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Part I: Explosive nucleosynthesis and radionuclides

»  Explosive nucleosynthesis
» Radioactive decay
» Important radionuclides for supernova light curves

Part II: Late time supernova light curves — diagnostic power

»  Bolometric supernova light curves in the lepton dominated phase

» High central density (Chandrasehkar-mass) vs low central density
(violent merger) models
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Type Ia SN 2003hv

After ~200d, bolometric light curve (that is, luminosity integrated over UVOIR wavelengths
as a function of time) is following °Co half life.
Departure at ~800d is due to nuclear structure of >’Fe!
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(Leloudas et al, 2009, A&A, 505, 265)
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Explosive nucleosynthesis

»  Thermonuclear fusion in supernovae does not
proceed under hydrostatic conditions, rather in

a rapidly expanding medium. 107

»  Often temperatures reached are high enough
that reaction rates are so fast that nuclear
statistical equilibrium (NSE) is reached. Y_~0.5

Mass fraction
[a—y
=

» In NSE, all nuclear reactions are in detailed
balance, and the equilibrium mass fractions are
determined by minimizing the Helmholtz free
energy F=(U-Q)-TS.

— High entropy environments are dominated
by light particles (such as p,n,*He).

» — Low entropy environments are dominated
by nuclei with the highest binding energy for
the given neutron excess (here: Fe-group).
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Mass fractions during expansion as a function
of decreasing temperature. NSE values are
dashed. Solid lines are reaction network
calculations. Freeze-out occurs at low
temperature, when nuclear reaction are too slow
to keep the abundance in equilibrium for the
rapidly changing thermodynamic conditions.
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Example: nucleosynthesis conditions in SNe Ia

maximum temperatures and densities in deflagration front
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Thielemann et al. 1986
Normal freeze-out from NSE: Alpha-rich freeze-out from NSE
»  Lower entropy, higher densities > 3e8 g cm™ »  Higher entropy, lower densities < 3e8 g cm’
»  Low light particle fraction during freeze-out »  High light particle fraction during freeze-out
»  55Co survives »  3Co destroyed by *>Co(p,y)**Ni
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Nuclear Decay

Positron (electron) emission:
»  Proton in the nucleus decays into a neutron, positron, and electron neutrino. The
positron and neutrino are ejected. Only possible if |AE, | > m - m +m = 1.8 MeV.

»  Nuclei that have an open positron channel always also have an admixture of electron

capture, unless completely ionized, since here |AE__.| > mp - Mp-Me = 0.8 MeV.

»  For neutron rich nuclei, neutron in the nucleus decays into proton, electron, and
electron anti-neutrino (positron capture generally not important here).

Orbital (usually K/L-shell) electron capture by a proton in the nucleus:

»  Daughter has a hole in the inner atomic electron structure.

» Hole is generally filled by higher lying electrons transitioning to lower lying levels
emitting X-rays in the cascade.

»  Energy difference and quantum numbers can also be transferred to an outer
electron, which is ejected: Auger electrons.

In both cases the transition can be either to an excited state or the ground state:
» If the transition is to an excited state, generally a cascade of gamma rays is emitted.

»  Energy difference of nuclear states and quantum numbers can also be transferred to
an (inner) atomic electron, which is ejected : Internal conversion electrons.
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Relevant nuclear decay chains

56Ni ty = 6.084 } SﬁC{} t1p="717.2d } SﬁFe
5?Ni ty ;o= 35.60h } STC{} ty 2= 271.79d } STFe
ESC{] ty ;o= 17.53h } ESFE-, t /2= 999.67d } SSMH
44 ty o= 58.9y | 44q,, t12=3.97h | 440,

ﬁnC{} typ=35.2Ty } ﬁDNi

*5Ni is produced most abundantly by far — most important decay chain
In 1/5 decays *°Co emits a positron — important at late times
>’Co decay also produces electrons — important at late times

vV v v v VY

>Fe decay produces electrons — important at late times

(importance of electron channels pointed out by: Seitenzahl, Taubenberger, Sim et al. 2009, MNRAS 400, 531)
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>5Co decay chain generally ignored since it's 100% electron capture to the ground-state
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>’Co Gamma and X-rays

Gamma and X-ray radiation:

Energy Intensity Dose
(keV} (%) ( MeV/Bg-s }
¥R 1 0.7 1.52 % 15 1.06E-5 11
¥R kol 6.351 16.6 % 9 0.00106 5
¥R kol 6.404 32.9 % 15 0.00211 10
AR kBL 7.058 3.91 % 19 2.76E-4 13
¥R kPR3 7.058 2.00 % 10 1.41E-4 7
— p 14.4129 5 9.16 % 15 0.001320 22
—p 122.06065 12 85.60 % 17 0.10448 21
—p» 1365.47356 29 10.68 % & 0.01458 11
230.4 4 4E-4 % 4 9E-T 9
339.69 21 0.0037 & 3 1.26E-5 10
352.33 21 0.0030 % 3 1.0B6E=-5 11
3e6.8 3 0.0012 % 3 4.4E-6 11
570.09 20 0.0158 & 10 5.0E-5 &
692.41 7 0.145 & 10 0.00103 7
706.54 22 0.0050 % 5 3.5E-5 4
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>7Co electrons

> Internal conversion electrons are )
No positrons!

significant due to a fortuitously low
Decay energy too low!

lying 3/2- state in the daughter >’Fe
»  Combined with Auger electrons about

. 85.51 % 10.71 %
18 keV per decay, which can 5/2- — -

compete with the positron of **Co

i i
i i
i 122.06 keV i i 136.47 keV
decay due to the longer half life of >’Co 5 5
i i
Electrons: : :
i i
Energy Intensity Dose : :
(keV) (%) ( MeV/Bg-s ) i i
1
i i
1 1
——p huger L 0.67 251 % 4 0.001684 24 : :
— P huger K 5.62 105.1 % 17 0.00591 10 ! !
— P CE ¥ 7.300% 11 71.1 % 24 0.0051% 18 : :
1 1
— - CE L 13.5668 7 7.4 % 3 1.00E-3 3 i i
32 Y i 9.15 %
—p CE K 114.9487 9 1.83 % 10 0.00211 12 r : !
CE L 121.2146 4 0.192 % 17 2.32E-4 21 1/2— ! !14_41 keV
— P CE K 129.3616 9 1.30 % 14 0.0016% 18

Level scheme and intensities for >’Fe
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>>Fe decay radiation

Very low decay energy. Almost 100% GS to GS transition!
Essentially no gamma rays! But:

Electrons:
Energy Intensity Dose
(keV} (%) ( MeV/Bg-s )
—» BAuger L 0.61 13%.% & 14 B.53E-4 &
—» BAuger K 5.19 60.1 % & ¢.00312 4

Gamma and X-ray radiation:

Energy Intensity Dose
(keV) (%) ( MeV/Bg-s )
XR 1 0.64 0.66 % 10 4.2E-6 &
—p HE kol 5.888 8.2 & ¢ 4 .85E-4 21
—» KR kol 5.800 16.2 % 7 9.6E-4 4
XR kBl 6.4%9 1.89 % 9 1.23E-4 &6
XR kB3 6.49 0.96 % 5 6.3E-5 3
126.0 1 1.280E-7 & 20 1.61E-10 3
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Bolometric light curves

Basics:
»  Usually, bolometric light curves are reconstructed from UVOIR data.
» IR bands are progressively more important at late times as the wavelength of the peak
emission shifts into further and further into the red — infrared catastrophe
»  Unfortunately, only very few IR observations exist, especially at late times
»  Column density and hence opacity to gamma-rays decreases as t
Models:
»  Detailed models treat radiative transfer of photons
»  Abundances and density/velocity profile needed for source terms, opacities, and
time evolution
»  Processes include Compton scattering, pair-production, photoelectric-absorption
(bound-free), collisional processes, Bremsstrahlung
»  Local and complete deposition of positron kinetic energy is usually assumed
»  Escape fraction of positrons at late times remains an open question
» At late times, when most gamma-rays escape and leptons dominate the energy input,
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the bolometric light curve falls with the half life of the dominant leptonic channel



M_ delayed detonation vs. violent merger

delayed detonation M WD | violent merger (1.1+0.9 M_ WD)

**Ni mass [M_] 0.604 0.616

mass of ’Niand¥Co [M_] | 1,88 x 102 1.49 x 10~2

mass of >*Fe and >Co [M ] 1.33 x 1072 3.73 x 103
log p[gcm 7]
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(Seitenzahl, Ciaraldi-Schoolmann, Répke et al. 2013, MNRAS 429, 1156) Pakmor et al. (2012) Ap] 747, 10
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New 3D delayed detonation SNe Ia yield tables

Table 2. Asymptotic nucleosynthetic yields (in solar masses) of stable nuclides.

N1 N3 N3 N0 N20 N40 NI100OH N100 NIOOL N130 N2 N3NOC N1G0DD  NIADDC NIGOZDS NIODZD1 NI100ZZ0.01
IZc 261E03 990E-03 90SE-03 443E-03 920E-03 3S0E-03 387E03 304E-03 38SE-03 1L72E02 121E-02 BR6E-03 106E-02 16BE-02  3.10e-03 3.15e-03 3.16e-03
3¢ 1B4E-08 6.05E-08 S0SE-08 257E-08 4.52E-08 2.13E-08 228E-08 174E-08 2.U7E-08 100E07 657E-08 495E-08 S57E-08 S44E-08  B4Te09 1.91e-09 2.72e-10
4y 292E-06 993E-06 846E-06 3BSE-06 S34E-06 430E-06 425E06 3ZIE-06 398E-06 184E-05 133E-05 9.06E-06 104E-05 18BE-05  180e-06 4.71e-07 7.22e-08
5  336E-09 122E-08 103E-08 447E-09 103E-08 5.16E-09 524E09 36TE-09 466E-09 229E-08 171E-08 1I4E-08 129E-08 241E-08  207e-09 2.98e-09 B.73e-08
10 2602 $TE02 SEEQ SIGEQ) SMEL 9LEN TIEC LOIE0L 14EQL 14E01 196EOL 121E0L 19IE0I 2TEL 9Te02 9640 947002
o 396E-07 137E-06 L16E-06 534E-07 112E-06 534E-07 S561E07 413E-07 S5.04E-07 248E06 174E-06 122E-06 136E-06 242E-06 284e-07 5.43e-09
8 332E09 133E-08 11IE08 454E09 112E08 S20E00 SSOE09 353E00 461E00 252E08 198E08 125E-08 144E.08 273E08  223e09 9.93e-10
IF  373E-11 135E-10 LI7E-10 S05SE-11 122E-10 622E-11 632E-11 439E-11 568E-11 264E-10 2.13E-10 136E-10 158E-10 287E-10  220e-11 4.7%e-11
MNe 147E-03 337E-03 375E-03 Z40E03 S541E03 4.15E-03 366E03 353E03 433E-03 BTJ2E03 LISE02 676E-03 940E-03 3.60e-03 3.74e-03
Ne 30RE-07 979E-07 &BIE-07 4.06E-07 963E07 S43E07 S20E07 4.11E07 517E-07 198E-06 1 6BE-06 1 0RE-06 1 29E-06 1.97¢7 6.93e-09
Ne 640E-05 326E-04 2B7E-04 131E04 258E-04 STTE-05 762E05 407TE05 551E-05 483E-04 234E-04 211E04 232E-04 1.65e-0) 1.71e-07
BNa 220E05 641E05 609E05 322E05 TIOEQS 466E05 425E05 3T4EDS 468E-05 138E04 138E04 853E05 1 09E- de-05 1.96e-05 1.72e-035
24Mg IQ3E-03 T.3E-03 BS3E-03 TUVE03 146E-02 134E02 103E02 1.5ZE-02  1E3E-02 193E-02 332E-02 197E-02 308E- 2e-02 2.6%-02 2.90e-02
EMg 33E5E-05 926E-05 892E-05 307E-05 LI11E-04 T7IJ0E-0F 6G86E-05 649E-05 B02E-05 Z20ZE-04 2.04E-04 133 1.75E- 30%e-05 1.06e-05 B.9%e-07
2“"Mg 515E-05 136E-04 134E-4 755E-05 171E-04  117E04  1MEAM 966E-05 LISE-04 307E-04 327E-04 E-04 4 Ade-05 7. 3be-06 1.04e-06
2TAl  198E-04 39SE-04 456E-04 3ITIE0L T3ZE-04 TOSE-04 S4TEM 674E-04 BAZE-04  1D4E-03 1 ABE-03  23TE-03  5EEe-04 2.68e-04 B.7le-03
Bgi p32E02 SHUEN2 LISED] 13BE01 1SSE01 259E-01 212E01 284E01 3SSEOL 271 JO9E-01 361E-01 344E-01 290e-01 284201 2.88e-01
g 2AYE-04 464E-04 S6BE-04 SATE-04 949E04  103E03 TTIE-M  1.03E03  1.25E- 1 30E- 129E-03 197E-03 2.86E-03  728e-04 4.30e-04 1.35e-04
g  596E-04 LOOE-03 123E-03 1.IBE-03 212E03 235E03 172ZE-03 236E03 2§6E03 277E-0% 476E-03 2E7ED3 453E-03 635E-03  1.19e-03 1.44e-04 1.54e-03
Mp  140E-04 228E-D4 2B7E-04 27BE-04 48TE-04 S60E-04 420E04 577 7 04 E-04 10OBE-03 685E-04 105E-03 147E-03 358e-04 1.05e-04 3.54e-05
3§ 262E-02 3T0E-02 479E-02 S74E-02 TT4E-02 101E01 #35E02 1.1 ASE-01 107E-01 LIOE-01  127E-01 122E01 103E01  1.12e01 1.12e-01 1.1%e-01
g 75IE05 106E-D4 142E-04 153E-04 243E-04 314E04 23 33 421E-04 327E-04 3523E-04 365E-04 34A7E-M 6T9E-04 23%e-04 1.04e-04 4.57e-035
Mg g26E04 LIGE03  1STE03  17SE03 284E.03 37 3 ® 4.04E-03 5.02E-03 36EE-03 622E-03 422E03 656E-03 BO06E-03  1Ebe-03 2.60e-04 7.14e-06
65 RIZE08 135E-07 165E-07 141E07 2.54E-07 07 ZATEAOT  Z05E-07 359E-07 542E-07 323E-07 487E-07 T6BE-07  3E6e-08 1.64e-09 1.73e-11
/01 429E-05 620E-DS B2TE0S B3TE05 3 127TE44 1. 78E-04 227E-04 189E-04 2E89E-04 200E-04 29BE-4 3BLE-04  99]e-05 2.64e-05 5.65%e-06
gl 732E-06 962E06 134E05 153 ﬁ 3.14E05F 244E-05 331E-05 449E-05 3.04E-05 466E-05 363E05 322E05 375E-05  227Te-05 9.14e-06 3.52e-06
ar 452E-03 63GE-03 B03E-03 48! % 02 161E02 143E02 1.77E02 Z207E-02 176E-02 1S50E-02 2Z0BE-02 164E-02 1.23E02  185e-02 1.92e-02 2.04e-02
Mar 3TTE04 S.ISE-EI& T.l@ 1.23E-03 172E-03 120E-03 191E03 248E-03 1A9E-03 269E-03 196E-03 239BE-03 342E03 B3leDd 1.19e-04 5.40e-06
War 16SE-09 245E-0 ‘E 290E-08 479E-08 S52TE-09 3EIE09 521E0% 660E-09 664E-09 104E-08 629E-09 987E-09 14BE-0F  4.66e-10 98Te-12 5.11e-14
¥y 226B-0542. : 05 465E-05 630E-05 951E-05 740E-05 1.O0TE-04 13%9E-04 953E05 142E-04 1I0E-04 1 80E-04  1.75E-04  625e-05 1.89-05 3.5Te-06
g 129E-06 E-06 230E-06 266E-06 3B0E-06 538E06 42206 603EO06 787E-06 536E-06 THRIEO6 621E-06 B93E-06 O65E-06  3ES5e-06 1.42e-06 4.92e-07
ey 40SE-03 5.74E-03 TOOE-03 SEZE03  LI3E-02 135E-02 124E02 147E-02 175E-02 1S0E-02 107E-02 17BE-02 LIOE02 7.50E-03  157e02 1.66e-02 1.77e-02
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Metallicity dependent yields for 3D SNe Ia

Compared to W7 (squares, Maeda 2010), 3D delayed-detonation models produce (normalized
to *°Fe) different yield pattern in the Fe-peak, i.e. more Mn, less Co and Ni. Coupling different
SN Ia yields to chemical evolution are one possible way to distinguish models.

—e—Fe||
, : —@—Co
® 100 [ e 1 . - A, —@—Ni |1
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3
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L}
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mass number, A

(Seitenzahl, Ciaraldi-Schoolmann, Ropke et al. 2013, MNRAS 429, 1156)
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Possible late light curves for SN 2011fe

»  Merger and delayed-detonation models produce at equal **Ni yields somewhat different
>’Ni and very different amounts of >°Co (due to different central densities). This
provides an additional, independent way to distinguish the models.

4‘0-0 ! 1 : T T | T
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(Ropke, Kromer, Seitenzahl et al. 2011, ApJL, 750, 19)
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»  Nuclear structure has important consequences for SNe Ia, luckily (or unfortunately,
depending on your point of view) the important nuclei are near the valley of
stability and the relevant properties are experimentally well known.

»  Electrons (internal conversion and Auger) produced in radioactive decay can be
important or even dominant heat source for late phases of SNe Ia.

» Late time bolometric light curves are sensitive to isotopic production ratios of some
radionuclides, which can be an independent diagnostic tool (in addition to e.qg.
spectral analysis).

>  Future observations of late time SN light curves (e.g. SN 2011fe) hold promise of
constraining central density of underlying supernova explosion, thus independently
constraining explosion scenario.
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