3Be3abl

Table 10.1: Some integral properties of the cosmic mixture

Mass fraction of

= 0.707
= 0.274

Hydrogen X
Helium Y
Metals Z = 0.019
CNOF-isotopes Xcexor = 0.0137 =0.7267
c-nuclides (**Ne—1°Ca) X, =330-10"% =0.17572
Tron-56 6 1.16-10~% =0.0627Z
Iron-group (Ti—Fe—Cu) re = 1.38:1073 =0.073Z
Heavies (beyond Iron-group) X, = 2.9-107°
Pure r-nuclides = 5.5-1078
Pure s-nuclides = 4.0-1078

p-nuclides = 3.9-107°

Metals:
Mean atomic number
Mean atomic mass number

= 8.409
= 16.94

Mean molecular weight of
the whole mixture

0.6176

Mean molecular weight
per electron

Normalizing constant

= 1.179
= 2.515-1071

0.08M_ <M <200M
10 L, <L<10°L
10°R, <R<10°L,

M, ~2x10%2
R, ~7x10"cm ~100R,
L, ~3.8x10” epe
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T,10°K 30-60 10-30 7.5-10 6-7.5 5-6 3.5-5 2-3.5

UseT ronyoom oen.- 6enbin XKEn.- XENTbIN OpaHXeBbl KpPaCHbIN
ronyoowu 6enbin ]

M/M,, 60 18 1.7 1.1 0.8 0.3
R/R,, 15 7 . 1.3 1.1 0.9 0.4
1.4x10° 2x104 | 0.4 0.04
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YcnoBsua BHYTpU 3Be34

[P(r)—P(r+0r)]JAS = —
r

1dP__Gm(r)
o dr r
dm
— =4xr’
dr o
OTpuuaTernbHas

TernJ10eMKOCTb 3Be34bl
y=2e
3
£
Etot = Eint + Ugr = _Eint

HeBblpoXxgeHHaa 3Be3aa,
Tepss 3HEpPruto,

Gm(r)

PASOr

Gmdm

r

M
Ugr=—£

Teopema Bupuana:

M
" P

3 —a’m+Ugr=O M,

0 p Eint =
0

3(7/ _ 1)Ejint + Ugr =0
\YCToMqMBOCTb
MS
E_ =@4-3y)E,, _4=r j Edm
—1 5 Jo,

Kputnyeckoe
3HayeHne



[1noTHOCTL M, 3 :
(Po) =7 —=laeion p.=1502/cm
—R
3
TemnepaTypa P pkT s Teopems 3J-£dm:3j' kT :J'Gmdm > GM?
m, () 2, P m(u) v R
GM
(T)= Sm“<”>z2x1061< T, =15x10°K ~ lkeV

3
1. N'mapogmHamuyeckoe: R, ~ 1000(
/8P \/

2. TennoBoe;

3. AnepHoe:

6kR.

XapakTepHble BpeMeHa:

2 R L,
Gl ~2x10’ M, © 1em
M, ) R, L,

t
”’LLRL

E M *x0.007

[ ~ nuc core ~ 1010

"L L

S ) ©) S

Ms L@




t, <t, <t

Table 2.1: Stellar time scales

Object tn

The Sun 101y

Blue Supergiant
on the Main Sequence 5-10%y

M = 30Mg

Red Supergiant
(Betelgeuse) 2 months 1-107y
M = 20Mg

White Dwarf 0.8 s no nuclear
(Sirius B) burning




TepmosaaepHblie peakuun B 3Be3gax

) 1
/. /. e -~
_ _ S S ~ A3 /2%
4P
A kT lkeV  ~ 1 0—430 Yucno 6aproHoB MS MS 2x107e 1057 MS
~ € ~ € ~ B 3Be3qe: Nb = - o4
m, M, 1.6x107"2 M
\ClOJ'IH MPOTOHOB C 3HEpPruen, .
[OCTaTOYHOWN Ans peakuum =] paMKax KriiaCCn4eCcKkou CbVI3VIKVI

TepmMmodagepHblie peaKkunn B 3Be3gax

PelueHne — KBAHTOBO-MexaHn4yeckoe
TYHHEeNnMpoBaHue Yepes Gapbep,
I.A. Famos (1928 r.)

E = p _ ezzlzz U= Wity
2u v m, +m,
o eZZ, , h
: E P J2uE
aHeprus
P= |- Eg amoss 2 47272 22
=) === =@ =y=- ~ :27reZlZz,uzZ122A1A2MeV

¢ n’ A+ A4,

\ BEPOSITHOCTb MNPOHMKHOBEHUS Yepe3 Bapbep




acTpodm3ndeckmumn S-paktop
&~ \/?
S(E) % CKopocCTb peakuumn a+tb — ...
Gzﬂﬂ,sz(E)z(—)e “

E nn
\ Rab — ) <GV>
ceyeHne peakumu 1+,

YcpenHeHne no MakcBensioBCKOMy
pacnpegernieHmto:

(ov)~ [ exp[—\/% —%jdE

2/3
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[‘opeHue Bogopoaa B 3Be3aX:

P-P ueno4yka

'H+'H — ?D+eft +v
‘D+'H — SHe+ v

65%
R
3He + *He — ‘He + 2 'H ‘ 35%

He + “He — "Be + v

; 35% I 0.1%

Be +e” — Li+v "Be + 'H — B + v
i +'H — 21He B = 8Be* + et + v
8Be™ — 2 1He




Reaction

€,, MeV; X

'H(p,etv)*D
’D(p,7) *He
SHe(®He,2p) ‘He
SHe(*He, ) "Be
"Be(e™, v) "Li

"Li(p,"He) *He
"Be(p,7) °B
SB(etr)®Be*
$Be* — 21He

& = 0.26; €, max = 0.42
X(D)=27-10""

X (®He) =1.6-107°

X("Be) =1.2-107!

&, = 0.81

e, = 0.862(90%), 0.383(10%)
X("Li) =1.5-1071°

X(®B) =4-1072

€, = 7.3; €y max = 14.06

A'H =1 He + 2v

€, = 0.6




CneKTp CONMHEYHbIX HEMTPUHO

Gallium |Ch10rine ! SuperK’ SN—?

Bahcall-Pinsonneault 2004
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CNO - yukn

CNO — anemeHTbl
TOJIbKO KaTanusaTopbl!




Reaction Q |7 e, MeV; Y] =[C,N,O,F]
MeV | years
20(p,v) PN 1.94 | 3.6-10% | ['?C]=1.3-1072, [®N]=1-10""°
BN(etv)'3C 2.22 | 2.7-1075| &, = 0.71, €, max = 1.20
BC(p,7)"N 7.55 | 1.0-10% | ['*C]/["*C]=3.5, ['*C]=3.7-107*
UN(p,v)'°0 7.29 | 2.5-10* | ['*N]=0.935, ['°0]=2-10"10

50 (etr) 5N 2.76 | 5.6-107%| &, = 1.0, €, max = 1.74

5N (p,)'2C 4.97 10.93 ['°N]=3.5-10"°

4'H 5" He+2v | 26.73 | 2.2:10° | & = 1.7

0]=2.9-10 2, [TO]=0.019, ["F]=9-10 2, [*F|=7-10 2
[180]:10—5_10—8, [19F]:10—6_10_9

. 9pe
E_~pX:T , n=(4.6+3
w P 2 cex ( )

n c
Ecvo ~ PX , Xevol L, n=(22+18)
c ceK




KOHBEKTMBHAA 30Ha B 3Be34ax pas3HbIX Macc




Cxopn 3Be3abl C
[ naBHOM [locnegoBaTenbHOCTH
[‘opeHune renusa

@

3 — o peakuus
(pe3oHaHc!)

1He + "Hez— %Be — 92 keV

8Be + 'Hez=— '2C* — 0.29 MeV
0.0004

L20*% 312C + 7.65 MeV

0

T

y 0
WA/

IZC




[[opeHue apyrnx arneMeHToB
“C+*He— "“O+y, OQ=7.16MeV

T~8x10°K p~10*+10’2/cm’

(ONe+a, Q=4.6MeV
BNa+p, O=224MeV (n, p,a,y) Ha BEIXOZE!
PC+"C—> Mg ->{*Mg+y, O=133MeV
“Mg+n, O=-2.6MeV
N PNa+e +v,, O0=85MeV, T, =12cex

(Pt p, O=T7.7MeV
0+ %0 - 25" 1S +n, Q=1.5MeV T=2x10"K
Sita, 0=9.6MeV




0.5<M/M_<2.5

"opeHne Bogopoaa. KpacHbIv ruraHT,
cxatue sgpa, ropeHue H B croe,
pacTyliee He aapo, Bchbiwka renms
B BbIPOXOEHHbIX YCNOBUSX,

CO-WD, M ~ 0.5 Msun

25<M/M_ <8

Ha ctaguu KI' HeBbIpoXXaeHHoOe He
S0PO0, FOPEHNE renust, BblpOXKAEHHOE
CO agpo, TennoBasi HEyCTOMYMBOCTb,
cbpoc 060n04kKM, NnaHeTapHas
TymaHHocTb. CO-WD ¢ M ~ 0.6-0.7 Msun

8<M /M, <10+12

Nopenne O, Ne, Mg, nnaHeTapHas
TyMmaHHocTb. O-Ne-Mg WD ¢ maccomn
M ~ MCh ~ 1.2 Msun

10+12<M /M, <30+40

"opeHune oo “xenesHoro nuka”: Fe, Co,
Ni. Mcore ~ 1.5-2 Msun. Konnanc, SN!

40<M /M,

“Tvxun” konnanc? N'vnepHoBasa?
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[TnaHeTapHble TYMAHHOCTU BOKPYT
BenbliX KapriMkos

NGC 6543, Kowauyun rnas

NGC 3132
[1TnaHeTapHasd TyMaHHOCTb
B co3Be3aum lNapyca




Benblie kapnukn (crnpaska)

rpaBI/ITaLl,I/Iﬂ - 6apI/IOHbI, daBJIEHNE — BbIPOXAEHHbIE 3J1EKTPOHbI

1. HepenatuBucTckme 3neKTpoHbI

2
g _Pr _Grnn)

4

2m, 2m, , v
/3 TeopeMbl Bupuana: Lo ~NE, = m_YeEe

J u

~ 2
Eint Ugr . GM
gr R
2/3
GM*> MY Y M
~ ¢ | 377 —< — MR’® = const
R m,m, m, 41 R’
3

2 3\3
2. Penatusucrckue anektporbl £, = ppc = (37r n,h )3 c

1/3
M, =583V M,
GM*®> MYc o e M
R m, m, 4 3 9 h 1 3 o 3 =
3R M=M, = TﬂYezmu[ ’EC_ _ Yezmu ol mP,~126 1?0_234
mu mu m, =1.0x% 2

Paguyc BbinagaeT 13 popmynbl!



Knaccudukaumsa cBepxHOBbIX

Overwhelming majority of information on SNe comes from
observations of their spectra:
fluxes, colors, doppler shift and width of spectral lines

Spectrum shows

no
- H

<H

Sl ——— He m
é core-collapse SNe

thermonuclear SNe
Adapted from: F. Ropke (http://theor.jinr.ru/~ntaa/07/files/program.html)




KpuBble 6rnecka cBepxXHOBbIX

a factor of 100
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1 l | l 1 1 |

50 100 150 200 250 300 350 400
DAYS AFTER MAXIMUM LIGHT

Adapted from: F. Ropke (http://theor.jinr.ru/~ntaa/07/files/program.htmil)
A. Filippenko (Annu. Rev. Astron. Astrophys. 1997, 35, 309)




“JlykoBn4YHaa” CTpyKTypa 3Be3bl

MaccuBHas 3Be3fa Ha nocneaHen ctagum
CBOE 3BOMOLUK Nnepes Konnarcom

CKopoOCTb CXuUraHus
3N1eMEeHTOB 3Be340u B

15 Msun
ropexmne 10 MNH. neT
Bogopoaa
roperne 1 MINH. neT
renusa '
ropenme 300 net
yrrnepoga
ropeHue 200 gHeit
Knucnopoaa
ropeHue 5

KPEMHUS
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OBpar HeyCTOM4YMBOCTM U TPEK Komnnarnca

Oln P
7/:
dlnp )¢,

0 =30/26




YpaBHeHUue CoOCTosAHUA

B ycnoBuax NSE

56FC )

Nuclides taken into account

Z A T N. | =z A L N,
He 2 4 0 15 Fe 26 52,53,54 0,3.5,0 20, 21, 50
C 6 12 0 55 55,56,57 1.5,0,0.5 42, 111,65
26 p + 30 n EEEEET 0 75 58,59,60 0,150 66, 40, 24
Ne 10 20 0 131 61,62 15,0 4 10
Mg12 24 0 94 Co27 555657 3.5 4,35 72 26, 94
Si 14 28 0 188 58,59,60 2,355 92 73, 105
T _ _ 9 S 16 32 0 25 61,62,63 3.5,2,35 29, 15,6
p Ar 18 36 0 33 64,65 1,35 8 1
Ca 20 40,41,42 0,3.50 98, 28, 107 | Ni 28 56,57,58 0,1.5,0 22,2, 30
43,4445 3.5,0,35 73,7141 59,60,61 1.5,0,1.5 68, 82,76
46,4?,48* 0,350 46, 15, 10 62,63,64 0,0.5,0 67, 12, 64
Sc 21 43,44,45 3.5, 2, 3.5 66, 56, 8 65,66 25,0 10, 20
46,4748  4,35,6  96,41,46 | Cu20 61,62,63 1.5 0,15 58, 65, 80
49 3.5 1 64,65,66 1, 1.5, 1 90, 19, 18
Ti 22 444546 0,35 0 26, 24, 104 676869 1.5,1,15 23,6
47,48,49 25,0,35 66,218 35| Zn30 64,6566 0,250 101,15, 98
50,51 0,15 39, 13 67,6860 2.5, 0,05 29, 50,27
V 23 47,4849 154,35 21,52, 79 70 0 22
50*,51,52 6, 3.5,3 65, 109, 30 | Ga3l 69,71 1.5, 1.5 17, 15
53 3.5 22 Ged2 70,71,72 0,0.5,0 115, 58, 112
Cr 24 48,49,50 0,2.5,0 17,11, 79 73,7475 4.5,0,0.5 8§, 137,49
51,52,63 3.5,0,1.5 100, 86, 65 76* 0 68
54.,55,56 0,1.5,0 61, 31, 21 As 33 71,75 2.5, 1.5 24, 58
57 1.5 1 Se 34 74,76,78 0,0,0 56, 91, 95
Mn25 51,5253  2.5,6,3.5 44,41,65 80,82*83 0,0,4.5 53,18, 10
54,5556  3,2.5,3 52 90,78 848586 0,250 20,1, 1
57,5859 251,15 33,172 87,8880  2.5.0,2.5 1,1,1
Br 35 79,81 15,15 53,42
Kr36 78,80,82 0,0,0 53, 23, 28
83,8486 4.5,0,0 24, 31, 7

_ 3/2
YA,Z =0, 1,

kT

m 0
Wexp{(A—Z)y/n +2y, + A’Z}

T

* Stable nuclides are in bold. Formally, the isotopes 43Ca, 50V,
"6Ge, and %2Se are unstable. Their half-decay lives are 5.1x 10y, 1.5x10'7y,
1.09x10%'y, and 1.21 x102%y, respectively.
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Schematic Supernova «light curves»

1
neutrinos Kinetic energy

Evtot ~ (3—5)-10%erg (0.5-2)-10"erg

Aty; ~ 20 sec Radiated energy

Time for SW 10" =10 erg
to propagate
through the progenitor

Shock Breakout s s .
UV — pulse < 10* erg Co—" Fe+e +V,+y

/At ~ 100s—1h

*Ni—>* Co+e" +v,+y

Cooling—and—recombination
SNla uvoir+X+vy wave

SNIIP

/

. . NO .
.~ Co decay -

| | |
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time (days)



[TlponcxoxaeHue a1eMeEHTOB 3a YKeNe3HbIM™ MUKOM:

MenaneHHbIN NpoLecc 3axBaTta HEUTPOHOB (N,Y)

(n,y) 00 padvoakTMBHOIO fapa, 3ateM [B-pacnaj
MecTo: 0605104KM KpacHbIX rMraHToB, t~1000 net

1. s-npouecc (slow) T,B <7

Uﬂﬂ, NPOWU3BONbHBIE 80MHWLBI

NOTOK HENTPOHOB

rd

dn,,
== 1, (nA—l,ZGA—l,Z Ny 70,47 ),

dt

dnA,Z

dt

~0 — Ny 1704072 =M470,47

S-npouecc naeT BAoNb A0NUHbI cTabunbHoctn N~Z
ObpasoBaHue anemeHToB BNoTb Ao Z=82 (Pb), Z=83 (Bi)

BbICcTpbIN NpoLecc 3axeaTa HENTPOHOB MpwU
(n,7) KaTacTpodpUyeCcKnx ABNeHUsIX: B3PbiBbl CBEPXHOBBLIX,
’ CNUSIHNE HEUTPOHHbIX 3BE34, ...7

2. r-npoLiecc (rapid) Tﬂ >T
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Low Mass

Identification of the r-process ( Prompt Expl.)

Helium Shells sites remains a major challenge.
SNe Il
of SNe Il

Relative log ¢
1 |

v= Driven Winds

Neutron Star- SNe Il

Neutron Star
Collisions

50 60 70
Atomic Number

Nuclear structure
Masses and rates
fission barriers




