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supernovae - the deaths of stars

Core-collapse of 2 massive star Thermenuclear explosion of a
(M = 8Mg) as it runs out of fuel at  white dwarf exceeding the

the end of its life Chandrasekhar limit (1.4 Mg)

H-+He I

He =L, 0

C == Ne, Mg’

0== 5.5

5,5 == Fe

Core — e
Cradit: wiaw, phys. ofemisz, edy Cradit; hetdexorg



Supernova types and their relative frequencies
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Hydrostatic burning in massive stars
Main source of O, F, Ne, Na, Mg, A, P in Universe

Credit: Wit pfes, efenndss, edy



Corecollapse and

explosion
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Explosive burning
CC 4+ TH — Main source of 3i, 5, Ar, Ca, Fe, Miin the Universe
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Corecollapse SMNe : Questions we want to answear

@ What are the progenitors of different SN types (Mzans, £, 4 B,
binarity)?
@ How does the axplosion oocur, and what is left behind?

@ VWhat nudeosynthesis do SMe produce, and how well do we understand
the cosmic abundancesy

Ab. by number | El MWain source Eurning
1 H Eig Bang -
2 He Eig Bang H burn
3 C CCSM i burn
4 i AGE starg He burn
h e CCSN iZ burn
& I AGE stars He burn
7 Mg CCSM i burn
8 Si | CCSM 4+ TNSN | O burn
i+ Fe THSM 5i burn
10 - ZCSM 2 burn




The nebular phase : the opportunity to see what massive

stars are made of!
1940s: Slaw exponential tails discovered . Decay time scale of ~ 100 days.

Borst 1960 ¢ Radicactivityl Colgate & Mckee 1969 -
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How can we determine element masses in 5N gecta from
their nebular spectra’?

Modelling methods:

i Measure line lumingsities + assume uniform conditions and analytic
forms walid in certain limits Impartant but can anly give rough ideas

& Fit full spectra by watying compesition in single-zone model Widaly used
but issuas with micrascopic mixing

Q Forward modelling of multi-zone explosion models Reacent progress

(Degzart & Hilfier 2001, AL 2011 (PhD) thegs), Mauwrer 2041 (PR D
thesds] AJH-2012 2014 2015z.6.c



Zoning

leg Mass Fraction

Interior Mass

Composition of & SN giects From Woosley & Wezver 1005
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Eringing mixing into a 1D Monte Carlo model

Carbon

Oxygen
Hickel

Left: 30 simdztion by HemmertZ010 Right @ Representztion in our 10 Meonte Carle method
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spectral modelling Sedstrend 2011, PAD thesis
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Fadiative transfer

The 5M nebula is in a Hubble flow : all points recede from all others. A
photon is continuously redshifting with respect to the local, co-moving frame
and has to traverse all lines with wavelengths withing AgAV fc. The
collective opadty is called line blocking.
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Oxyeen yvields : the key to determining the progenitor mass

Chyzen production from models:
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The important O /MNe/Meg zone (catbon burning ashes)

Prog. Mass — 12 M 19 I"quEI 25 Ma
Zone mass |

SIS 0081
____
Die g 0.14

93 13.6 13.8

Basic idea : compute models for different M za 500, 522 which ones fit cberved

[3 1] 6300, 6364 and other O /Me /Mg zone lines
Afrzoi2 ASLm0dd, Al ra0dsa be
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First test case @ SN 2004et. Mzaps = 12 Mg too dim,
Mzaps = 19 Mg too bright
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First test case @ SN 2004et. Mzaws = 15 Mg just right
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oM 2004et © Some disagreement between methods

@ Mebular modelling (AJ4+2012) © Mzapgs ~ 15Mg
@ Hydrodynamical medelling (Utrebin & Chugai 2009) © Mzans 2 3005
@ Progenitor detection : Mzapngs ~ 1205 (Fraser+ in prep)



oM 2012aw : also here Mzaps == 15 Mg best fit
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Oxyeen luminosities in 12 Type [P SMNe
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oM 2012aw © consistent picture for Mg and Ma

[MgfO] ~ 0 and [NafO] ~ 0 First direct evidence for solar praduction of
2, Mg, Main individual SMe
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Type llb SMe

@ Type |l (H-rich) at early times, Type |b (H-free) at late times :
progeniter has been stripped but all but ~ 0.1 Mg of its H envelope.
Fecent surveys — 10-15% of all CCSMe.

@ Two main candidate mechanisms for H envelope stripping:

Binary systems Single massive stars
{gravitational stripping) (wind stripping)
Any Mzans.

Mzangs 725 Mg




Type llb case study © SN 2011dh - best-observed
stripped-envelope SN since 1993

eoab 8N 2011dh, 2024 ]
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A Mzama = 17 Mo model for 5N 2011dh

eraf S 2011dh, 2024 -
17 Mzun model
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A Mzamz = 13 Mo model for 5N 2011dh

eraf S 2011dh, 2024 -
13 Mzun model
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A Mzamz = 12 Mo model for 5N 2011dh

eraf S 2011dh, 2024 -
12 Mzun model
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SN 2011dh : Time evolution afrzorsiasa)

EE CRT)
[E

i

3
:

A aden

=
o
B

e 10 2ty e
1

fnarkmb

.’qgll:l:l o0 4000 S000 6000 TOOO G000 000 10000
SN 20114 b, 2024
1x0

o2
b
§
I lﬂgll:l:l Jo00 4000 SOO0 G000 TOOO0  GOO00 000 10000
B TEN At 293 g f ledemenim B : =
g ue ig wd ol + EAN
% i Tir BT ad o« 2 2011dh
=] £ -4 53 H HEl &
i L L i LY a4z -
e & Foooin i % omp ]
* ¥ 5
:E"II J000 4000 SOO0 f000 TOOO G000 000 10000 §
[ Ermiian g |°I,|...n.q,ﬂ-: Eﬁ I I 4 o R ]
ut a0z i 1 i = FLFFTYE
: 1 o} B
D'l 1 l g‘ .
% = 12
R B o e D S B PR
ﬂlm J000 4000 SOO0 G000 TOO0 G000 000 10000 100 200 a0 400 S0 [10 1]

Wavelength (L) Time {dapsh




[ 1] AAG300, 6364 in SN 1903, SM 2008ax and 5N
2011dh = Mzaps = 12 — 15 M (Mo =03 - 0.8Me) —
fow-rmass stars stripped by binary interaction
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uwyeen and magnesium recombination lines — synthesized
Mg mass is 0.087228 My in SN 2011dh ([Mg/Q] = -0.5 -
+0.4)

Choygen o Do &2 Ry —

2
Lot foowong i
Fogion Tiled ont Fogon o kd ont J
. o [0 trom [0 1] haezid el
MEIEI'IQEILII‘I"I 3 nMgH =~ n,n,.-;lg MEFEA MEFN0 O3k nj¢.5t.r|qt.|r¢—‘f‘

— | Lo Mpy % n,

Combine —  determine

Muge % £512

fo constrained from
[C 1] 6300, 6364 line ratio
and fine-structure. Ij-Fﬂijgifactor],JF:ln

ALy 20e5ALA )

b2
W
n

3



CCSMe Results on axyeen production and Mzaps from
nebular modelling

@ [ype [P Mo =01 —1 Mg, Mzaps = 10— 1TMg (Al4 2012
AJ+2014, AJ42015 (MMNEAS))
Other work,
a Dessart & Hillier 2010 : Mo~ 0.8 in SN 1008=m
" Type b M@ =03-02& M@>MEAMS‘ =12 — 15M@. ﬁ;J+2015I:ﬁ&ﬂk:l
Other work,

@ Houch & Fransson 1006 Mo - D5 Mg in SH 1003
@ Shiveers, Mazzali+ 2013 . Mo ~ 0.3 My in 5N 2011dh

20,5z



Type lIP and llb SMe make up 2/3 of all CCSMe but
contribute < 16% of total O production?
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Type lIP and llb SMe make up 2/3 of all CCSMe but
contribute < 16% of total O production?
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The Type Ic's (no H or He)

Essentially all work so far singe-zone modelling (method 2)

5N ALY Feference
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Explosive burning

BBIi ST, BN, MTH *He are smoking ouns for how the explesion oocurred
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Radioactive isotopes : ¥ Ti powers the SN after 5 vears
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SN 1987A : M(*Ti) = (1.5202) x 107*Mg atsz01s

Thisis a high mass and direct evidence for a-rich freeze-out
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Fesult directly confirmed by gamma-ray decay lines observed with MuSTAR

this year (Bogos 2015, Sdence)

26 /52



T production in SN 19874 and Cas A

High *4Ti-masses in both — high entropy — need asymmetric explosions
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T production in spherical and aspherical models

el Kors o 1 M gss, e Lt/ ST SETRY M LR MM

Claza: A ;
Value of ¥, oo M = LECT A (—04A8) A-dficiully Champged <o That of M o~ LEFT M- 100050

i 1.54 D."-i 15 |
37 1.57 3 1
a7 15 22 23 1.5
L 155 43 24 LA
AT i1 0 15 A
a7l 132 4 Al LA
A 15l ax 32 &k
a? 144 ] ] 11
Ceae B
Valu ol ¥ Tar &~ 15 A, (- 1404) anitichally Clianped b0 That af & = LH57 M, (=148
g7 159 N4 1.5 1.5
3y 1. L4 1. Ly
u? 154 i 13 LB
i 1.57 440 12 LE
A7 (8] 0o 1.5 1.5
AT 155 1z 13 L5
AT 173 - 14 L3
Al 130 0 13 (B

e —" Waes gl HIG " ||||,:|r§.l'|L Rapen mxa e o’ et phaxl nepime atarg,
i u“‘m-—Lx ML
It -’"h "*NI‘:- X"'*hl_u X'"I-

e

Nagafaki—}-i o7



oM 1987A : He | 2.058 pum from core region visible at 20
Years

Further evidence for a-rich freeze-out
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The "9°Ni bubble" has a filling factor of ~ 0.2 (SN 2004et)

Contains only 1% of the core mass, but expands to 20% of the core volume dus to

the radivactive heating,

205 davys
4 T
28 st al junobssr wed) Coublyionized Unobssrved)
lines srlsrgs linss smergs
3| inrnods] in-rodsl.

[Fe I 25 pm

[Co 1] 10 52 pro

[Be 1N 7155 -4

1 0.2 032 0.4 05 0.6
Rlling factor for FelHe zone

AR aE2 anys

3



Diagnosis of stable nickel (mainly N i)

L{MIN #5es ; ,
EE'%FTH]l]ﬁ'} a2 3 in SN 2012ec. Model in blue.
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Diagnosis of stable nickel (mainly %N i)
Temperature constraint (3000-3300 K) from Fe line strengths and known
BONi mass —

%E%% = 02 0.07 (3-4 times solar)
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[Mill] 1.8939 um line gives

Stable nickel in SN 2012ec
same result — robustness
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Mi/Fe production ratios in CCSNe

Indication of = 1% solar on average. This has direct implications for burning
conditions in thermonudear SMe to make = 1% solar.

5h MifFe (times solar) Reference

Crab B — 7h Macalpinet-1989, Macalpina+2 007
SM 198TA 0DE—15 Fank+415888, Woodan4-1903, 4142015k
Sh 200 et ~1 A l42012
S 2006a] 2-h Paada4-2007, Mazzali+2007
S 20124 ~ 05 AJ42015h
SN 2012 aw ~15 Al420d5h
SM 2012ec 22—-486 Al42oiEh

AJL2015 (MNRAS)
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What kind of butning can make 3 times solar Ni/Fe?
Need ¥ e 0497
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What kind of butning can make 3 times solar Ni/Fe?
Such a ¥, is found in the deep-lyving sithcon layer of the star — mass cut

inside the 5i /O interface
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Corecollapse SMe : Summary of nucleosynthesis vields
Hydreetatic burning;
@ O: 01— 1M (12 Type IIF and 3 |1B).
@ Ma: (1—3) %107y (3 1IPs)
@ Mg: 0,02 — 0.14 Mg in 2011dh, ~0.05 Mg (3 1IPs)
Explosive burning:
@ 5~ 005 Mg (4 1IF)
@ Ca:~ B 1073 My (3 llks)
@ WTiMCa: (1-2) » 104 Mg (SH 1987 A)
@ Fe (via M) : 0,01 —0.1Mg (12 1IP, 3 lIb)
@ Mi: (3 —6) % 10—°Mg (3 |IPs)
Mote:
@ Helium/carbon burning ashes (0 MNa,Mg) consistent with selar
production ratics (within facter 2)
@ The MifFe ratio from CCSMe is somewhat higher than selar — mass
cuts in coygen layer and sometimes in silicon layer
@ We have not identified the main source of oxvmen in Universe. Except
for one or two cases nucleosynthesis yvields point to Mzans % 20 Msun.
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Summary

@ Analysis of supernova nudecsynthesis can be made by nebular-phase
modelling of e.g. [0 1] AABI00, 6364, Ma | 5300, b8ws, Mg || Ad5T1,
[Mi 1] A7378.

@ 2/3 of all CC5Me have hydrogen (Type [IP and 1lb). Modelling of these
shows production of 01 — 1 My of oxygen, with Mg /O and Ma /O
produced in roughly solar ratics.

@ Mo evidence yet for massive (Mzane = 17 Mg) progeniters for these.
Type IIP and b SMe are not the main source of axygen n the

Universe. Type Ib/lc/lIn/lIL SNe?

@ Analysis of explosively synthesized isotopes (¥Ti, ®Mi, ®®MNi) constrains
the explosion mechanism. We find that it must involve strong
asymmetries and sometimes eject neutron-rich layers giving high MifFe
tatios. The 56N bubbles hawe been demonstrated to expand by factor
~20 during early evolution.

4,50



Pair-instability supernovae

What would spectra of exploding 100 Msun stars look like?

ASL 2046 (MNRAS)
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Pair-instability supernovae

What would spectra of exploding 100 Msun stars look like?

(P Tl
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Pair-instability supernovae

What would spectra of exploding 100 Msun stars look like?

ASL 2046 (MNRAS)



Pair-instability supernovae
Mo good fit to current PISN candidates (SM2007bi and PTF12dam)
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