFL

and also by a relation between the densities of the elec-
trons and neutrons, on the one hand, and the density of
the mediom, on the other:
A

m,,l:r-i-,,l,’rj - En,fﬂ] = pifh. (4
In deriving (4}, we have assumed that electrons make a
negligible contribution to the density of the medium,
and that the medium is electrically neutral.

To facilitate use of the above equations as a basis
for numerical sinmilations, we i ce dimensicnless
vanables, consomcted uwsing the followme paraineters:
charactenistic length 3 =~ 107 co charactenstc time 10 5,
characteristic density 2 = 10 gicm?®, characteristic
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momenm pp() = s Egio) (the Fermu -momentoon of the
electrons, where Eg0) = 219 MeW), and charactenstic
mumber density of the parficles 00 = 4.63 = 107 cnr?.
The dimenzionless characteristic size () at the imnal
time iz d(0) = 2,13 = Lo,

We shall net mtroduce special notation for the
dimensionless guantities {(apart from p — x. 7 —= V.
and Pg — u). The reguired dimensionless system of
equations will then take the form

dfl:l;; 0o An[(1l — fix. th J-d}-l':_;l"['_:r, E]Kinf X, V. 1)

—fix, r‘]_l-d.}'.].':fl — iy tnE™(x. 1 0]
0

(5}
d—i?rffx, iyl — filx, £3)50x, 1)
. 1
—Ffix. )Y ix. ) — TR jf:l"fr = Fpix. x 00,
drrdr:rj _ ?—,J-d?-’x:
K ()
= [= (1= fix, 005Sx. 0+ fix, 0 Fix, 0] + d o NEal
?’?..ff‘.l"'%ﬂ‘f!“.l = '%pfr‘.u. (7

The fime dependence of the characteristic size 4 1s
given by the expression

_ o0y
di1 d00%3 Pty (83

The normmalization of the newmine distmbution funchon
becomes

Fd] Lad

[dxx® fix, ). (9
a

Hiry =

Formmlas for Six, ¢) and ¥ix, ) are presented in [§].
We shall write here only the cormresponding dimension-
less relations:

53
Six. 1) = 1.874 = lﬂs{épfﬂ']}
B {100

x:fiﬂlfufrj—xj

M. (f)
=

3
1.874 = 103{§pf03} 2B —u(r))

AT Afpiry _ )
::-rcl: = +lﬂﬂf{pfﬂlj wi (i) :I
(In addition. the relation m(f) = w7 15 valid m the
dimensionless notation.)

We nsed the following expressions for y in the sim-
ulations:

Fix.ry =
1Ly

dm [dva i1 — iy, £)

- f:t', _r-'j =
! ! (12)
w [, vty + K (x, v, 1)),
amd
yix, ) = 4dn [d}j‘i
5 (133

= [(1 = iy, enE™x, v, £+ K (x, 3, )]

The function E™(x, ¥, ) describes scattering by nuclei:

-n _ a6 Ay
E%(x,y.£) = 1.69 %10 [:ﬁ

B,

s {%pfﬂﬁ}‘

iz = 2326 10% I}fl_:

Hix—w),
(14

(x. ¥, )

el |:| 53 S
x{jp{ ’]:} F (., v, T
Let us wrte also the gquantities #(x, v, £ = mix., ¥, wih),
taken from [&]:

(1} For O = x = wif):

a(x —;-::;-3[§ffu = x)F —u¥)

3
—1.-‘: x —4111'—::::} F:{J:+-.-u} 22

J:jElfu — ¥y —x)

e T T
(15)

rmfx, Moy =

2 2 8 2 8 2
4= —3Axv 4| 2t — + = s
3(4:1 Xy {jx 4 U ;b

+{ %IE"';IJI!—gH:I} +x"{u—x’]ﬂ|{}=— 1)



Fig. 3. Mewnno distributon fonction £, 1)



Fig. 4. The funcoon Jix. P

nf463 = 105 o3
1.0

LR

0.6

0 4 8 12

Fig. 5. Tane dependence of the number dexsity of peuirinos
(marked cuwrve) and electrons (unmarked ouarve)

cesses) to re= 10 ms (when the mediom becomes opti-
cally thin}. In the first case (Fig. 2}, the sverage neu-
ring energy is less than the average electron energy, due
to the emission of some of the neutrinos before the onset
of the stage of “classical” wansparency. Later, the mean
neutrine energy excesds the mean electron energy m both
cases, since the degradation of nentrines i we processesis
substantally decreased wiile the Fermi energy of the
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Fig 6. Time depandance of the avarage ensrgies of the nen-

=

minos {Imarked corve) and elecirons (unmarked oarve).

electrons (and. consequently. their average energy) com-
tinues to decrease as the babble expands.

In conclusion, l=t us estimate the spectoum of the
nsutrinos emitted from a supemova mn the adopted sce-
narto. In the second case, the spectra of the neutrino
emission from the bubble and from the enfire super-
nova should coincide to high accuracy. since the bubble
radiation 15 emitted in the optically thin region of the



Simulation of Neutrino Transport by Large-Scale

Convective Instability in a Proto-Neutron Star
(Suslin, Ustyugov, Chechetkin, Churkina, 2000, Ast.Rep., V 45, March 2001)
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In work (Baikov I. V. and Chechetkin V. M.,
Astron.Rep., 2004, 1n press) has been kinetic energy of
outflow envelope of supernova II type in the depend of
mean neutrino energy which must emit from
protoneutron star. This energy increase when mean
neutrino energy increase too. For example then neutrino
energy at 2 time (from 30 MeV to 60 MeV) then kinetic
energy of envelope increase on the 20%. Then mean
neutrino energy 1s near 5 MeV the effect outflow 1s
small.
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Estimates of neutrino radiation

After 3.5 ms 0.02 _© _of this material approaches the boundary of the neutrino-
sphere, where the density is =10 !! g/cm 3, and becomes transparent to the
neutrinos there. The density of these neutrinos is comparable to the density of

electrons with mean energy 60 MeV. In this case, the intensity of the neutrino
emission can be estimated as

L=(0.04_® x60MeV)/(_m_x3.5103)~4 10> erg/s,
where _ is the mean molecular mass per electron in the absence of electron-
positron pairs. We will now estimate the fraction of energy absorbed by matter per
gram in the shock wave from this neutrino radiation. By definition, this is

Z s nelpslom i pRiege’s
£

-1

where R is the radius of the shock, o=z*z*intct =10 (2 fac®)? em® 1S Cross-section
9 g * T‘l * [

of weak interaction, where g = 1.4102 £ 0.0012 10-*° erg cm? - constant Fermi of
weak interaction, n, = 1.688 1023, T,* cm™ is the density of e* in the shock wave
when T corresponds an ultrarelatwlstlc gas with <10°T,? g/cm3 For T, =100,
=108 g/cm3, and R = 107 cm, we obtain d_/dt = 0.97 10?” erg g! s’ . This i is much
more than the neutrino losses from the shock front: d_ /dt =6 10'° T ,® =~ 6 10?2 erg
gl s1;i.e., the large-scale convection could support a diverglng shock wave,
leading to the ejection of the supernova envelope.
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TYPFS 1T AND 11 SUPFRNOVAF ANWND THFE WEITRINO
MECIIANISM OF THERMOMNUCLEAR EXPLOSION OF
DEGENERATE CARBOMN-OXYGEN STELLAR CORES

VoM., CHECEETEKIRM, 8. 5 GEREHTEINM, V. &, TMEHERNIE,
Lo ML IVAMNOWVA and M., Yo, KITLODPOW

Tnstwte Yor Fieh Soergy Phvicr, Moercow, U8 S R

(Raczivad 20 May, 1975

Abstract. The prescnt weork studics the hydzodvanamde proccss of termonuclear casloaion of
Ipdeomiatie squlilohen, Cepmreate cartbomosyves vocrss withh M — 120 Mo with differcnt values
e oertral densily o, witaier The imterdal 2 o« 0P < g, <= ¥ 2 0 gom " Taein pisl témperanise
distributios has bBeza deterransd by e preceding thermal stage of explosion. 1he calzalations
auseeszavely include the kinetics of thermenuclear busning, the kineties of 3 processes, and neutriro
cnergy losses. Oy considering the newinne mechanizw of Feating and carson ignition we abtaincd
in cmr nomerdes] hvdrodynemic za cnlatioans wwo chatsceriaiz versiors of the developmen: af @an
suplosion: (ahat 2 = WP < g = 4% % 0P g e~ thers is disruptinn of the whnde siar with either
complete or partial buming af taz carbon and & 1077 10 erg kinetic enerey; and {(Brat 9 = 107 =
G = 3 o= 0" g oot tae stellar core collapses inbe £ noutren star with part el suwtburst of the
curzr emvelope with 2 smeller Konetc enzrgy of 10=10"" gr. The peper proposes amid details @
bypctheses (Thie Ssoenarey af supercovas and The Inrmation af nentron iassh on the hirst sersimn of
explosion, correspondiag to BN, and oo the second, supplemented by come mechasism of clow
cnsgy rocase into the snvelope expelled “rom the azedr farmed acairon sior, corresponding 1o
S O the basis ol dhe poopesed Bypo besis st sfacion y axresioer o with e oosenseld (e sses
and energies 07 Fhe sie navae envelnne their light curves anc apectra, as well as sith the data or
their chemicsl camposition has besa oxtsined, For this agresmment we muel assume thal Gype |
pre-supornowas are alwest ba-c compact carbomn—oxyzes slellar cores, and that type 1T prc-
sz novae qare o] seeereiants Iois ol probalde cloaar the evolotiom o7 tevpe T pre-so »=raovac
cocars in close binaries while the evolution of pe D pre-saperndyias sesms 0 32 very simiar 1o
tae evalulion ol & sing e star.




5. Asirophysical Appheations and the Scenario of Supernovae Bxplasions
of Both Types

W'e may now procced to the astrophvsical interpreiation of the ebisined results, The
mast importan: cheervationol ckorocterstics of supernovae are hsted i Lable 11, from
thz summary of Chevaher (1%47). 1o compare the theoretieal results in Tadle T with
thadatain [asle Il we shall conscer the fallowang hvpotaesis (Gershiein of ol 19772,
b): collapsing CO cores with ejection of the envelope (versions 1, 2 and 7. 5) will be
uesamed o he SN explosions of OO rore2 wich o compiete distopdiom of he s
(vieoamans 360 will be SWNIT. We shall fi:af corline oursclves o a compariscn of e
(st thee Lues of Table TI, For SMNIT we can onooediately stats that there s good
grneril agreement of the magritades M. & and £y, (50, — MAFH 20, provided we
ta<e into sccount that a stellar CO core con be surrounded =y an ouler envelope with
the mass 2.5 £ MM, £ 8.3 (Barkat. 1975) It should be espeaally stressed that a
very wide spread of the above-mentionzd valuzs 15 theoretically nossible; this is alzo
characteristic of shserved SMID {Barbon =0 2f, 1974},
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