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Supernovae

• Probably the most brilliant events that we 
observe (brightness increases by 1021 !).

• Basically of two types: Type I (no Balmer Hydrogen 

lines present in its spectra) and Type II (hydrogen present).

• These two SNe are the two major 
contributors to the element production in 
the universe. 



Classical Papers
• Baade and Zwicky, PNAS 20 (1934) 254; 20 (1934) 259

(i) The total energy released in the event is 3 x 1051 – 1055 erg
(ii) SNe are transitions of ordinary stars into neutron stars
(iii) SNe expel ionized gas shells at great speeds (containing nuclei of 

heavy elements)

• H.A. Bethe, Phys. Rev. 55 (1939) 434
Energy production in stars belonging to carbon-nitrogen group; 
mass-luminosity relation and stellar evolution.



Classical Papers (contd.)

• E. M. Burbidge, G. R. Burbidge, W. A. Fowler and F. 
Hoyle, Rev. Mod. Phys. 29 (1957) 547
A seminal work on nucleosynthesis in stars (r-, s- and p-processes)

• S. A. Colgate and H. J. Johnson, PRL 5 (1960) 235
Pioneering calculation of supernova simulations.

• S. A. Colgate and R. White, ApJ 143 (1966) 626
• W. D. Arnett, Cand. J. Phys. 45 (1967) 1621

Classical work on energy transport by neutrinos and antineutrinos in 
non-rotating massive stars.



Few Review Papers
• For evolution and explosion of massive stars (e.g. S. E. Woosley, A. 

Heger and T. A. Weaver, Rev. Mod. Phys. 74 (2002) 1015)

• For a recent review of explosion mechanism, neutrino burst and 
gravitational wave, see K. Kotake, K. Sato and K. Takahashi, Rep. 
Prog. Phys. 69 (2006) 971

• For a quick check-up of basic supernova physics see E. Müller, J. 
Phys. G 16 (1990) 1571. 

• For a comprehensive review of nuclear weak interaction processes in 
stars see K. Langanke and G. Marinez-Pinedo, Rev. Mod. Phys. 75 
(2003) 819.



Layout of Presentation

• Introduction to evolution of massive stars

•Role of titanium isotopes during presupernova evolution

•Calculation and comparison

• Astrophysical implications
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Weak Processes

• Weak interactions play a conclusive role in the evolution 
of massive stars at the presupernova stage and supernova 
explosions: 

• They initiate the gravitational collapse of the core of stars
• They affect the formation of heavy elements above iron via 

the r-process
• Play a key role in neutronisation of the core material via 

electron capture by free protons and by nuclei.
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Stellar Weak Interactions
• In domains of high temperature and density scales, weak rates 

are of decisive importance in studies of the stellar evolution.

• Beta decay and electron capture lead to: 
• a change in the electron-to-proton ratio [Ye =1 (hydrogen burning) →

0.5 (carbon burning) → ~ 0.42 (before collapse)]

• cool the core to a lower entropy state
• determine the initial dynamics of the collapse 
• determine the size of the collapsing-core
• determine the fate of shock wave released later



Motivation for calculation 
• Astrophysical importance of titanium isotopes were

heavily discussed and assigned differing nucleosynthetic
origins by Clayton (Nucleosynthesis, Origin of the
Elements, 1972)

• Aufderheide and collaborators (ApJS, 91 (1994) 389)
included 51- 56Ti in the list of very important beta decay
nuclei in prespernova evolution of stars.

• Heger et al. (ApJ, 560 (2001) 307) recently included
isotopes of titanium in compilation of a list consisting of
key nuclei whose weak interaction rates are of vital
importance for the presupernova evolutionary phases of
massive stars.



Titanium isotopes calculation
• I calculated the following weak-interaction mediated rates

for key titanium isotopes in stellar matter

– Electron and positron capture rates
– Beta and positron decay rates
– Neutrino and anti-neutrino energy loss rates

• The calculation was performed microscopically using the
pn-QRPA model.



Key References (pn-QRPA)

• Development of model (Halbleib & Sorenson, Nucl. Phys. A 98 (1967) 542)
• Inclusion of pp interaction in the model (Cha, PRC 27 (1983) 2269)
• Extension of model to deformed nuclei (Krumlinde and Möller, Nucl. 

Phys. A 417 (1984) 419)
• First extensive calculation of β—decay calculations (Staudt et al. ADNDT 

44 (1990) 79)
• Extension of model to include treatment of odd-odd nuclei and 

transitions from nuclear excited states (Muto et al. Zeit. Phys. A 341 
(1992) 407)

• First extensive calculation of β+/EC calculations (Hirsch et al. ADNDT 
53 (1993) 165)

• Application of calculated rates in astrophysics, nuclear physics and 
cosmology (Klapdor, Prog. Part. Nucl. Phys. 10 (1983) 131, 17 (1986) 419)



Key References (pn-QRPA)
(contd.)

• Report on calculation of stellar weak rates (Nabi & Klapdor, Eur. Phys. J. 
A 5 (1999) 337)

• Calculation of stellar rates for sd-shell nuclei (Nabi & Klapdor, ADNDT 
71 (1999) 149)

• Calculation of stellar rates for fp/fpg-shell nuclei (Nabi & Klapdor, 
ADNDT 88 (2004) 237). A total of roughly 1 million weak rates were 
calculated in this project.



Antineutrino Energy Losses

(Positron capture)

(Beta decay)



Weak Rate Formalism
The neutrino (antineutrino) energy loss rates of a
transition from the ith state of a parent nucleus to the
jth state of the daughter nucleus is given by

where         is the sum of positron capture and beta 
decay rates for the transition     











Anti-neutrino energy loss rate comparison due 
to Titanium-51

QRPA: This work (IJMPE 2010)
LSSM: NPA, 673 (2000) 481
FFN: ApJS, 48 (1982) 279



Anti-neutrino energy loss rate comparison due 
to Titanium-52

QRPA: This work (IJMPE 2010)
LSSM: NPA, 673 (2000) 481
FFN: ApJS, 48 (1982) 279



Anti-neutrino energy loss rate comparison due 
to Titanium-53

QRPA: This work (IJMPE 2010)
LSSM: NPA, 673 (2000) 481
FFN: ApJS, 48 (1982) 279



Anti-neutrino energy loss rate comparison due 
to Titanium-55

QRPA: This work (IJMPE 2010)
LSSM: NPA, 673 (2000) 481
FFN: ApJS, 48 (1982) 279



Anti-neutrino energy loss rate comparison due 
to Titanium-56

QRPA: This work (IJMPE 2010)
LSSM: NPA, 673 (2000) 481
FFN: ApJS, 48 (1982) 279



Comparison of LSSM and pn-
QRPA calculations

Density       
(g-cm3)

Temperature
(109 K)

QRPA/SM
51Ti

QRPA/SM
52Ti

QRPA/SM
53Ti

107 1 0.805 0.0458 0.863

107 1.5 0.897 0.0459 0.935

107 2 1.130 0.0449 0.938

107 3 1.600 0.0421 1.010

107 5 1.570 0.3020 2.200

107 10 2.170 2.2900 3.810



Comparison of LSSM and pn-
QRPA calculations

Density       
(g-cm3)

Temperature
(109 K)

QRPA/SM
54Ti

QRPA/SM
55Ti

QRPA/SM
56Ti

107 1 11.9 2.73 2.92

107 1.5 11.8 3.48 2.91

107 2 11.6 3.32 2.90

107 3 10.2 2.88 2.81

107 5 3.3 2.77 2.55

107 10 2.7 3.13 4.45



Conclusions
• The calculated antineutrino energy loss rates due to 51,53Ti

are in good comparison with LSSM rates. At high
temperatures pn-QRPA rates are bigger by a factor of 2-4.

• For 52Ti the calculated rates are smaller by a factor of 25.
As temperature increases the pn-QRPA rate comparison
improves till at T9 = 10, the pn-QRPA rate is almost
doubled.

• For 54,55,56Ti, the pn-QRPA rates are bigger at all
temperatures by as much as factor of 12 (54Ti).



Astrophysical Implications
• Isotopes of titanium are amongst the key iron-regime

nuclei that play a consequential role in the late phases of
stellar evolution of massive stars.

• The weak-interaction mediated reactions on these nuclei
change the Ye during the late phases of stellar evolution.

• The temporal variation of Ye within the core of a massive
star has a pivotal role to play in the stellar evolution and a
fine-tuning of this parameter at various stages of
presupernova evolution is the key to generate an explosion.

• The neutrinos and antineutrinos produced as a result of
these weak interaction reactions are transparent to the
stellar matter at presupernova densities and therefore assist
in cooling the core to a lower entropy state.



Astrophysical Implications (Contd.)
• A lower entropy environment can assist to achieve higher

densities for the ensuing collapse generating a stronger
bounce and in turn forming a more energetic shock wave.

• The pn-QRPA theory was employed to microscopically
calculate the antineutrino energy loss rates due to titanium
isotopes.

• The antineutrino energy loss rates were calculated on a
detailed density-temperature grid point and the ASCII files
of the rates are available.

• Except for the case of 52Ti, the calculated rates are bigger
as compared to LSSM rates.



Astrophysical Implications (Contd.)

• The enhanced pn-QRPA energy loss rates favor cooler cores
with lower entropies. This may affect the temperature,
entropy and the Ye ratio during the hydrostatic phases of
stellar evolution which becomes very important going into
stellar collapse.

• The core-collapse simulators are urged to test run the
reported stellar antineutrino energy loss rates in core-
collapse simulation codes to check for some interesting
outcome.

• Details of this work may be seen from Nabi (IJMPE, 2010).



Thank You
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