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CBEPXHOBbDIE

XM3Hb MOCCHBHOM 3BE3AbI 3AKAHYMBAETCS
KOAOCCOAbHbIM B3[ObIBOM — CBEOXHOBOM.
TAkK>Ke B3PbIBATLCS MOTYT OEAbIE KAPAMKM,
€CAM OHM CTOAM CAMLLIKOM TSIXKEABIMM.

Ha KopoTKoe BpeMs 3BE3AAQ CTAHOBUTCH
apYe LLeAOM TAAQKTMKM!

CM. ceexume nybAnkaumm 1 ob63opsbl B
http://xray.sai.msu.ru/~polar/sci_rev/sn.html




http://astronomy.swin.edu.au/cosmos/S/Supernova+Classification
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SOHEPITETMKA

Kak YHOCUTCS 2Heprusa:
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KnuHetmnyeckas aHeprma ~10°! spr.
BbICBEYMBAETCA SHEPTIUA

QOAMOCIKTMBHOFO PACNAAC HMKG/\SI-56./ BbicBeumBaetcs ~104-0 3pr.

HewntpuHo KuHeTnieckas M3Ay4eHme
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HentpuHo yHocaTt ~10°3 3pr.
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30TEM — PACNAA HUKEAA-56 U

wo60/\bm—56. //

3 GM2. My \>/ Ry \ !
Ey ~ Eg = "5m3.6><1053( — ) ( = ) erg.

S R [5M; ) \ 10km

//

AONOAHUTEAbHbBIE MCTOYHUKM:

- BpaLueHme 4yepHOM AbIPbI;
- BpaLueHme HEMTPOHHOM 3BE3AbI;
- CTOAKHOBEHME ODOAOYEK.



http://hyperphysics.phy-astr.gsu.edu/hbase/Astro/snovcn.html
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BLUE MAGNITUDE

SN I1987A

0O 50 I00 150 200 250 300 350 400
DAYS AFTER MAXIMUM LIGHT

Figure 3 Schematic light curves for SNe of Types Ia, Ib, II-L, II-P, and SN 1987A. The curve
for SNe Ib includes 5Ne Ic as well, and represents an average. For SNe II-L, SNe 1979C and
1980K are used, but these might be unusually luminous.

Figure Credit. Wheeler, J. C., & Harkness, R. P. 1990, RPPh, 53, 1467
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KPMBASA BAECKA CBEPXHOBOMU
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CBEPXHOBbLIE C BOAbLLLIOM CBETMMOCTBIO
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http://arxiv.org/abs/1812.01428
http://arxiv.org/abs/1803.01875
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B3PbIB SN |A

AOCTUTHYB KPUTMHECKOM MACCHI,
CO OeAble KAPAMKM B3PbIBAIOTCS
(TepmosaepHoOe ropeHmne
YIAEPOAQ U KUCAOPOAQ).

OTO TEPMOFAEPHbLIM B3PbIB,
MOAHOCTbIO PA3PYLUAIOLLMM OObEKT.

HabAloAEHMS MMEHHO TAKMX CBEPXHOBBIX
NPUBEAM K OTKOBITUIO TEMHOM SHEPTUM.

OHM TAOKXKE OYEHb BOXKHbI AAS
CUHTE3Q MHOTUX TIXKEABIX DAEMEHTOB.

Cm. 0630p B arXiv: 1805.07268.

(Roepke et al.)



B3PbIB CBEPXHOBOW TUMA IA

Thermonuclear Supernova
Explosion

model f1

(c) Friedrich Ropke, MPA, 2004

B3pbIB MPOOMCXOAMT, ECAM B OEAOM KAPAUKE
HOYUMHAETCH HEYCTOMYMBOE TEPMOSAEPHOE
rOPEHME YIAEPOAQ.

Macca 6eA0ro KAPAMKA MOXET AOCTUYb
NPEeAEAd MAU B PE3YABTATE AKKPELLMM,
MAU B PE3YABTATE CAMSAHMSA ABYX KOPAMKOB.
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CTPYKTYPA 3BE3AbI NMEPEA KOAAATICOM

Onion-shell structure of pre-collapse star  Paauyc xeaesHoro sapa

~3000 Km.
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2001.06020 — npoBAeMa HA YPOBHE 2-CUTMQ;
2001.07216 — npobAeEMA OCTOETCH

log(L,.../Ls), expected

5_6 [ H T T T T T T

54

52

50}

- 4A .oE
o 95%

48 B 99.7%

10 20 40 8l
Sample Size

1 PelueHwumsd:
* N3MeHeHMs B 3BE3AHOM DBOAIOLLMM
(HOCTb MOCCMUBHbIX 3BE3A B3PbIBAIOTCS
HE KAOK KPACHbIE CBEPXIMIAHTbI)
OLLUMbKM B ONpeEAEAEHUM CBETUMOCTU
o CTAmMCTUKA (CM. PUCYHOK)

« Het CH aAd M>M,

74

Model M(L)y M/Ms  Mp/Mg

Smartt (2015) ET04 0590 165733
Davies & Beasor (2018) ET04  7.577 19.01795
Davies ET04 749702  19.051322

. ary+0.18 F4.04
Bayes ET04 6.30')5, 19.01750%
Smartt (2015) S18 10.0792 185150
Davies S18 3.:—13T§-_§§ 21 _:mﬁ-_‘;fj
Bayes s18  voetypl  21.281002
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KTO KAK B3PbIBAETCA M HTO AAET?

solar metallicity (s2015+s2014+s2007)

IE']I.EH:!‘[hmm_| || | |

~* solar metallicity (u2002)

. &_
Explosion & NS

primordial metulllcnt 22611 — Explosion & BH

— Implosion & BH
29'6&-MG‘||||||| ||||I|| ||||||| || || ||||| I | ‘ ‘ /
10 1D{} 120
IAMS Mnss [M,]
He CToUT NPUHUMATL 3TOT PE3YALTAT, KOK OKOHYOTEABHYIO MCTUHY.

Kpome Toro, TyT HE OTMEYEH CAYHOM B3PbIBA C MOAHbBIM PA3AETOM
(TepMOSAEPHbIN B3PbIB KUCAOPOAHOIO SAPA MACCHKBHbIX 3BE3A).

1702.08825



[MTPUMEP HEAABHWX PACHETOB

500

o
-]
=

[
=
=

200

Average shock radius [km]

f—t
o
=

| I 1 | | | I | I |
—— 2D (thin)
3D (thick)

NI R 5 1 [ N N T N N A T O O O

L — tlmuncc [5]

?.10, 11 1 12 macc COAHLLO B3PbIBAKOTCY,
a 13 macc COAHUQ — HeT.

e 9M,  —— 11M

- 10M, — —— 12M, — 13M,

I R N TR (N N Y T N N TR NN MO T (N M N A N A |
0 0.1 0.2 0.3 0.4 0.5

1902.00547



I/IC‘-IEBHOBEHI/IE >KE/\TOFO CBEPXFI/IFAHTA

Macca 25-30 macc CoAHLQO




MCHE3HOBEHWME KPACHOTO CBEPXITUTAHTA
F606W F814W

25 macc CoAHLLQ.

Ha
Hae

Prpgemtor Progenitor
_F606W .F8law

015, & VL0015 /
> £ .

,__F'lio" . F1608
e $ 1609.01283

« 42015, 2015,

»



Gravitational instability
of stellar core

Protg-neutron star

Core bounce at
nuclear density

Shock
wave

Proto-neéutron star

Neutrino-
driven "wind”

Si

Explosion and
_nucleosynthesis

OCHOBHbIE CTAAUM
CBEPXHOBOM C KOAAQMCOM.

1211.1378



Gravitational instability Core bounce at
of stellar core nuclear density

Si

Shock

WdveE

Proto-neutron star

KOAAQMNC HAOYMHAET NOCAE NOTEPU YCTOMYMBOCTU AAPA 3BE3AbLI (Y<4/3).

[pr NAOTHOCTM BbiLLEe ~10'2 r/cm3 HEUTPUHO 3AXBAYEHDI.

CKATHUE MPOAOAXKAETCH AO AOCTUXKEHMS MAOTHOCTM MOPIAKT IASPOHOM.
BO3HMKAET YAQPHAOS BOAHA, PACMPOCTPAHIIOLLAIC HAPYXKY.

1000
T VvGp /P12

1211.1378



Shock stagnation

Shock

Wwdve

Proto-neutron star

Proto-neutron star

SHEPIMU YACPHOM BOAHbBI HE XBATAET AAS PO3AETA 3BE3AbI.

3TO MPOUCXOAMT M3-30 TOTO, HTO MPOXOAS MO BHELLHMM HOCTIM
>KEAE3HOIO JAPCA, BOAHO PACXOAYET SHEPIMIO HA
AMCCOLMALIMIO SAEP XEAE3Q.

BeLLeCTBO, NpOoLLEALLIEE BOAHY, HOYUMHAET ABUTATLCH K LLEHTPY
yepes 1-2 MCeK MOCAE BO3HMKHOBEHMSA YAQPHOM BOAHDI
(T.e., MOCAE «OTCKOKQY).

HeoBXxoAMM MEXAHM3M AAT MEPEAQYM AOMOAHUTEABHOM
SHEPIrMmM YAQPHOMU BOAHE.

1211.1378



Explasion Explosion and
_nucleosynthesis

Necutrino-
Proto-neutron star driven "wind”

BOAHO OCTOHAOBAMBAETCH HA PACCTOAHMM ~100-200 KM OT LLEHTPA.

ECAmM SHEPIrMg nepeAaHa YAQPHOM BOAHE, TO MPOUCXOAMT PA3AET
BHELLIHMX YOCTEM 3BE3AbI.

B PASAETAIOLLLEMCA BELLECTBE BOIMOXEH CHUHTE3 TAXKEABIX SAEMEHTOB.
OH MPOTEKAET MO HECKOABKMM PA3HbIM KOHAOAGQM.

GMm, M
Ryice = ——— | — | km.
diss 3 8MeV ;i- 60 (MD) m,

1211.1378



CTAANN CBEPXHOBOMW M HEMTPUHO

_—Progenitor (~ 15 M,)
©(Lifetime: 1 ~2-10"y)

g +p—N+V,

and
Photo—disintegration
of Fe Nuclei
"White Dwarf"
Va (Fe—Core)

P M
Fxlcnded Manllv \
. ébm";'__: '.'.
L Early
_Proto—neutron ~_
M

Collapse of

Core (~1.5M,) \ / L

10000 - 20000 km/s
(R ~ 10000 km)

V

1702.08713.



Neutrino Reactions in Supernovae

HEMTPMHHBIE D
HPOLLECCIDI Beta processes: e ¢t +n = p+ve

e ¢ +A Ve + A"

1

* V+n.p = v+mnp

Neutrino scattering: e v+A = v+ A
* _.a X
CC B-processes o v+et = v4e”
T~ " e*vﬁe Thermal pair e N+N = N+N+v+7¥

§w+, wW- P, W - -
/‘\ /"\ . ) L + Ve, Ve — Vx -+ Ve, Vg
0. (A.2) n (Az-1) n o Neutrmo-_neutrlnu (Vx = Vya» Vs Vs OF 77)
reactions: _ _

Neutrino-pair (“thermal”) processes

e v
20 < v e v CC scattering process ] 2] ] ] 378
“““ i - . Zl] e E
ZUE ‘C' v ’M\’V\O ______ < v I\'ll.l v .

Ve, Ve e,e
n,p ps \-./
+ v o v 0 :
e v n, p v L W, W
e Ve T -
\.I/ i ) /\ )
LW, W n, p n, p Ve Uy, €€ Ve, Ve
- /.\ \je

NC scattering processes (v = Vg, Vg, Vy, Vi Vo Vn)
e
EZ{] izﬂ EZ{I
A~ A~ ) A~ . 1702.08713

n, p, (A,2) np,(AZ e,e’ e,e"



SAEKTPOHHbBIE U ... NTPOYUE

Electron flavor (v, and v,)

V,p < net

Free

Thermal Equilibrium streaming

Vol & pe

Other flavors (v,, v, v, V) Neutrino sphere

Scattering Atmosphere
vN = Nv

Free
streaming

Diffusion 1

Energy sphere Transport sphere

1702.08713



HEMTPUHHAA CBETMMOCTb

40

Accretion

£
=

kJ
=

Luminosity [10°¢ erg/s]
=

PNS Cooling

010 020 030 040 050
Time after core bounce [s]

i=e, 1,1 E

TUNMYHAA SHEPTUA HENTPUHO ~10 M3B.

1702.08713



a e A Initial F'hage o‘; )Cullapse

Re,~ 3000

Si—burning shell
!
RIml|  Bounce and Shock Formation
R, {t~0.11s, g.= Eqnl.l.
dius of l !
g ),
formation /

N

~ 10

nuclear matter - \
(92 24) Si~burning shell

Shock Stagnation and v Heating,
R o] / / Explosion (t ~ 0.2s)
Ra ~ 200 ¥

coaoling layer

R pen} Neutrino Trapping
Re,

OCHOBHbIE CTOAMMU:

w00 e

1. HO4aAbHOY dOA30 KOAAQMCA;
2. 30XBAT HEUTPUHO;
3. OTCKOK 1 DOPMMPOBAHME

I acuming snet YAQPHOM BOAHbI;
4. ABMXKEHUE YAQPHOM BOAHDI
Rieml] - ShockPropagation andy, Burst M HEUTPUMHHbBIM BCMAECK;

5. 3AMEAAEHME YAQPHOM BOAHDI
M HEUTPMHHbBIM HATPEB;

6. HEUMTPUHHOM OXACKAEHME
M HEUTPMHHbBIM BETEP.

nuclear matter .
nuclei

Si—buming shell

R [km] A Meutrino Cooling and Neutrino—

astro-ph/0612072




HAYAABHAA PA3A KOAAATICA

-

R [km]
Re.~ 3000

_ n"; 4He nuceli
Initial Phase of Collapse e ',
t~0 > @&
( ) NN ‘:
g 2oy e .'

» ’
S
.

e +p—Vetn,
E_—I_(AJZ) — ve_l_(AuZ_]):

KoAAdmnc
HOYMHAETCY,
KOraa y<4/3.
Nr-—r
Ve

05 1.0 ~ M%\M{r} [M:]

Si—burning shell

astro-ph/0612072



3AXBAT HEMTPMHO

R [km]

HFE

~ 100 ¢~

A

Neutrino Trapping
(t~0.1s, .~10" g/cm?)

M 1.0 'i M(r) [Md]
heavy nuclei I.
Si—=burning shell

My < Mgy, = 1.457(2Y,)* M, |

V

astro-ph/0612072



OTCKOK N POPMHNPOBAHME
YAAPHOM BOAHDI

KOAAQMC NMOCAE

A 30XBATA HEUTPMHO
R [km] Bounce and Shock Formation nepea OTCKOKOM
R (t~0.11s, Q< 2Q0) MAET HO MacLUTabe
Fe CBODOAHOIO MAAEHMS
radius of l j s f{'-’e AO AOCTUXEHMUS
shock / / iy JAEPHOM MAOTHOCTM.
formation /
\ I 0.004
Ief ~ ~ S
i vGp /P12
~ 10 V,
-
.

nuclear matter nuclei '
(QzQp) i—burni
0 Si-burning shell astro-ph/0612072



ABVXEHME YAAPHOW BOAHDI
M HEMTPMHHbBIM BCTIAECK

Koraa yaAQpHasg BOAHO

=] [km]’l Shock Propagation and v, Burst AOCCTUICIER obAaCTH
Y y (t~0.12s) C HMU3KOM MAOTHOCTBIO
Ree [— ¥ ' NPOUCXOAMT
R, ~ 100 km . HEMTPUHHBIM BCMAECK,
R, T.K. POHEE HEMUTPUHO
ObIAM 30XBAYEHHI.
position of
shock

: e
formation /
> /

Si-burning shell astro-ph/0612072

nuclear matter .

nuclei



3AMEAAEHME Y AAPHOW BOAHBI
M HEMTPUHHbIM HATPEB

R[km]JiL j /

_ 1 MN3-30 Anccoumaumm
Shock Stagnation and v Heating,  gaep xenaesa

Explosion (t~ 0.2s) YAQPHOS BOAHG
Re ~ 200 - / / 30MEAATETCH.
/ 8.8 M3B HO HYKAOH,
J 1.€. 1.7 10°! 3pr AAS

eur euT

0.1 maccbkl COAHLLQ.

HentpruHO Mmoryt
nepeAQTb CBOIO

SHEPIMIo BO/\HG/
Ve tn —>p+te

VeurVepr Vo+p—nte’.

-L._.-'\.-"'“h"'"‘-"_r /
. : s v 4" T
i —— . |

gain layer 1.5 M(r) [Md]
cooling layer astro-ph/0612072

Rg~ 100 e

Ry~ 50 o

!




HEMTPUHHOE OXAAXAEHME

- ~ 2 ()
M HEUTPMHRDBIA BETEP e~ e 10,
m2cAy 2E!
R [km] A Neutrino Cooling and Neutrino- Ao — 1
105 f }‘ Driven Wind (t ~ 10s) ~ my(ov)
4 :
[ / 10 ¢ ( - ) 2
0 f ,Ff f Ve y1 Veus 100MeV
" P M \ ' [ Rus \’
; - o (1 5M,;.—;) (1[}km)
107

1IIIIIIE!:I..I,Tilll"lr'l.'-".,l.l,T
—

5 M(r) [Md

astro-ph/0612072



TMAPOAMHAMMYECKME HEYCTOMHYUBOCTMU. SASI

6JC

400 —

60C

400

200

@ e

—A40

~600

Standing
Accretion

Shock
Instability

200 -

astro-ph/0612072




B3PbIB 3BE3AbLI 15 MACC COAHLA

- 1.50

(H
T

log(Radius [kim])

Neutfino-driven Wind | ]

[ %
TTTTT

Neutrino Heating T T T 2
g
W\

e e e e e e B i s

Time [ms]

1702.08713




KMK

ABE MOAEAM B3PbIBA 3BE3AbI 15 Msun.

LIBET MOKA3bIBAET DHTPOMUIO.

[TAOTHOCTb BbILLIE TOM, TAE HUXKE SHTPOMUA.
2GAm km Am r; Vg

-1 -1
e ~ 54 L
Vns 0 l (]{j 3M®) (I'[J{l'km) (S{HJUkm/’S)

1702.08825



AQHHbIE MO COCTABY OCTATKA

N €ero KUHEMATHMKE MOTYT MOMOYb
BOCCTOHOBUTb AMHOMMKY B3PbIBA,
A 3HAYUT — OMNPEAEAUTE MEXAHUZM.

V

1701.00891

redshifted
ring




KAIOHEBBIE OB3OPbI

« Snla. 1802.03125

« CCSN. 1806.07267,
1211.1378,
astro-ph/0612072
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