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Table 10.1: Some integral properties of the cosmic mixture

Mass fraction of

Hydrogen X = 0.707

Helium Y = 0.274

Metals Z = 0.019

CNOF-isotopes Xexop = 0.0137  =0.7267

a-nuclides (*Ne—*°Ca) X, =3.30-10° =0.175Z

Tron-56 Xg = 1.16-1073 =0.0627

Iron-group (Ti—Fe—Cu) Xre = 1381073 =0.073Z

Heavies (beyond Iron-group) X, = 2.9-107°

Pure r-nuclides X, = 5.5-1078

Pure s-nuclides X, =40.10"° M_ =2x1032
p-nuclides X, =39-10° e

Metals: I% =X 1dOCM = 1O(RD

Mean atomic number 8.409 3
Mean atomic mass number 16.94 I_O =~ 3.8% 1(? epe

Mean molecular weight of
the whole mixture 0.6176

Mean molecular weight
per electron 1.179

Normalizing constant = 2.515-10~1
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L <1, <1,

Table 2.1: Stellar time scales

Object

The Sun

Blue Supergiant
on the Main Sequence 5-10%y

M = 30Mg

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

White Dwart 0.8 s no nuclear
(Sirius B) burning
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OBOSOUNSA 3BE3 pa3HbIix Macc Ha [-P gnarpamme (l.1ben)

0.5 M /Mo < 2.t -10.0
"opeHne Bogopoaa. KpacHbIW ruraHT, 30—C F—
cxaTue sapa, ropenune H B crioe, .. ;B;;“
pacTyllee He 5apo, BCMbILLKA renus 5 L }4;,_,0; C+C  caepxt 5
B BbIPOXOEHHBIX YCIOBUSX, 25Me S - o
CO-WD, M ~ 0.5 Msun B \
B
25<M IM, <8 ‘T B 5.0
e e s S = E— S —— —
Ha ctaguu KI' HeBbipOoXXaeHHOe He 30—C
PO, FOPEHNE renus, BblpOXOEHHOE =
CO siapo, TennoBasi HEYCTONYNBOCTb, S 3F /4p—m: 25
cbpoc 060noYkK, NnaHeTapHas a _
TyMaHHOGCTb. CO-WD ¢ M ~ 0.6-0.7 Msun | IS Mo achivmT. BeTB 3
— CBEPXTHTAHTOB ~» =
8<M /M_ <10+ 12 2 r TOPH3OHTATEHAS BETBE .-:}' 0.0
lopeHune O, Ne, Mg, nnaHeTapHas 5 /w ‘;\ é"
y BC3/Ab o—
TymaHHocTb. O-Ne-Mg WD ¢ maccou 1 L T
M ~ MCh ~ 1.2 Msun 25
10+12<M /M, < 30+ AC 5 @0‘% 4p—o
o)
"opeHne go “xenesHoro nuka”: Fe, Co, 0 %ﬁg ) 5.0
Ni. Mcore ~ 1.5-2 Msun. Kosinanc, SN! "’e% 1Mo

4OSM /M(D _1 L L 1 1 1 L L 1 1 1 1 1 [ [

5 4.6 4.4 4.2 4.0 3.8 3.6 3.4
Log Te




[TnaHeTapHbIE TYMAHHOCTU BOKPYT
B6enbix KapnKkoB

NGC 6543, Kowaynn rnas

NGC 3132
[TnaHeTapHasa TyMaHHOCTb
B co3Be3auu Napyca




M<8 Mgy
muxuti c6poc 060s104KuU,
obpasoeaHue 6esozo kapnuka (WD)

M=(8—25 ) Mgy

83pbie ceepxHoeoU
obpa3zoeaHue HeUmpPOHHOU NS
38e30bI

3Be3fa-ruraHr > NS

NS: M ~14M,,
R~10km, KI\
,(_)"'1015 g/cm3 > BH

M>25 Mg, .
KoJsinarc e YepHyo WD, NS, BH = 3ee3dHoe
Obipy (BH) Knadbuuwe

Cxema u3 [I. I'. fAxoBnes, “SnepHoe ropeHrE B CBEPXIUIOTHOM BEIIECTBE”




SN1054 KpaboBuiHas TyMaHI;IOéTb
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Supernova 1994D in
Galaxy NGC 4526  HE)




The Disappearance of the Red Supergiant Progenitor
of Supernova 2008bk

2% Q Q 3 <t ~d 49 Qtafaq Aoty O
12+ Stephen Smartt,® Justyn Maund,*® Stefano Benetti,"

1

Seppo Mattila,
Mattias Ergon

Type IIP SN 2008bk




Properties of supernovae
and their classification

Overwhelming majority of information on SNe comes from
observations of their spectra:
fluxes, colors, doppler shift and width of spectia¢s

Spectrum shows

0 ——0
<K H
Sl —1° , He

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




Light curves of supernovae

a factor of 100
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Adapted from: F. ROpke (http://theor.jinr.ru/~ntaa/07/files/program.html)
A. Filippenko (Annu. Rev. Astron. Astrophys. 1997, 35, 309)




MaccuBHas 3Be€3/1a Ha MOCJIEAHEN CTaAuu
CBOEH DBOJIIOLIMHA TIEPE] KOJUIAIICOM
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Explosion Mechanisms of Core-Collapse Supernovae

Hans-Thomas Janka

10

log T, [K]

“NL="N="Ns0

| | | | |
2 4 6 8 10
log p. [g/cm’]




14N

12C

455 6 10
' m/ Mo
Figure 5.6: Composition versus current mass m for a 15 M, presuper-
nova star just before its iron core collapse shown as the mass fractions
X of various nuclear species. The curve labeled by “Fe” includes all
nuclides of mass numbers 48 < A < 65 having a neutron excess greater
than %Fe (such as *8Ti, 51V, %2Cr, 575 Fe, %9Co, 52Ni, %3Cu, and several
other species). Note a scale break at 4.5 M . Adapted from [32]
From Woosley & Weaver An.Rev. Astron. Astrophys. v24, p. 205 (1986)
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Neutrino reaction

e +p=2n+ ve

T4+ nZ2p+ e
T+ (A Z)= (A Z — 1)+ ve
1/—|—N_>1/’—|—N
v+ (A, Z) v + (A, Z)
1/+e 1/4—6i
—|—<—3+ ey
N+N:N+N+u+z7




The properties of the Neutrino flux

Cumulative neutrino “light” curve (based on Nadyozhin 1978)

= I—V(t)/Evtot

Nonthermal
Ve Sy:Ev(t)/Eutot

Eptor=(3-5)x10%erg -

Therma :
7% :
/ ,=0.0375%exp(—t/22.1s) -

i

11 13 15 17 19
t sec




t=-12ms,<E>=123 MeV | ; R E<I0MeV
. —e— 10 <E <20 MeV

—A—20<E <30MeV ||
—v—30 <E <40 MeV ||
—p— Total

t=1.35 ms, <EV> = 14.1 MeV

lg(L/1 0>’ erg/(MeVsec))

0 10 20 30 40 350 =r====n
E -0.010 -0.005 0.000 0.005 0.010 0.015
v t (sec)
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Neutrino spectra for thermal phase
Energy spectra.

FermtDirac law:
3
E

4

5, = ; ,
1+ ex — =y,
F{ KT, o p“j

Wyon=0) .

High-energy cutoff

(relevant to Vg, Ve): =
- - T, =4 MeV for Vg,Vq

2 .
j T,on =8 MeV for Vi Vr

£ exp —a(
: 1 (@=0.0- 0.04

S ~
1+ ex;{ £ j
kTVph

KT,




Schematic Supernovadight curves»
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|
neutrinos Kinetic energy

Evtot ~ (3—5)-10%%rg (0.5—2)10%erg
At,; ~ 20 sec

(o
N

Radiated energy

Time for SW 10" =10 erg
to propagate
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Core-collapse SNl other Types but 1a)

The SN outburst is triggered by the gravitationalcollapse of
the “iron” core of a mass Mge=(1.2-2) M@ Into a neutron star.

About (10-15)% MgC? is radiated in the form of neutrinos
and antineutrinos of all the flavors(e, , T1):

E, ;= (3-95)x 10%erg

The explosion energy (kinetic energy of the envelepexpansion):

Eexp = (0.5-2)x10erg

It comes from the shock wave created at the boundgaibetween
a newborn neutron star and the envelope to be expelled.
311
Eeo/E )y ~3%10° 1!

Rich nucleosynthesis — from neutrino-induced creation of light element
In C-O and He shells through synthesis of heavy nuclides
by neutron capture at the bottom of expelled envelope




The mechanismof the core-collapse SNe

IS still under detailed study

Sphericallysymmetrical collapse.

An empirical theorem:
Sphericallysymmetrical models do not result n
expulsion of an envelope;

the SN outburst does not occur:

the envelope falls back on the collapsed core.

Corollary:

One has to address to 2- and, per
3-dimensional models to convert t
accreting shock into an outgoing

naps,
ne stalled

nlast wave.




Multi-dimensional collapse.

® [arge-scale neutrino-driven convection
A. Burrows’ group (Arisona); E. Miller, T. Janka (MPA, Garching)

e Interaction between rotation and magnetic field
G.S. Bisnovatyi-Kogan’s group (ICR, Keldysh IPM, Mosgg

® Massive fast-rotating collapsed core followed by rotadio
fission resulting in formation of a close neutron-sigrary that
evolves being driven by the emission of gravitational esaand
mass-exchange and ends with the explosion of an@ass neutron

star (M=0.1Mg). V.S. Imshennik (Alikhanov ITEP, Moscgw
First collapser Rotational fissior — Neutron-star binary evoluticn

energetidVe; LSD signal 4.7 hour
— Low-mass neutron star explosion + second collapse

VV of all flavours; IMB, Kamioka, Baksan signals; SN ot&tur

V.S. BEREZINSKY et al Nuovo Cimento, v11, p. 287, (1988).




3aragka SN1987A




CeepxHoBas 1987A




HIP 700000

Ilecounnbie Yackl

He2-104

n Carinae : bymepanr




SN «visible» debris
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Circumstellar Ring

SN 1987A 16yearsold (HST Nov. 28, 2003)
Interaction of shockavewith the circumstellaming




bespain, 23, 1987

l 3 5 T 9 11
| | | | | |
Onrrueckue Hab10 16 HH A yac, UT

l i, = | 2™ my = 6" I

Geograv | 2:52:354
2:52:36.8 T:36:00
- 5 2 A 2

[SD " " ugs g 19
K1l 7 2:52:34 12 Fa33:3

(4) 4 44 i 47

: 1354l Vi (4. Z] 2% M Z 4 T),
IMB 1 4
AL, Vot (A, Z) > v.4+ (4. Z) .
BUST |  2:52:34 6 /:36:06 AZ) Vet (AZ,
I = 21 ;
M

§

E.=E;—13 M5B,

n+p—d+vi(2,2 MaB)

O.I. Paxckaa, YOH 176,Nel10, 2006

Fe (10 cm)




Rotational breakup —
neutron star explosion scenario

Imshennik, Sov. Astron. Lettl8, 194 (1992)

Side view View from above 5h later
SN1987A bursts  €XPlodes when

@ M,=01M,
T | .

—— >

Fragmentation intoa It takes ~5h for the
close binary system _ gravitational waves -
v, (LSD) * 4 : _; to carry away the v,V (KII, IMB)

angular momentum U,

i
[
I
L]
n
1
[l
(]
L]
*
L

-~ -
Trmmmm=”

Ml increases ]‘42 decreases

The rotational energy of the collapsing The binary components begin to approach Less massive component fills its Roche lobe.
core E_, reaches the limit of stability with each other due to the loss of total angular There begins a rapid mass transfer from the
respect to fragmentation: E../|[E > 0.27 momentum and kinetic energy of orbital component M, to the component M,. Low-mass
(E, is the core gravitational energy) motion through the radiation of gravitational NS explodes when its mass decreases to the

waves. minimum possible mass of a NS.

Mopenn*
IMapamerpsl
H Pe3yJILTATEL

M/m

Vpos 10* kM ™!

Eoxp, 10! Ipr

Vot 10% kmc!
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Fast Facts for RX J0822-4300 in Puppis A:
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uitar nebula




Runaway pulsar by Chandra
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Crab nebula and pulsar

Shock front

) 1 light-year ,




Neutron Star

L o o,
s

oty Kindaroomycom




quark-hybrid
star

hyperon
star

liy

X A

absolutely stable
strange quark
matter

ujdl|s
“ij
m
s

strange star

traditional neutron star

neutron star with
pion condensate

nucleon star




Neutron star, quark star or hybrid?




Ordinary Phase Transition

Phase coexistence
conditions:

{F’. (0, T)=PR (9,,T)
(o, T)=1,(p,,T)
P =xp, +1=x)p,

VI

/Y:V’ Y, :VI +V” It ' liquid+vapour




Maxwellian-type phase transition causes
a density jump inside the star

A :&:

C

PN

W.H. Ramsey, MNRAS 110 (1950) 325
M.J. Lighthill, MNRAS 110 (1950) 339
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Signals of the QCD Phase Transition in Core-Collapse Supernovae

L Sagert,l T. Fischer,3 M. Hempel,1 G. Pagliara,2 J. Schaffner—Bielich,2 A. Mezzacappa,4
F.-K. Thielemann,’ and M. Liebendérfer’®
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Sterile neutrino-enhanced supernova explosions

Jun Hidaka™ and George M. Fuller’
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FIG. 7. Resonance energy (left) and radius parameter r (right)
in the in-falling, prebounce core are shown back-to-back as
functions of density p (vertical axes). An example given reso-
nance energy E,.. corresponds to two locations, r; and r», and /
two corresponding densities, p; and ps. 14
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FIG. 8. High energy ».’s could be converted to sterile neutri-
nos deep in the core and then regenerated as », further out.
nearer the neutrino sphere (edge of core).
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Table 5.1: Major nuclear burning stages for 15 M, and 25 My, stars
(Adapted from [33])*

Burning T, Pe L,; L Toft Rph Time
Stage (K) (g/cm®) (erg/s) (erg/s) (K) (Re) Scale

Hydrogen 3.4(7) 5. 53(36) 8.1(37) 3.26(4) 4.6(0) 1.2(7)y
3.7(7) 3. 2.0(37) 3.1(38) 3.98(4) 6.0(0) 7.3(6)y
Helium  1.6(8) 1. 3.9(33) 23(38) 159(4) 3.2(1) 13(6)y
1.8(8) 6. 7.3(34) 9.5(38) 158(4) 6.8(1) 6.7(5)y
Carbon  6.2(8) 1. 3.4(38) 3.3(38) 4.26(3) 5.3(2) 6.3(3)y
72(8) 6. 1.0(40) 1.2(39) 4.36(3) 9.6(2) 1.6(2)y

Neon 1.3(9) 1. 6.7(41) 3.7(38) 4.28(3) 5.6(2) 7.0(0)y
1.4(9) 3. 78(42) 12(39) 436(3) 9.6(2) 1.2(0)y

Oxygen 1.9(9) 9. 7.9(42) 3.7(38) 4.28(3) 5.6(2) 1.7(0)y
18(9) 1. 23(43) 1.2(39) 4.36(3) 9.6(2) 0.5(0)y

Silicon  3.1(9) 2. 34(44) 3.7(38) 4.28(3) 5.6(2) 6.0(0)d
3.4(9) 1. 3.8(45) 1.2(39) 4.36(3) 9.6(2) 1.4(0)d

)
Collapse  8.3(9) 6. 6.8(48) 3.7(38) 4.28(3) 5.6(2) 0.30s
8.3(9) 3. 8.1(48) 1.2(39) 4.36(3) 9.6(2) 0.35s

*Notation: 3.4 (7)=3.4-107 etc.

Weaver, Zimmerman, Woosley ApJ v. 225, p. 1021 (1978)
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Vg+V, signal from pre—supernova @ 5 kpc
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Ve+V, signal from Betelgeuse @ 0.2 kpc
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