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Single star evolution before core-collapse
Central temperature and pressure



Single star evolution before core-collapse

Woosley et al. (2002)

Central temperature and pressure



A. Heger website 2sn.org



Physical processes inside massive star

• Neutrino losses
• Mostly due to thermal processes (T^9), later due to neutronization (T^6)
• Accelerates evolution (~day timescale for silicon)

• Convection
• Mixing length theory, but convective and nuclear timescales comparable
• Mixing as a diffusive process

• Semi-convection
• Schwarzschild – instability only due to temperature/pressure gradients
• Ledoux – also takes into account chemical composition
• Unstable by Schwarzschild & stable by Ledoux = semi-convection
• Diffusion coefficient uncertain

• Overshoot mixing
• Modeled by diffusion

• Rotation & magnetic fields
• Coupling of core to envelope – affected by mass loss 

• Mass loss



Woosley et al. (2002)



Image Credit: NASA, Goddard Space Flight Center/SVS - Inset: NASA, ESA, Hubble SM4 ERO Team



Chemically-homogeneous evolution

Brotts et al. (2011)



Pair instability
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Border between white dwarf and core-collapse 

5 Msun

16 Msun

Poelarends et al. (2008)



Empirical evidence

Smartt (2015)



Red supergiant problem

Smartt (2015)



Binary star evolution

De et al. 
(2018)



Mass transfer
Change in radius of Roche lobe Change in radius of star in response to 

mass loss (stellar structure)

• Nuclear timescale – very slow 
(main sequence lifetime)

• Thermal timescale (Kelvin-
Helmholtz)

• Dynamical timescale



Instability of binary stars
• Dynamically-unstable mass transfer/loss

• adiabatic expansion relative to Roche lobe → instability on dynamical timescale

• calculation of Ṁ(t), R(t) complicated by processes near the surface → not entirely adiabatic 
evolution (Woods & Ivanova 2011; Passy et al. 2012; Pavlovskii & Ivanova 2016)

• critical mass ratio for red giant between ~0.7 and ~3

• Tidal (Darwin) instability
• Mass ratio < 0.09 (Rasio 1995)

• Influence of distant companion (Lidov-Kozai)
• Collisions, Roche lobe overflows

• Difficulties in determining which binaries become unstable translates to 
uncertainties in evolutionary pathways and rates



Bringing stars in a binary together
close binary

merger

Blue stragglers
SN1987A progenitor
FK Com
h Car
…

WD+WD
NS+WD
NS+NS
BH+NS
BH+BH

Non-degenerate 
companion:
X-ray binaries
Cataclysmic variables
…

How does this work?

SN Ia
short GRB/kilonovae
R CrB
…

“common envelope”

Paczynski (1976)
Ostriker (1975)

Iben & Livio (1993)
Taam & Sandquist (2000)

Ivanova et al. (2013)



Common envelope
Dynamical mass transfer so rapid that binary ends up 

orbiting in non-corotating envelope  

Orbital 
velocity

Drag force

Drag luminosity

Effect of drag 
luminosity on orbit

Paczynski (1976)



Ohlmann et al. (2016)

• Common envelope simulation lasts ~few orbital periods
• Unbinds only ~8% of the envelope, although expected to 

unbind everything



Predicting outcome of common envelope

Ivanova et al. (2013)



Gravitational wave merger time

Peters (1964)



Bringing stars in a binary together
close binary

merger

Blue stragglers
SN1987A progenitor
FK Com
h Car
…

WD+WD
NS+WD
NS+NS
BH+NS
BH+BH
X-ray binaries
Cataclysmic variables
…

SN Ia
short GRB/kilonovae
R CrB
…

“common envelope”

Dominik et al. (2012)



Order-of-magnitude astrophysics

Does a 15 solar mass star release more energy during its 

stellar lifetime or when it explodes as a supernova? Which form 

of energy release is likely to have more impact on the 

surrounding interstellar medium?



Collapse of the core



Massive star death

Minitial > 8 M


Collapse from WD size ~0.3s
Proto-neutron star ~60 km

Binding energy ~ 3  1053 ergs

<10m
s

Stalled shock at 100-200 km

Neutrino cooling ~ 1052 ergs/s

Duration up to ~1 s

Reason not fully understood
All NS binding energy released 

before 10-100s

Explosion energy ~1051 ergs

10-3 – 10-1 M


of Nickel-56

Shock at surface  in ~hours

1 erg = 10-7 J 1 L


= 3.9  1033

ergs/s

Janka et al. 2012



Marek & Janka (2009)



Problem with core-collapse supernovae

Bruenn et al. (2013)

Dolence et al. (2014)
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Stalled accretion shock

Janka (2001)

Ln



David Radice youtube



Neutrino reactions

Collective neutrino oscillations

Duan et al. (2010)

Janka (2012)



How massive stars explode?

“How massive stars die—what sort of explosion 
and remnant each produces—depends chiefly 

on the masses of their helium cores and 
hydrogen envelopes at death.” (Heger et al. 

2003)

Heger et al. (2003)
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Which stars explode?

Pejcha & Thompson (2015)
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