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Supernova SN1994D in NGC4526

Shocks are not important for light in “Nobel prize” SNe la




Supernova Classification, Knacgupuiaumsa ceepxHoBbixX
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SN taXOHO my by Massimo Della Valle

Supernova taxonomy
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SN 2006gy

Ofek et al. 2007, ApJL

Smith et al. 2007, Ap)

Shocks are vital for explaining light of
those superluminous events for many
months...

(&)
[0
0
(&)
=
©
[aV}

|

SN 2006gy




SNR Tycho in X-rays (Chandra)

...and thousands of years in SNRs




Supernovae: order of events

Core collapse (CC) or explosion

Neutrino/GW signal, accompanying signals

Shock creation if any, propagation and entropy production inside a
star

Shock breakout (!)

Diffusion of photons and cooling of ejecta
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Tak nucanu ~10 net Ha3ap: Brightest. Supernova. Ever. -
N.Smith
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Extremely luminous Type lin SNe
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SLSNe - wunpokuii guanasoH

pseudo Absolute Magnitude
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Hydrogen-poor super-luminous supernovae

M.Nicholl et al. 2015
g-band light curves
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EE3BOAOPOAHbIe CBerMOI.I.I.HbIE CBepXHoOBbie

M.Nicholl et al. 2015
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Opyroii Habop u apyrue eanHuubl, SLSN-I

logyq[Ls. (erg/s)]
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A.Papadopoulos et al. 2015
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SLSN-R - slow decline

A.Papadopoulos et al. 2015
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Tpu nytu ang SLSNe

e Heycronumsoctb npu poxaeHun nap Pair instability
Supernovae, PISN

o “MarHutapHas” Hakauka — HYXXHbl MUNIMCEKYHAHbIE
nepuoabl

e PagmatvBHbIe yoapHbie 80/1HbI B OKPYXatoLLEMN
nnotHor obonouke, PPISN
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A bit on stellar evolution
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Mechanical equilibrum

A very crude order-of-magnitude estimate for the attraction force of two

halves of a star is
GnM?
4R% '
this force must be balanced by a gradient of pressure P.

On the surface P is virtually zero, and in the center

F F

ST R




Central Pressure

Omitting all coefficients of order unity, pressure and density in the

center are: )
M
P, O ;
R4
N M
pC — ﬁ;
and we find

P. ~ GyM*/®p*/3.




On hydrodynamical instability

Equilibrium requires (in Newtonian gravity):
P, ~ GyM?*/®p*/3,

This implies that adiabatic exponent v < 4/3 may lead to a
hydrodynamical instability.




Hydrodynamical stability

Mechanical stability




Relativistic particles lead to v — 4/3

We have v ~ 4/3 due to high entropy S (photons and ete™ pairs).
At low S — 0 we have v — 4/3 due to high Fermi energy of
degenerate electrons at high density p.




T, o< M?/3p!/3 in non-degenerate stars

So if we have a classical ideal plasma with
P=RpT/u,
where R is the universal gas constant, and p — mean molecular mass,

GuM2/* 9t 1
cETTR
Thus,

1/3
c

T. xp

The same 1/3 power for radiation-dominated massive stars (but with
Ml/é).
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MaccuBHble 3B€3ab1 ¢ He-aapamu

asTop Roni Waldman
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3 BapmaHTa ang pair-instability

by Roni Waldman
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PISN: A. Kozyreva, SB, Langer, Yoon, 2014
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PISN: A. Kozyreva, SB, Langer, Yoon, 2014
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MynbcapHas Hakauka CBEPXHOBbIX: CTapas Maes

1.S. Shklovskii, Astron. Zh. 49, 913 (1972) [Sov. Astron. 16, 749 (1973)]

I.S. Shklovskii, Astron. Zh. 52, 911 (1975) [Sov. Astron. 19, 554 (1976)]

Mpes Wknosckoro ocHoBbiBanack Ha pabotax

Ostriker, J. P,, Gunn, J. E. 1969. On the Nature of Pulsars. |. Theory. The Astrophysical Journal 157, 1395.

G.S. Bisnovatyi-Kogan, Astron. Zh. 47, 813 (1970) [Sov. Astron. 14, 652 (1971)] - MarHuTO-pOTaLMOHHbII MeXaH13M B3pblBa
CBEPXHOBOM

Hard radiation by young pulsars as the cause of supernovae
optical emission
1. S. Shklovskii

P. K. Shternberg State Astronomical Institute
(Submitted February 10, 1975)
Astron. Zh. 52, 911-919 (September—October 1975)

Since, according to observations, the masses of the envelopes of type I and II supernovae do not exceed

10* g, their optical thick in the i after the i cannot be greater than unity. Therefore,
the light curves of supernovae cannot be explained by the passage of a shock wave through the extended
lope of a red supergi Itis d here that energy is pumped into the envelope by the x-ray

emission of a young pulsar. A model of the source of this emission is constructed, and a drift of the
frequency of the maximum in its spectral distribution follows. The light curves of supernovae of both types
after the maximum must follow the power law L~ t =23, The ionization of hydrogen (and possible helium)
in the envelopes is due to a flux of relativistic protons generated by the young pulsar. There is apparently
no fundamental difference between type I and II supernovae. Stars with mass only sightly exceeding the
Sun’s explode.




“MarHutapHas” Hakauka CBepXHOBOIA

CueHapuii

COMMON ENVELOPE

CLOSE BINARY

‘
|

COALESCENCE MRI SN EXPLOSION + MAGNETAR

Barkov MV. & Komissarov S.S., Mon.Not.Roy.Astron.Soc., 2011, 415, pp.944-958
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BonomeTpuueckune Kpusble 6necka u “MarHuTapHblii” Ut ana
PTF 12dam, Nicholl'ea, 2013
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3tn “MarnuTapHble” puTbl OCHOBaHbI HA C/IMLLKOM
YNpPOLEHHbIX Moaenax

Ha camom pene ncnonb3yetca 0D (ogHo30HHag, a He 1D!) Mmogens no
AlJerkstrand, Ha 0CHOBe aHanuTUYeckow Moaenu ApHetTta ons
PaAMOAKTUBHBIX HAKAYKM CBEPXHOBDIX.

CM. kop 3peck: Magnetar light curve fitting tool (Matlab/Octave Bepcus
Ha BebCTpaHuue):
star.pst.qub.ac.uk/webdav/public/ajerkstrand/Codes/
Genericarnett/

Cebinka: Inserra, Smartt, Jerkstrand et al. 2013



star.pst.qub.ac.uk/webdav/public/ajerkstrand/Codes/Genericarnett/
star.pst.qub.ac.uk/webdav/public/ajerkstrand/Codes/Genericarnett/

Inserra et al 2013

THE ASTROPHYSICAL JOURNAL, 770:128 (28pp), 2013 June 20 In
=3.0,B,=380,P =20 .=50,B,,=40,P =15 M_ =10.0,B ,=50P =20
o 14 ms o 14 ms o 14 ms
46, ~Magnetar input
545 e e
6 rad. ]
L 44
3
843
42|
41
B i i
2o a s
30p "
E I "
© \
S 20
>§10
(9
30,
< 20
o
=
510

o

50 100 150 0 50 100 150
Time (days)

Figure 17. Comparison of light curves, photospheric velocities, and photospheric temperatures from our semi-analytical model (black dashed) and the on
radiation hydrodynamical simulations of Kasen & Bildsten (2010, red solid). Also shown is the input magnetar energy (blue dotted line).

0 50 100 150 0

33




Kpusas 6necka u MarHutapHbiit put gna PTF 2011rks
Agtop: Mariana Orellana

PTF 2011rks
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3aBMCMMOCTb CBETMMOCTU OT [ynbCcapHOM HaKa4KK

AgTop: Mariana Orellana
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BbaabuH, bapkos: Mouemy npumuTBHaa “MarnutapHasn”
Mopaenb He paboTtaer?

JHeprua TOpMOXKEHUS BpaLLeHNS Nynbcapa NepexXoanT B
[aBNeHNe pensaTUBUCTKOM NNasMbl M B paboTy Ha
YyCKOPEHUE €105, T.€. B KNHETUYECKYIO SHEPTUIO.

He B cBeTMMOCTB! — pabora [.bagbuHa — rotoBUTCS K
neyaru
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Tpetuii nytb K SLSN - aBoiiHOM B3pbiB: cTapasa naesa ana SNIIin

[pacbepr u HapéxuH (1986)

Type |l supernovae: two successive explosions?
E. K. Grasberg and D. K. Nadézhin

Radio Astrophysical Observatory, Latvian Academy of Sciences, Riga
and Institute of Theoretical and Experimental Physics, Moscow
(Submitted September 5, 1985)

Pis’'ma Astron. Zh. 12, 168-175 (February 1986)

A type 11 supernovae model wherein a weak explosion precedes a much stronger one can explain the behavior
of the narrow-line systems observed in some type II spectra. For SN 1983k in NGC 4699, the two outbursts
would have been separated by 1-2 months. Core gravitational collapse generating a relatively weak shock as
the presupernova reorganizes itself might trigger the first explosion, while the second would occur when the
newborn neutron star transfers energy to the envelope that has failed to collapse.




Mbi MoOXkeM BocnpousBecTu ananasoH SLSNe B moaensax
B3aMMOAENCTBUSA YOAPHOM BOJIHbI C OKPYXKaloLWen cpeaom npm
YMEpPEHHOM 3HEprun

[na SLSNe npepnarannce MoLenu C 3HeprusMu B3pbiBa B AECATKMU pas
BbllWe 0ObIYHbIX, B AECATKM pa3 601ee MacCUMBHbIE U C OFPOMHbIM
KOJIMYECTBOM pPaLMOAKTUBHOIO SON;,

Haw 1D narpanxes ko STELLA ¢ MHOrorpynnosbiM nepeHoCcoM
U3Iy4EHUS NO3BONSET NOMYUUTL BONee 3KOHOMHYI0 MOAENb.

MocnepHsas craTbs ¢ HawmMm pesynbratamm Sorokina, Blinnikov, Nomoto,
Quimby, Tolstov 2016, ApJ (arXiv:1510.00834).
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STELLA BocnpousBoaut guanasoH SLSN: npumep Ha aByx
Moaensx
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PapgnatuBHbIe yaapHbie BOJIHbI B NOTHOM OKON03BE3AHOM
cpene — MOLLHbIN UCTOYHUK Buaumoro cseta SLSNe

CXeMaTUYHast KapTMHKa — a cartoon (Credit Smith, Chornock, et al.):

SN 2006tf
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PagnatuBHbIe yaapHbie BOJIHbI: MOLLHbIN UCTOYHUK CBETA B
SLSNe. XonoaHblit N1OTHBbINA CIOK

SN 2006tf A
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HEKOTOpre OLLeHKU onsg CBEeTUMOCTU

L = 4o TeRY,

for the age of supernova t = 10 d and typical velocity at photosphere
level u = 107 cm/s (i.e. 10 thousand km/s) we get Ry, = ut ~ 10'° cm,
and if a typical Teir ~ 10* K, then L ~ 10*3 erg/s.

Luminosity L goes down in some weeks, thus, ordinary, non-interacting
supernovae produce ~ 10% ergs in photons during the first year after
explosion, while ~ 10°! ergs remain in the kinetic energy of ejecta in
“standard” SN explosions.

This energy is radiated much later, during millennia after the explosion (mostly in X-rays) by the supernova remnant in the shocks
produced by ejecta in ordinary interstellar medium with the number density ~ 1 cm ™. If the density of CSM is billion times higher,
then a large fraction of the kinetic energy will be radiated away much faster, on a time scale of a year and the photons will be much

softer than X-ray, they will be emitted mostly in visible or ultraviolet range.
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TeMnepatypa ¢oTocdhepsl

We may have the same typical Tes ~ 10* K, while Ry, ~ 10'® cmis
much larger and the luminosity goes up approaching L ~ 10% erg/s for
some period of time. Thus a superluminous supernova (SLSN) can be
produced for the energy of explosion on the standard scale of

1 foe ~ 10°! ergs, but now a major fraction of this energy is lost during
the first year.




MexaHuka Heynpyroro yaapa

If we have a blob of matter with mass m; and momentum p; its energy is

_p’

E; = .
! 2mq

1)
If it is colliding with another blob with mass my and zero momentum we
get for the final energy of two merged blobs in a fully inelastic collision

2
P1
Ey= ———. 2
2 2(my + my) @
The momentum is conserved, but the energy in amount E; — Ej is
radiated away, since E; < Ej. If mg < my only a tiny fraction of Ej is

radiated, but if mg > my, then Ey < E; and almost all initial E; is

radiated away.
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ManomaccuBHbIi BbIBpOC U TAXKENAA 060104Ka

This means that collisions of low mass and fast moving ejecta with heavy
(dense) slowly moving blobs of CSM are efficient in producing many
photons. Of course one should remember that in this case the
momentum of the two merged blobs may be different from the initial py
if we have a directed flux of newborn photons which carry some net
momentum away.

There is no much sense in evaluating this effect using the
order-of-magnitude estimates because the details of the production of
photons may be complicated. The degree of “inelasticity” of the collision
depend on the pattern of hydrodynamic flow and on the properties of
emission/absorption of the plasma, e.g. on its composition. Anyway,
those details and conservation of momenta and energy must be taken
into account in full radiation hydrodynamic simulations.
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HlaBneHue 3a GpoOHTOM

Now let us find the temperature behind the shock front. Again on the
level of simple estimates for the pressure behind the shock front P; we
have

P; ~ poD* = nom;D* (3)

if the density upstream the front is pg, and D is the velocity of the front.
The density p = nm; with n number density and m; averaged mass of
ions. The estimate (3) follows from the momentum conservation: the
momentum flux is P 4 ,ou2 for the flow having velocity u, and P is
negligible ahead of the front where the matter is cold. More accurate
expression for Ps is easily derived from the laws of conservation.
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TeMnepatypa 3a GpOHTOM

The estimate (3) gives for a non-relativistic plasma with pressure
P = nkgT:

kT ~ m;D* )
which suggests very high temperatures, in keV range and higher for

shock velocities larger that a thousand km/s.
MOXHO BbIBECTM “TOUHbIE” KO3DDULMEHTDI B (4).




CooTHOLWEHUS ANa yAAPHbIX BOMH

We use standard notations for density p, velocity u, pressure P,
thermodynamic energy E, and define

U = p,
density of momentum
U;, = pu,
total energy density
pu’

We also define fluxes of mass, F1 = pu,

of momentum, Fy = pu? + P,

and of energy F3 = (E + “’T“Z + P)u,

and we have a general law of conservation:

ot Ox’




CooTHOLWEHUS ANa yAAPHbIX BOMH

In a stationary case, i.e. 8(7/& =0, we getﬁ = const. Introduce

j = pu = const, V=

=

From F, = pu? + P = j2V = const we obtain:
2 _ 2 _ 2
] V0+P0—/ Vs+Ps_>Ps—P0+] (Vo—VS),

Subsript “0” for p, V, u, P, E denotes the initial values upstream
(ahead of the shock front), while “s” corresponds to the values
downstream, in the shocked matter. It is most convenient to work in the
reference frame where the front is at rest, then the speed of the shock D
is just ug, because by definition it is measured relative the unshocked

matter.
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CooTHOLWEeHUs ANs yAapHbIX BOJH

Now F3z = const gives:
(Eo + 3/°Vo + Po)ug = (Es + 3°Vs + Ps)us
If we replace here u; — jV;, we get:
(Eo + 3/*Vo + Po)iVo = (Es + 3/*Vs + Po)jVs .
From here
EoVo + V3 + PV = E;Vs + 12V2 + PV

and
(Eo +Po)Vo + 3*(V§ — V&) = (Es + Ps)Vs .
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CooTHOLWEHUS ANa yAAPHbIX BOMH

But (V& — V2) = (Vo — Vi)(Vo + V5) and Ps = Py + j2(Vo — V)
obtained above implies Vo — Vs = (Ps — Py)/j% so j* cancels in
numerator and denominator:

(PS_PO)

(Eo + Po)Vo + 1j (Vo + Vi) = (Es + P) Vs .

Thus,

Py+ P Py + P,
<E0+ 02 S)VO:<ES+ 02 S>VS,

and we obtain a general formula for the compression in the flow (e.g. on

a shock front):
Vs _ 2Ep + Py + Ps

Vo  2Es+Py+Pg°

.




CooTHOLWEHUS ANa yAAPHbIX BOMH

An equation of state E = E(P, V), or P = P(E, V) gives the shock
adiabat. For a general equation of state in a strong shock
(Ps > Py, Es > Ep) which is most important in supernova envelopes,

Vs 2Ey/(Po +Ps) +1 1
Vo 2E/(Pp+Ps)+1 2E/Ps+1°

or Vi 2E,
o Vs P
in general case, and
Vi 2 +1
o _Vogy 2o _oFL
po Vs y—-1 ~v-1

for the case of v = const equation of state.




CooTHOLWEHUS ANa yAAPHbIX BOMH

Let P = (7 — 1)Ey, where Ey, is translational internal energy, i.e. kinetic
energy of particles in plasma, and let £ = Ei; 4+ Q, where Q is, e.g.,
ionization potential energy. Then in a strong shock

pS_V0N1+2EZtr+2Q_ 2 20
£0 Vs Py v—1 (7 - 1)EZtr ’

that is

Ps Voo v+1 20

—_— === + .
po Vs =1 (y—1)Ew

For v = 5/3 this gives

Vi 30
&:—0%44— -
Lo Vs Eoy

— formula (3.71) in Zeldovich and Raizer.




CooTHOLWEHUS ANa yAAPHbIX BOMH

We found from conservation of momentum (F; = const) that
Py =Py + j*(Vo — Vs), ie.

]-ZZPS_PON Py P; Py +1)
Vo — Vi Vo — Vi Vo[l—(’y—l)/(’y—}-l)] A ’
— this is valid for a strong shock, constant v and small Q. Hence,
; PO+ 1)59
2
U= ———
pO 0 2 )
that is
Py = ——pi (5)
= ——polp-
s o 1PO 0

Note that « here must be taken for the gas behind the strong shock since
the pressure Py is negligible and its equation of state is irrelevant.
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TeMnepatypa 3a GpOHTOM yAapPHOW BOJHbI

For a non-relativistic plasma with pressure P = RpT/u we get from (5)

2= ('7 + I)RpsTs
Polp —ZM

9

SO
2 (Y +DRpTs (v 4 1)*RT,

up = =
2popt 2(y = Dp

The postshock temperature T for the strong shock, constant v and small

Q is (from the last equation)

2(y — Dugp

T. —
s (y+1)2R

For v = 5/3 we get
_ 3ugp

ST16R




TeMnepatypa 3a GpOHTOM yAapPHOW BOJHbI

If we put here Dg = u0/108cm/s, then Dg is the shock speed in thousand

km/s and we get
Ty(K) = 2.25 x 10" uD3 %

in Kelvins or

Ty(keV) = 1.94uD3 ®)

in keV. Here u = A/(1 + Z) for plasma (since

N = Nparyon/ [t = NionA/ 4 = Nion + Ne = Nion + ZNjon). Note that a
typical value for D in SNe is about 10 thousand km/s, so T will be of
order 10° K or hundreds keV.

Since R ~ kg/m, where m, is proton mass, we have

kgTs ~ m,D>. )

This estimate is the same as used in Eq.(4) if we put m; = m,,.




O6mMaHumBble LMdpbl

In supernova envelopes these numbers are misleading!

In reality plasma in supernova conditions is at least partly relativistic: we
have a huge number of photons with P = aT4/3, and so Ty is
appreciably lower due to high heat capacity of photon gas. Equations
(11, 12), see a couple of slides below, show that with account of radiation
for D of order of a thousand km/s and for p ~ 10~!2 gcc we have

T, = 4.3 x 10* K, well below X-ray range of temperatures, but high
enough to support high L for a long time at large R.
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MNpenynpexneHue

Using v = const is a favourite approximation in many papers and
simulations in astrophysics, but in supernovae it is very bad one, and
almost irrelevant. The value of ~y varies due to ionization/excitation of
atoms, and changes strongly on the shock front when it goes through the
cold layers and heats the plasma so strongly that radiation pressure
dominates downstream behind the front. In that case (which is quite
general for supernova shock breakout) the formulas (7,8) are not
applicable and misleading. The equations for mass, momentum and
energy conservation are more complicated for radiative shock waves
when one has to account for the transfer of momentum and energy of
photons. Nevertheless there are two important limiting cases for strong
shocks with radiation when simple expressions can be derived.
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Ponb nsnyyeHus
In the first case we may have relatively cold gas upstream with Py < Pg
in the strong shock, and the gas downstream is opaque with the pressure
dominated by radiation.
Due to a high heat capacity of photon gas, the temperature behind the
front is orders of magnitude lower than in (7),(8).
Let us put radiation pressure for Pg into (5), we get

aT? 2 ) (10)
— = ug.
3 Nt 100 0
We have v = 4/3 for the radiation dominated gas, and, substituting
ug = D, we obtain
18 \V4
Ts = | —poD 11
s <7(1p0 > ( )
That is
1/4 1/2
Ty(K) = 4.3 x 10*p/%, DY/?, (12)

if we normalize density for p = 1072 gcc and take D in units of

ﬂ thousand km/s. The temperature in reality is much less than in (8)‘
-l 59




N30TepMmyeckasn yaoapHas BoJIHA

£

The second important case takes place when the radiation is not trapped,
its pressure and momentum may be neglected, but when it is very
efficient in heat transport. Now the energy is not conserved, and the
energy flux Fs is not constant any more. Instead of this we may have the
constancy of temperature ahead and behind the front. Mass and
momentum conservation give as before:

Py =Py +j*(Vo — V). (13)

Now both upstream and downstream, the pressure is P = RpT/u with
the same T, so the strong shock condition, P > Py means not a high T
behind the front, but ps > po, and Py = pou(z) which we get from (13)
gives

ps _ D

= RT (14)
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N30TepMmyeckasn yaoapHas BoJIHA

The isothermal temperature T here is much less than the temperature
found in (7),(8) for adiabatic shocks, hence the compression in isothermal
shocks may be orders of magnitude larger than the canonical

(v +1)/(y — 1) of adiabatic shocks. This is a typical situation for
formation of cool dense shells in interacting supernovae. The exact value
of T and of the compression depends on the details of the properties of
plasma with respect to heat conduction, but one should remember that
those dense shells may become unstable, and the exact numbers found
in idealized accurate plane parallel of spherically symmetric calculation
may be not very useful.
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Assumed preSN and “wind” structure
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o ] Bands
-u- U+
g
- r-
< | f
= - =2
(0]
©
g ‘.’.00 T,
e,
£ e A e
E .. .’-’ A A N ~
° PN - i
3 N2 L =<
© oo ] L] ~
g - 7 4 ’ " RN i
17} ) ! )
2 . N
8 L 1 N
o | o ! !
N o ! !
. ! |
.. [ \
o~ ! 1 !
& L ’
T T ' ‘ ‘
0 50 100 150 200
t [days]

Ejecta 5 My, “wind” 48 M, of He, explosion 4 foe. Perhaps not He, but
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Harpes yaapHoit BonHoi +°6Ni
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%Ni vs. Shock wave heating

2 previous plots combined
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TpyaHbiii cnyyan ASASSN-15Lh: akcTpeManbHO cBepXMOLHAsA

cBepxHoBas

Subo Dong et al. arXiv:1507.03010, Science

Observational dates for ASASSN-15lh in 2015
Apr26 May 16Jun5 Jun 25 Jul 15 Aug4 Aug 24 Sep 13
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Figure 1. Multi-band light curve of ASASSN-15lh. The V-band ASAS-SN light curve is

shown as black solid dots, and upper limits are represented by black arrows. Swift and LCOGT
A'" I |-m data are shown as open circles. 68 ‘
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Kak noBenyT ce6s ToHkue cnom B 3D peanbHOCTU?

Boobuie roBopsi, BO3MOXHbl HEYCTOMUYMBOCTH, HAPYLLIAKOLLME KAPTUHY.
Kak oHM MoBAMSIOT Ha NPOM3BOACTBO CBETa?
[03TOMY Mbl HAYMHaEM NPOrpamMMy UCCef0BaHNS TaKUX C/IOEB B
MHOromMepuu.
MNoka npuMeHseM 3/nepoBbl METO/bI.
[ng ynpolieHnsa cHavyana paccmMatpuaem He camum SLSN, a octatku
cBepxHoBbIX (Supernova Remnants, SNR) Ha cTaguu KaTacTpodmyeckoro
OXNAKAEHUS, KOrAa POPMUPYIOTCS MOXOXKME CIIOU.
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CunbHag yaapHas BosiHa ¢ oxnaxkaeHnem B SNR

PapnaTuBHOoe oxnaxaeHue B NpUBAMKEHUM ONTUYECKU TOHKON
cpenbl (7 K 1)

BosHukaeT ckauok nnotHoctn pg/p1 > (v +1)/(y — 1)
o PellieHme NepexoauT OT cenoBckoro o< /5 Ha paamatusroe o t*/7
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The shape of cooling function

1 1 1
2 4 6 8
Ig T, K

TemnepaTypHas 3aBUCMMOCTb QYHKLMM OXIAXKAEHMS.

Red line is approximation by Straka, and the black one - T.Plewa based
on the CLOUDY package.
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2D and 3D simulations

z
vy

3D simulations. Density at t = 40 X 10° yrs.

Density at t = 41 x 10° yrs. Grid 1600x1600,
Grid 512°, FRONT3D.

FRONT3D.

77‘




PapnatuBHas ypapHas BonHa B 2D

B MHOroMepHOM cnyyae Ha CTaAuM CUSIbHOTO PALMATUBHOIO OXNaXAeHUs chepuyeckas CMMMETpUs
HapyLIaeTcs — BO3HWMKAET HEYCTOMYMBOCTb (3aTPABKOW KOTOPOii B MPeACTaBIEHHOM pacyéTe sBnseTcs
[lekapToBa ceTka). 3aech NNoTHOCTL 1 6apI/IOH/CM3, pa3mep obnactm 80 nk. Pacyér FRONT3D.
Chepuueckas CMMMETpUA He HapyluaeTca Ha ceTke R — ¢!

DB: out0200.vtk
Cycle: 200

Pseudocolor
Var: tho_norm

2o

— 1081

00007
Max: 22,15
Win: 0000763




HeycToitunBoCcTb NpK pasHoit N1oTHOCTU (6onee cnabbiit B3pbiB)

Grid 256x256 for CLOUDY cooling function ng = 1,y = 5/3, left, and no = 10,y = 1.4,
right.
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Ponb ceTku: nepexop, K reoMeTpun R — ¢ (LUNUHAPUYECKUIA
cnyyait 0/0z = 0)

DB: out0200.vtk
Cycle: 200

DB: out0200.vtk
Cycle: 200

HayanbHble ycnoBua — ogHoOpoAHbIe No (;5 MomeHT

. HauanbHble ycnoBus Te xe + BO BCEM NPOCTpaHCTBE
t = 200 Tbic. neT. PacyéT Ha ceTke 256x128 syeek,

cnyyaiHble 5% Bo3myuweHuns B nnoTHoctn. CeTka u t
FRONT3D. y ° BOMYIL
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HeycroitunBoctb BuwHsika - Vishniac Instability?

Tur AsTROPHYSICAL JOURNAL, 759:78 (16pp), 2012 November 10 MICHAUT ET AL.
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PerynapHble BO3MyLLLEeHUS HAYQ/IbHOM NIOTHOCTH

DB: out0000.vtk
ycle: 0

Ob6bsacHeHWe HeycToMuYMBOCTM — PT HEyCTOMYMBOCTb BHYTPEHHEN rpaHuLb
13-33 TPAH3UEHTHOTO YCKOPEHMS NMPW BbiPaBHUBAHWUM AABEHWUIA NOC/e
PE3KOro OXNAXAEHMS.

MNMoapobHoctu: Badjin et al. arXiv:1512.02037
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HeycroitunBocTb BuwHSAKA He pa3BuBaeTca (cetka R — o)

DB: out040.vik DB: out0090.vik
Cycle: 40 ycle: 90




Pa3BuTHE HeyCcTOMYMBOCTM HOBOrO TMNA

(a) p, arb. units P. I Ip (b) p. arb. units p. a

Ob6bsacHeHWe HeycToMuYMBOCTM — PT HEyCTOMYMBOCTb BHYTPEHHEN rpaHuLbl
M3-3a TPAH3UEHTHOrO YCKOPEHWS NMpU BbIpaBHWBAHWWU OABNEHUI nNocne
PE3KOro OXNaXAEHMS.

MNoapobHoctu: Badjin et al. arXiv:1512.02037
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BbiBOAbI

Mopenb paguaTMBHOM yAApPHOM BOMIHbI — HAUNyYLLas Ans
6onblmnHcTBa SLSNe. B Helt TpyaHO 06bACHWUTL HEKOTOPbIE
CBEPXHOBbIE C BbICOKOM CKOPOCTbIO Ha oTocdepe, CAUWKOM fonrne
KpuBble 6iecka nnmn cobbitna ASASSN-15Lh SN 2015L.
“MarHutapHas” Mogensb — obeluatoLuas, Ho NoKa OHa He pasBuTa.
MosiBnsioTca apyrue Moaenu, Hanpumep, “Explaining the most
luminous supernovae with an inefficient jet-feedback mechanism”
A.Gilkis et al. 1511.01471. HyxHbl HOBble uaen!

HeyCcToiunBoCTM TOHKMX CNIOEB MEXAY PaanaTUBHBIMU YAAPHBIMU
BOJIHAaMM Pa3BMBAOTCS NPU HANIMUUM CETOYHBIX MU DU3UYECKUX
BO3MYLLEHWN.

XapakTep pa3BuTUs OTBEYaeT He KosiebaTenbHoM kapTuHe BuluHska
(overstability), a ckopee TennoBoi HeycToMuMBOCTU. BBOAUM HOBbIIA
TUN HEYCTOMYUBOCTMH.

[ns ycnosuit CBepxMoLLHbIX cBepxHOBbIX (SLSN) Heobxoanm
AKKYpaTHbIN YY4ET NepeHoca U3nyvyeHns C y4ETOM HeyCTOMUYMBOCTH

85




Cnacmnbo 3a BHUMaHue!




