CBepxHoBbIe, Toxoxkue Ha SN1987A
(Refsdal, SN 2018hna u ap.),
1 BOJIIONMOHHBIE ITyTH WX 00pa30BaHUS

bimmanankos C.1.
JokJag Ha stars-2023
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29 uwoHa 2023

Astronomical introduction to supernovae

S.1.Blinnikov!2

Linstitute for Theoretical and
Experimental  Physics (ITEP),
Moscow

2Sternberg Astronomical
Institute (SAl), Moscow
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SN1987A - 6anxaiian cBepxHoOBas,
Habnwpaswanaca B 20-M Beke

Anglo- Austra[lan Observatory

Right panel: a blue supergiant as presupernova
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SN1987A was spectacular but very weak in fact
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Supernova Classification

by Turatto
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SN taxonomy

Supernova taxonomy
core-collapse > 8Mg
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Formation of LC plateau - L

Imshennik, Nadyozhin, Grassberg (1964-1971)
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Bnagnumup Cepreesny NMLwweHHMK

27 cenTabps 1928, Nebanbueso — 7 dpespansg 2023, Mocksa
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Formation of LC plateau - T

Recombination front moving inside in M;
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Type IIP photosphere
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Otnmnume SN1987A ot apyrux SN Il 66110 B
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Mpodunb T(m) B 87A noxox, Ho L(m) yxe opyrown

log T, K
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Mpenckasanue U.C. Lknosckoro B 1984

A wonderful prediction made by Shklovskii is the result of his
life-long study of the relation of different supernova types to
different types of gaseous supernova remnants. Based on the
theory of SN light curves, developed by V.S.Imshennik,
D.K.Nadyozhin and E.K.Grasberg, Shklovskii predicted in 1984 that
supernovae of type Il exploding in galaxies similar to the Large
Magellanic Cloud must have low luminosity due to the relatively
small radius of SNII progenitors in low metallicity environments.
This prediction was brilliantly confirmed by SN1987A.
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Shklovskii’s predictions on SN1987A

Why are there no type |l supernovae in irregular galaxies?
1. S. Shklovskir

Institute for Space Research, USSR Academy of Sciences, Moscow
(Submitted March 26, 1984)
Pis'ma Astron. Zh. 10, 723-725 (October 1984)

Irregular galaxies may lack type II supernovae because these systems are deficient in heavy elements, so that
their hot, massive giants produce no observable stellar wind. Accordingly, massive stars undergoing terminal
evolution will not be embedded in the dense, extended envelopes that are necessary if the SN Il phenomenon
is to be detected.

14/59



Shklovskii’s predictions on SN1987A

It has often been pointed out that the only supernovae
we observe in irregular, Magellanic-type galaxies are
those of type I. At first glance this circumstance may
seem rather a paradox, for Ir galaxies are rich in hot,
massive stars, accompanied by clouds of interstellar gas,
According to current ideas, type II supernova outbursts
represent the terminal evolutionary phase of fairly massive
stars (M >9 Mp; see Trimble's reviews™*?), Why, then,

don't we observe type II supernovae exploding inlIr
galaxies ?

I shall now offer an alternative explanation for the
absence of type II supernovae from Ir galaxies., Theclue
lies in the marked disparity between galactic material
and Magellanic Cloud material in chemical composition,
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Shklovskii’s predictions on SN1987A

It is the lack of comparatively dense extended en-
velopes around the massive stars in the Magellanic Clouds
due to the weakness of the stellar wind which, in my view,
accounts for the absence of type II supernova there. Ac-
cording to the analysis by Grasberg et al.,® when the core
of a fairly massive star explodes and instantaneously lib-
erates energy, the star has to be embedded in a rather
extended (radius R > 1 AU) envelope in order for a type
IT supernova phenomenon to be observed. Otherwise the
luminosity at maximum light will be a hundred times be-
low that of typical SN II events, and the brief maximum
will last only a few tens of minutes.

We therefore conclude that type IT supernova out-
bursts may fall to be observed in Ir galaxies for the same
reason that the Cassiopeia A explosion produced no op-
tical effect.” In our Galaxy, however, massive-star out-
bursts of this kind are probably an exception,"] while in
irregular galaxies the lack of an extended envelope around
the star when its core explodes is the general rule,
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YeTblipe ucxoaa Ans MaccmBHbIX 3B€34 — S.Woosley

With some uncertainty about exact demarcations, one can
delineate four kinds of deaths for non-rotating helium stars.
(For rotation decrease main sequence mass 10 - 20%)

He Core Main Seq. Mass  Supernova Mechanism

2 <M <40 10 M <95 Fe core collapse to neutron star

or a black hole

95<M <130 Pulsational pair instability followed

by Fe core collapse

60< M <137 130<M <260  Pair instability supernova

M =>137 M >260 Black hole. Possible GRB
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[lns cBeTa Hy)KHa BbICOKas yAeNbHas SHTPONuS

py60 oueHuM 3HTponuio Ha 6apuoH npu B3pbiBe C/O 6enoro kapaunka
(p=3-10° r/cm®, T = 10'° K) 1 cpaBHUM C 3HTpPOMNMENt PENUKTOBOTO U3TyYeHUs!
B COBPEMEHHOW BCENIEHHOM.

MoXHO B34Tb HOPMYnbI:

n=N/V,P=nT uEyw, = (3/2)PV = (3/2)NT, - ynobHo 1n3mepsTb
TemMnepaTypy B eAVHWLAX SHEPTUM, — TAK YTO (i — 3TO XMMMNOTEHLMAN):

NA;ST = %NT — Ny,

OTKYAa SHTPONKUA B KJTaCCMYECKOM rase C MacCon MOHOB M; = Aim,,

AS=2 _mm|m (Zﬂhz)w] .
2 8i m;T

310 popmyna Cakypa-Tetpoae (Sackur-Tetrode), a sHTponus S 3necb 6e3pamepHa

W faHa Ha 6apuoH. Bo3bMéM yrnepon, A; = 12 1 noactaBum 3apaHHble T u

p = m;n; C NeEPeBOAOM B HYXHble eauHuLbl. [Nonyynm (nonoxue g = 1, BCé

paBHO OH MnoA norapudmom) S HeMHoro 6onblue eanHULbI. DOTOHbI AT NO

dopmyne S & N, /Nparyon YACNO MEHBLUE €MHULIbI, @ INEKTPOHbI ElLE MeHbLUe,

TaK KaK MX XMMMOTEHLMan Benuk, nap Het. Utak, npu T ~ 10'° K 6enblit kapnuk

Mo SHTPOMUU B MUNIMAPAbI Pa3 XONOAHEE, YEM BCeNleHHas NMpU TPEXTPaAyCHOM

N3Ny4eHUN. 18/59




SN light

Many photons = high entropy: S ~ n, /n.

At T ~ 3 K we live in a HOT Universe at high S.

At T ~ 10'° K a White Dwarf exploding as a thermonuclear
SNla is not so hot!

It is COLD.
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Entropy source needed

AtR ~ 108 cm we have T ~ 100 K.
Onsa agnabatbl:

P p7, T o p7~ L.
MMeeM nnotHOCTb p o< 1/R5.

If we had v = 4/3, then at R ~ 10! cm we would get
T o 1/R ~ 10° K - already too cold to shine.

But in reality ~ is close to 5/3 since radiation does not
dominate, a bit less due to recombination, and we have
T « 1/R? - like CMB temperature!

Thus a source of S is needed for luminous SNe: either
radioactivity or shocks.

20/59



Sources of entropy in SN | and SN1987A
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Sources of entropy in SN II: Shocks

Shock inside the star remains in adiabatic phase while optical
depth,

0R ¢

17D
where 0R is the distance from the shock to the photosphere
(Ohyama N. 1963, also Morozov Yu.l. 1966)
When

R ¢

[ ~ D

the burst of photon luminosity begins: shock break-out. The
shock is highly non-adiabatic then and a density peak is built up
similar to the old SNRs.
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Bcnbiwka npu Boixoge YB Ha NoBepXHOCTb
npencsepxHoBbix TMna |l

Bnepeble 3aa4a 0 BbIXOA4E YAAPHOM BOJHbI MO CNagatoLen
NNOTHOCTU p o (JR)" Bbina noctaBneHa [aHAENbMAHOM U
MdpaHk-KameHeukuM (1956) - aBToMOpenbHbIe pelleHus, Takxe
Cakypau (1960), Tpacbepr (1981). B koMnakTHbIX NpeacBepPXHOBbIX
BO3MOXHO YCKOPEHWe A0 PensaTUBUCTCKMX CKOPOCTENM M BCMbILWKA
PEHTFEHOBCKOI0 MU3NyYyeHus.

PaHblie nymanu yto paxe ramma usnydeHue Bo3MoxHo Colgate
(1974), bucHoBaTblM-KoraH v ap. (1975) - mogenu
raMma-BCMNaecKoB. T HafexXdbl He BNOJHe OnpaBaanuch —
nsnydyeHune cnmwkom markoe (Weaver 1976).
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Shock Luminosity in SN [I
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Effective Temperature in SN |1

0 0.1 0.2 0.3 0.4 0.5
t, days
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Computing shock-breakout

When the shock approaches surface, where the density of matter
p falls as p < (dR)", velocity grows in agreement with the
self-similar solution by Gandel'man and

Frank-Kamenetskii (1956), Sakurai (1960).

In the outermost layers (with Thompson optical depth
T ~ ¢/D =~ 10 and less, where D is the shock velocity) the
radiative losses become significant and shock acceleration ends.
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Velocity, Eulerian
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Shocks inside SNe, e.g., SN 1987A

velocity vs -
mass from  E
surface, time
in seconds is 3
given

Ig (M - M,)/M,
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End of shock acceleration

The termination of the shock acceleration process is clearly
observed in computations.

Next figure shows the profiles of velocity as a function of optical
depth 7 (Blinnikov 1999). Just at 7 ~ ¢/D ~ 10, as predicted, the
photons start running-out’ from behind the shock front. These
photons slightly accelerate the outer layers, however, the
cumulation of energy on the small mass is already not efficient
due to strong radiative losses.
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Velocity - optical depth

14E1
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SN Light Source

Cooling type Il
no source of S

Permanent heating Fading heating
by shock by radioactivity
type lIn type la, Ib/c
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SN Light Source

Cooling type Il
no source of S

Permanent heating Fading heating
by shock by radioactivity
type lIn type la, Ib/c
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SN Light Source

Cooling type Il
no source of S

Permanent heating Fading heating
by shock by radioactivity
type lIn type la, Ib/c
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N3 WwnpuHbl cnekTpasnbHbIX IMHUA NOYy4aeTCs
ckopocTb B atMocdepe a0 v ~ 10% km/c 1 Bbiwe
(kpome SN IIn, roe ckopoCTb Ha NOPALOK MEHbLUE).
M3 kpuBbIX Bnecka - macca Mej ~ 1 Mg, no

necatkos M.
Otcropa aHeprus

E ~ Mv?/2 ~ 10°! ergs = 1 foe = 1 beTte
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KuHeTnyeckas aHeprus BbIGpoca CBEPXHOBbIX

MMeeT XapaKTepHoe 3HaYeHne s BCex TMMOB
E ~ 10°! 3pr = 1 foe
(u3 10 B ctenenun 51 = Fifty One Ergs),

XOTA U3BECTHbI N OTKNIOHEHUA NMPUMEPHO HA
nopagok BBEpPX U BHU3 OT 2TOIO CpeaHero.
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JTa 3Heprua guccmnupyeTt B MEX3BE34HOW cpefe,
HarpeBaeT ee, NOPOXA3aeT PeHTreHOBCKOoe
N3IyYEeHUE U KOCMUYECKME NTy4n.

Bbibpoc oborawaet cpeny TKENbIMU 3N1EMEHTAMM.

YnapHble BOMHbI CrpebatoT BEWECTBO M 3TO
NPUBOAUT K POXKAEHWUIO MONOAbIX 3BE3A,

37/59



SNRs

OcTaTkn CBEPXHOBbIX —
Supernova Remnants, SNRs
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SNR 1006
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Supernova Remnant (SNR) Cas A: Chandra X-ray
observatory
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SNR Cassiopeia A Radio
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SNR Cas A Infrared
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SNR Cas A visible light
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SNR Cas A X-ray
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SNR 1987A

ALMA (kpacH., pagmo): nbinb 1 xon.ras + Chandra X-ray (rony6.) +
HST (3enéH., Buanmsbii ceer).
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Ba)kHble uncna o cBepXHOBbIX:

KuHeTuueckas sHeprus Bbibpoca ~ 10°! spr =
1 foe

Y 06bI4HbIX SN CBETOBAs 3HEPrMna 3a NepBbii rof
~ 0.01 foe
Y cBepxmouHbix SLSNe: ~ 1 foe u Bbiwe

Ina SN 1987A: Ey;, = (1 — 1.5) foe (MMweHHuk+Monos 1992,
BanHHukoB 1999, YTpo6uH 2005)

Macca (14 — 19)M,.

Paounyc npencesepxHoBoi (47 — 50)Re.

Bonee HoBble pe3ynbTaThl - HUXE.
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A. Menon et al. 2018: binary progenitor

Monthly Notices

MNRAS 482, 438-452 (2019) doi:10.1093/mnras/sty2647

Advance Access publication 2018 October 3
Explosions of blue supergiants from binary mergers for SN 1987A

Athira Menon,'* Victor Utrobin>** and Alexander Heger'**

Based on the work of Menon & Heger, we present the bolometric light curves and spectra of the
explosions of blue supergiant progenitors from binary mergers. We study SN 1987A and two
other peculiar Type IIP supernovae: SN 1998A and SN 2006V. The progenitor models were
produced using the stellar evolution code KEPLER and then exploded using the 1D radiation
hydrodynamic code CRAB. The explosions of binary merger models exhibit an overall better fit
to the light curve of SN 1987A than previous single star models because of their lower helium-
core masses, larger envelope masses, and smaller radii. The merger model that best matches
the observational constraints of the progenitor of SN 1987A and the light curve is a model with
aradius of 37 R, , an ejecta mass of 20.6 Mg, , an explosion energy of 1.7 x 10°! erg, a nickel
mass of 0.073 Mg, and a nickel mixing velocity of 300 kms~'. This model also works for
SN 1998A and is comparable with earlier estimates from semi-analytic models. In the case of
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Xiang et al. 2023

SN 2018hna: Adding a Piece to the Puzzles of the Explosion of Blue
Supergiants

Danfeng Xiang,'* Xiaofeng Wang,!">3+% Xinghan Zhang,' Hanna Sai,' Jujia Zhang,* Thomas G. Brink’

Alexei V. Filippenko,® Jun Mo,! Tianmeng Zhang,®” Zhihao Chen,! Luc Dessart,® Zhitong Li,”’
Shengyu Yan,' Sergei I. Blinnikov,'*!! Liming Rui,' E. Baron!? and J. M. DerKacy'>!2

Monthly Notices of the Royal Astronomical Society, Volume 520,

Issue 2, pp.2965-2982
April 2023
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SN2018hna: ¢poTocdepHble cKkopocTH
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Figure 7. Fe n1 line velocities of SN 2018hna in comparison with several other
87A-like SNe.

49/59



SN2018hna: kpuBble bnecka

SN2006V
SN2006au
SN2009E
SN1987A
SN2009mw
SN2005ci

56Co decay
2018hna-BC,
2018hna-UVOIR

42.2

42.0

41.8

log{Lpo) {erg s71)
o~
=
(=1}

4] 50 100 150 200 250
Days since explosion

Figure 11. Bolometric light curve of SN 2018hna compared with that of
other 87A-like SNe II. The red diamonds represent the bolometric light curve
of SN 2018hna established with the UVOIR light curves, while the blue
diamonds indicate the one derived from the ZTF gr-band light curves with
bolometric corrections (see text for details). The black dashed line shows a
56N -powered light curve with My; = 0.05 M.
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STELLA v aHanm3 HebynapHbIX TUHUA

MpenceepxHoBas SN2018hna no HawwmM MogensiM uMena paamyc
~ 45R, (T.e. 6blna ronybbIM CBEPXIUraHTOM), Maccy Bbibpoca
(13.7 — 17.7)Ms, a kuHeTuueckyto sHepruio (1.0-1.2) foe.

N3 HebynapHbix nuHuiA [Ol] nonyyaeTtcs oueHka Macchbl KUCIopoaa
(0.44 — 0.73)M,,, Toraa Ha raBHOM NOCNeA0BaTENbHOCTM Macca
npencsepxHoBoy 6biia < 16M.
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Bonee akcTpeManbHble COObLITUS

A&A 532, A100 (2011) Astronomy
DOL: 10.1051/0004-6361/201117137

©ESO 2011 AStrOphySiCS

Supernova 2000cb: high-energy version of SN 1987A

V. P. Utrobin"? and N. N. Chugai®

Results. We constructed the hydrodynamic model by fitting the photometric and spectroscopic observations. We infer a presupernova
radius of 35 + 14 R, an ejecta mass of 22.3 = | M, an explosion energy of (4.4 + 0.3) x 10°! erg, and a radioactive **Ni mass of
0.083 + 0.039 M,,. The estimated progenitor mass on the main sequence lies in the range of 24-28 M. The early He profile on Day 7
is consistent with the density distribution found from hydrodynamic modeling, while the Ha line on Day 40 indicates an extended **Ni
mixing up to a velocity of 8400 kms~'. We emphasize that the dome-like light curves of both supernova 2000cb and supernova 1987A
are entirely powered by radioactive decay. This is unlike normal type IIP supernovae, the plateau of which is dominated by the internal
energy deposited after the shock wave propagation through the presupernova. We find signatures of the explosion asymmetry in the
photospheric and nebular spectra.

Conclusions. The explosion energy of supernova 2000cb is higher by a factor of three compared to supernova 1987A, which poses a
serious problem for explosion mechanisms of type IIP supernovae.
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TémHas Marepus: Haﬁﬂlﬂ.ﬂ.aTeanble cBugertesnibcTBa

O6pa3oBaHMe KPyNHOMACLWITaAGHOW CTPYKTYPbI BceneHHowm

M36bITOK Macchl BO BHELUHMX YacTAX ra/lakTuK
(KpuBbI€ BpalleHUs ranakTuk)

M36bITOK MAacChl B CKOMJIEHUSX ranakTuk (no gucnepcum
CKOPOCTeii ranakTuk, no ropsiuemy rasy v no macce

X J1I
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MOXHO M MOAMPUUMPOBATL FPaBUTALMIO U
obontnco 6e3 DM?

[MonbITKK €CTb, HO ...
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CrossMark
Strongly Lensed Supernova Refsdal: Refining Time Delays Based on the Supernova
Explosion Models

Petr Bdkllmuv' 23, Natalia Ly%kuvaz‘4 . Sergei Blinnikov'* @, and Ken’ichi Nomoto®
'NRC * Kuth atov Institute” - ITEP ]]72]8 Moscow, Rus petr.baklanov @itep.ru
arch Institute (IKD), Russian Academy of Sciences, Profsoyuznaya 84,/32, 117997 Moscow, Russia
Nulmn.xl Research Nuclear University MEPhI, Kashirskoe sh. 31, Moscow 115409, Russia
+P.N. Lebedev Physical Institute, Leninskiy prospect 533, Moscow 119991, Russia
% Kavli Institute for the Physics and Mathematics of the Universe (WPI), The University of Tokyo, Kashiwa, Chiba 277-8583, Japan
Received 2020 July 4; revised 2020 November 19; accepted 2020 November 23; published 2021 January 25

* Space Res

Abstract
We explore the properties of supernova (SN) “Refsdal™—the first discovered gravitationally lensed SN with multiple
images. A large magnification provided by the galactic-scale lens, augmented by the cluster lens, gave us a unique
opportunity to perform a detailed modeling of a distant SN at z =~ 1.5. We present results of radiation hydrodynamics
modeling of SN Refsdal. According to our calculations, the SN Refsdal progenitor is likely to be a more massive and
energetic version of SN 1987A, ie., a blue supergiant star with the following parameters: the progenitor radius
Ry = (50 = )R, the total mass M, = (25 & 2)M.,, the radioactive *°Ni mass M = (0.26 + 0.05) M., and
the total energy release Enyre = (4.7 £+ 0.8) x 10°! erg. Reconstruction of SN light curves allowed us to obtain time
delays and magnifications for the images S2-S4 relative to S1 with higher accuracy than previous template-based
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BaxxHo ong kocmonoruu!
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2023, The Authors). Pulished by the American Astonomical Socity
CrossMark
The Magnificent Five Images of Supernova Refsdal: Time Delay and Magnification

Measurements

Patrick L. Kelly' ®, Steven Rodney”, Tommaso Treu® ©, Simon Birrer* @, Vivien Bonvin®©, Luc Dessart’ ®, Ryan J. Foley”
Alexei V. Filippenko®” ©, Daniel Gilman™'’®, Saurabh Jha''®, Jens Hjorth'?® , Kaisey Mandel'*!'*® | Martin Millon® ®,
Justin Pierel> ®, Stephen Thorp'?, Adi Zitrin'* @, Tom Broadhurst'®, Wenlei Chen' ©, Jose M. Diego'”®, Alan Dressler'® ®,
Or Graur'*? @, Mathilde Jauzac®?>?*® , Matthew A. Malkan®®, Curtis McCully>**> @, Masamune Oguri®®>"2%@
Marc Postman @, Kasper Borello Schmidt** @, Keren Sharon®' 3233346 Anja von der Linden®®, and

, Brad E. Tucker’
Joachim Wambsganss*®7
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Figure 3. The observer-frame (z=149) broadband light curves at
5000-7000 A of SN Refsdal and those of low-redshift SN 1987A-like SNe

with a similar shape stretched in time by a factor of 2.49. All light curves are
well fit by a piecewise polynomial function. In the fits shown above, the
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C onopo# Ha baknaHoBa u gp.

Flux / (/s
with ML + Pert. + WN

-200 600

b 200 200
Days Relative to Peak (Observer Frame for z= 1.49)
Figure 11. Components of a single set of simulated light curves of the five appearances of SN Refsdal. The top panel shows the perturbation applied to the fiducial
zation of a GP model of the residuals of the Baklanov et al. (2021) light curves from the best-fitting piecewise

arent magnification in the FI25W band due to microlensing by a randomly placed set of stars and stellar
2 (ML) included. Motivated by fits to the light curves of low-redshift SN

piccewise polynomial model. The perturbation is a rea
polynomial model. The next panel plots the change in ay
remnants. The middle panel plots the generative light-curve model without microle
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BbiBOAbI

3HameHuTas ceepxHoBas SN1987A 6bina oyeHb cnaboit no abcontoTHoM
3BE34HOI BennumHe (kak 6bino npeackasaHo W.C. Lknosckum), Ho obnagana
00bI4HOM N5 CBEPXHOBbLIX KMHETUYECKOW SHEpruei B3pbiBa 0OKOIO

1 foe=10! 3pr.

Hawwu paguaumoHHo-ruapoamHamMuyeckie mogenu patot ang SN Refsdal noutn

5 foe.

Ectb 1 npyrue npumepbl 06bekTOB TOro e nekynspHoro Tuna |l kak SN1987A, Ho
C NOBbILEHHOM 3HEprven B3pbiBa.

B 10 e Bpemsa npeacsepxHoBas SN2018hna no HawmM Mogensm umena paguyc
~ 45R (T.e. Bblna ronybbIM CBEPXIMraHTOM), Maccy Bbibpoca (13.7 — 17.7)Mg, a
KMHeTnyeckyto sHepruto (1.0-1.2) foe.

M3 HebynapHbix nuHui [Ol] nonyyaeTtcs oueHka Maccbl KUCnopoaa

(0.44 — 0.73)M, TOrna Ha rMaBHO NOCNELOBATENbHOCTH MAcCa
npeLcBepxHoBoM bbiia < 16Mg.

B 06bI4HOM 3BONOLMM OJMHOUHBIX 3BE3[, TaKMe Masble MacChbl He JOXOAAT L0
Koninanca Ha ctaamu ronyboro ceepxruraHta. Tak YTo CKOpee BCEro B 3TOM
cnyyae, kak u B SN1987A, 6bina 3Bonoums B ABOMHOW cMCTEME (BO3MOXHO MpH
MEHbLUMX MacCax KOMMOHEHT).
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Cnacnbo 3a BHMMaHue!
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