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WD: M ~0.6 My, M<8 Mg,y
R~ 5000 km,

muxuu cé6poc 060s104KU,
obpasoeaHue 6enozo kapnuka (WD)

p~10° g/em’ i, b
o

M=(8—25 ) M,

83pbie ceepxXHoOB8OU
obpa3oeaHue HeUmpPOHHOU NS
38e30bI

i, b
3Be3aa-ruraHT > NS
b

BH

NS: M ~14Mg,,

R~10km, KI\
p~10"° g/em’ > BH

. M>25 M, - 3
BH: R=2GM /c*~ I ) T WD, NS, BH = 38e30Hoe
3M /Mg, km ObIpy (BH) Kknadbuuwie

Cxema u3 JI. I'. SIkoBneB, “SnepHoe ropeHre B CBEPXILJIOTHOM BEIIECTBE”




Macca 100+150 M
Pagnyc 240 R
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The Disappearance of the Red Supergiant Progenitor
of Supernova 2008bk

Seppo Mattila,""** Stephen Smartt,® Justyn Maund,*® Stefano Benetti,’
Mattias Ergon’

Type IIP SN 2008bk
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CTpenka Ha NeBOM Kajpe — NpeacBepxHOBas.
JTo ronyboii ceepxruraHt Cangynuk-69 202.

PucyHok cnpaBa — cBepxHOBas BCKOpe MocJjie B3pbiBa, NPU KOTOPOM
ceeTUMOCTb Bbipocsaa B 100 MmnnanoHor pas.




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 spectral lines

Spectrum shows

no
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é core- coIIapse SNe

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




MexaHn3MbI B3pbIBa CBEPXHOBBIX
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“ore-Collapse Supernovae Gravitational InStabllit\/ Core bounce at
Reflections and Directions of stellar core nuclear denSity

Bernhard MiiLLER', and Martin OBERGAULINGER?

Shock
wave

Proto-neutron star

Shock stagnation

Accretion

Neutrino-convective
mechanism of
supernova explosion

Shock
wave

Proto-nautron star

Explosion Explosion and
_hucleosynthesis

Neutrino-
Proto-neutron star driven “wind”



Core-Collapse Supernovae

—— Reflections and Directions

-D simulations:

Florian HANKE!, Lorenz HiiDEPOHL!, Andreas MAREK!,
. . - )
Bernhard MULLER", and Martin OBERGAULINGER*




The mechanism of the collapsed-core SN
1s still under detailed study
An empirical theorem: spherically-symmetrical models do
not result in expulsion of envelope; the SN outburst does not
occur: the envelope falls back on the collapsed core. One has

to go in 2- and, perhaps, 3-dimensional models to convert
the stalled accreting shock into an outgoing blast wave.

® [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 (SRI, Keldysh IPM, Moscow)

® Massive fast-rotating collapsed core followed by rotational
fission resulting in formation of a close neutron-star binary that
evolves being driven by the emission of gravitational waves and
mass-exchange and ends with the explosion of a low-mass neutron
star (M~0.1M@). V.S. Imshennik (Alikhanov ITEP, Moscow)




MAGNETOROTATIONAL CORE-COLLAPSE SUPERNOVAE IN THREE DIMENSIONS

AsTA', SHERWOOD RICHERS', CHRISTIAN D. OTT"2*, ROLAND HAAS', ANTHONY L. PIRO', KRISTEN BOYDSTUN',

ERNAZAR ABDIKAMALOV', CHRISTIAN REISSWIG'™*, AND ERIK SCHNETTER>*?
Draft version March 6, 2014.

t—t,=67.8ms t—t,=120.0ms
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[k; baryon™] |
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Octant symmetry

Figure 4. Volume renderings of entropy and /3 atf—f, = 161 ms. The z-axis is the spin axis of the protoneutron star and how 1600km on a side. The colormap

hosen such that blue corresponds baryon™", cyan to s = 4.8k; baryon" indicating the shock surfa K on!, yellow

and red to higher entropy material at s = 10k, baryon™". For 8 we choose yellow to correspond tc r . and blue to

/ ly dominated material at | 1 (yellow) is expelled from the protoneutron star and twisted in highly asymmetric tubes that drive the secular
expansion of the polar lobes.
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Schematic Supernova «light curves»
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benbie KapJIMKU U CBEPXHOBELIE |a




TepMosinepHbIe CBEPXHOBBIE

TypbyneHTHOE ropeHue

CBepxHoBble la — “MTHOBEHHOE” TpOTrOpaHue OeyIoro
KapJInKa B IBOWHOW 3BE3THOM CUCTEME

3a BpemMeHa ~ 1 cexk mams, Oerymiee 1o 3Be3JIe,
yCIIEBAET MPOUTU CTAAUUA HEYCTOMUYUBOCTU U MEPEUTH K
Pa3BUTON TypOYJIEHTHOCTH

PTJI HEyCTOWYMBOCTH IJIaMEHU




Dusznka KOMIIAKTHBIX OOBEKTOB
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MNeutron Star

oty Kindaroomy.com




Composition of a Neutron Star

qtuark-hybrid traditional neutron star
star

2 apreron neutron star with

pion condensate

absolutely stable
strange quark
matter

uldl|s
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strange star
nucleon star
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['amma-Bemiecku (GRB)




Gamma-Ray Bursts
2704 BATSE Gamma-Ray Bursts

S U
107 10°® 107° 10*

Fluence, 50-300 keV (ergs cm™)

GRB (ramma-BCIuIeCKH): BCIBIIIKH ¢ JHEPruei 0T HECKOJIbKHUX AeCATKOB K3B 10 M3B (uHorna n
0oJtee :xecTKHE). BenbIIKU JJISITCA 0T HECKOJIBKHX /10J1€il CEKYH/I 10 MUHYT, 2 HHOTIa M YaCOB.

KopoTrkue raMmmMa-BCILUIeCKH _(MeHbIIIE 2 CeK) — CJIMsIHMEe HEMTPOHHBIX 3BE3/1.
JnvuHHbIe — I'unepHoBa.




Gamma-Ray Bursts

Two models—merging Neutron Stars or a “Hypernova” —
have been proposed as the source of Gamma-Ray Bursts (“GRB’s”):

Coalescence
and merger

Neutron star
binary system

High-temperature
accretion disk

(a) Merging stars

\
-

\

Accretion disk
restarts supernova

Supernova
(case b only)

Supernova stalls and

Collapsing star black hole forms

(b) Hypernova



b 8  S. Bernuzzi et al.
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A0 20 0 an 40 Figure 4. 3D volume rendering of the rest mass density p in g cm™? expressed in logarithmic scale for the BLh models. Each column represer
r [km| time inside the simulation: merger time (left). early postmerger (~ 2ms, middle) and later stages (~ 10ms, right). In each row we show a differc

Gg=Ma/Mp: g = 1.8(top). g = 1.67 (middle) and ¢ = 1.0 (bottom). The BH apparent horizon is shown as a bright green isosurface of the |
v = (XpH-

Figure 3. Snapshots of premerger dynamics for BLh ¢ = 1.8 (top) and

g = 1.0 (bottom) simulations. Shown is the rest-mass density in the orbital S B CI’I]U.Z Zi et al
(] L] ,

lane at ~9 ms corresponding to the third orbit from the beginning of the
simulations and 2 orbits to the moment of merger. The companion in the .
g = 1.8 BNS is tidally disrupted and a significant accretion onto the pri- arXIV : 2003 . 060 1 SV 1
mary is taking place. Accretion starts approximately after one orbits from
e beginning of the simulations.




Two NS at distance 30 km

100 - t = 0.0 ms
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Two NS at distance 30 km
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M. Ruiz, A. Tsokaros, S. L. Shapiro
arXiv:2001.09153v1

A MAGNETAR ENGINE FOR SHORT GRBs AND KILONOVAE

2M
M

[N UM = 2276 % yM=219

26M = 26M

t/M = 3705 . t/M = 3713
0.5¢ 0.5¢

P. Mosta, D. Radice, R. Haas,
E. Schnetter, S. Bernuzzi
AplJL, 901, L37 (2020)
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PacripoCcTpaHEHHOCTh XUMHUYECKHUX 3JIEMEHTOB
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AcTpodHn3NyeCKNin HYKJIEOCUHTE3: B3DPbIBHOW HYK/TEOCUHTES;
HYK/1EOCMHTE3 N04 AENCTBUEM HEUTPOHOB;

R-npoLecc - 06beKTbl U CLleHapuW; NPOAC/IKUTENBHOCTL U
OKOHYaHue r-npouecca, 3apoabllleBble 84pa, WUCTOUYHWUK HENTPOHOB;

ObnacTb NpoTeKaHma r-npoLecca.
Mofeslb HYK/1IeOCUHTe3a;

PacnpocTpaHeHHOCTb TA)XKeJ1blX 2J/IeMeHTOB: PAaCY€eThl U

HabntoaeHUs;

fipepHblie AaHHble; CKOPOCTU peakumii; Macchl 1 6apbepbl AeneHuns;

BEPOATHOCTU 3ana3abiBaOWMX NpPOLECCOB,
HYKNEOCUHTES B CLEHAPUAX IBOHOLUN TECHBIX [ABOWVHbIX CUCTEM.

HYKNIEOCUHTE3 B TpaHCcypaHoBou obnactn n CTo.
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Very radioactive isotopes; nothing left from stars

exploding massive stars
exploding white dwarfs

cosmic ray fission

merging neutron stars?
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Astronomical Image Credits:

ESA/NASA/AASNova

Graphic created by Jennifer Johnson

http://www.astronomy.ohio-state.edu/~jaj/nucleo/




Cnacu6o 3a BHUMaHue!

Caption: Artist’s concept of the explosive collision of two neutron stars. [llustration by Robin Dienel courtesy of the Carnegie
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