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Stars: Big Nuclear Furnaces
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The Sun: A pretty typical star

1,400,000 km
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You Are Star Stuff!
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A Supernova (i.e., Massive Star) is one of your 
ancestors!
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Stars and Supernovae

• The life of “normal” stars, like the sun.

• The fast and furious lives and big stars.

• The fates of the stars and supernovae.
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Bright Transients in the Sky

5
Tuesday, April 1, 14



Renaissance Court, 20 March 2014 S.M. Couch

Astronomical Scales
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Earth, 
1 RE

Sun, 
110 RE

Red Giant, 
5000 RE

Molecular Cloud, 
100 Billion RE

Galaxy, 
100 Trillion RE
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Stars: Basic Unit of Astronomy
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1 Million Trillion km
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Nuclei: Basic Unit of Matter
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1 Hundred-Trillionth km
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Nucleosynthesis
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Stars: Big Nuclear Furnaces
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1,400,000 km

Tuesday, April 1, 14



Renaissance Court, 20 March 2014 S.M. Couch

Stars: Big Nuclear Furnaces
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1,400,000 km

Nuclear
Fusion
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Nuclear Fusion
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+ ENERGY!

Light Nuclei
Heavy Nucleus

Very sensitive to 
temperature!

Fusion of heavier and 
heavier elements requires 

higher and higher 
threshold temperatures.
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Stellar Birth
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Star Formation
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1000 Trillion km
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Star Formation
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1000 Trillion km
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More Small Stars than Big
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Number of 
Stars

Mass of Star (Solar Masses)
0.1 1.0 10 100
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Newborn Stars Have Disks
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Hydrogen Ignition: Main Sequence
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Hydrogen Ignition: Main Sequence
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Hydrogen Ignition: Main Sequence
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H ! He

+energy
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Struggle Against Gravity
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Gravitational
Force

Nuclear 
Burning
Pressure
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What is Pressure?
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Core Hydrogen Exhaustion
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HHe
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Core Hydrogen Exhaustion
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HHe

H shell burning
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Red Giant Phase
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Sun now
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Red Giant Phase
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Core Helium Ignition
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HHe
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Core Helium Ignition
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HHeHe → C/O
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White Dwarfs and Nebulae
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The Fate of the Sun
• After running out of Hydrogen 

fuel, the sun will burn Helium 
into Carbon and Oxygen.

24

Sun will stop 
nuclear burning, 
expel it’s outer 
envelope and 
become a White 
Dwarf Star.
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White Dwarfs & Pressure

• No nuclear burning a WD.

• Held up against gravity by 
electron degeneracy 
pressure.

• Pressure demo:
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What about Bigger Stars?
• More massive stars than the sun can burn elements 

beyond Helium (Carbon, Oxygen, etc.).

• Stars more than about 10 times the sun’s mass can 
burn nuclear fuel all the way to iron.

• Iron won’t burn!

26
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Burning in Big Stars

27

HHe

C

O/Ne/Mg

Si
Fe

Iron is most tightly-
bound nucleus.

Nuclear reactions 
with iron absorb 

energy.
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Nuclear Burning is Violent!

28

Nuclear Burning 
Convection: Like 
boiling a pot of 

water!

Stars are not 
(perfectly) 
spherical!
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Nuclear Burning is Violent!
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Nuclear Burning 
Convection: Like 
boiling a pot of 

water!

Stars are not 
(perfectly) 
spherical!
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Stellar Core Collapse

29

⇢c ⇠ 1010 g cm�3

MFe ⇠ MCh ⇠ 1.4 M�

2000 km

Fe
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Stellar Core Collapse

29

⇢c ⇠ 1010 g cm�3

MFe ⇠ MCh ⇠ 1.4 M�

2000 km

⇢c > 1014 g cm�3

~50 km

Eb > 1053 erg

Fe

1057 neutrinos released!!
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Stellar Core Collapse

30

High Energy 
Photon

Fe nucleus
He nuclei

Core Loses 
Energy!
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Stellar Core Collapse

30

High Energy 
Photon

Fe nucleus
He nuclei

Core Loses 
Energy!

+
e-

p n Core Loses Pressure 
Support!

𝛎
+
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Neutron Stars

• All neutrons!  Nuclear 
densities!  Giant 
atomic nuclei in 
space.

• Like White Dwarfs, 
only held up by 
neutron degeneracy 
pressure.

• Mass of sun, size of 
Chicago!

31

Crab Pulsar
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The Supernova Problem

32

Ṁ

Newborn Neutron Star

200 km
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SUBMITTED TO APJ ON 2013 OCTOBER 21 COUCH & O’CONNOR

Figure 13. Pseudo-color slices of entropy at four postbounce times for s27 fheat 1.05 3D. The colormap and limits are indicated on the left and kept fixed for each
time. Convection is already strong by 100 ms, as is indicated in Figures 11 & 12. As explosion sets in (right two panels), the convection becomes volume-filling
and large, high-entropy bubbles emerge that push the shock outward. The explosion begins in an asymmetrical fashion (right-most panel). The development of
convection in our simulations is very similar to that of Ott et al. (2013).
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Figure 14. Turbulent kinetic energy spectra, as measured by the non-radial
component of the velocity. The top panel shows 2D and 3D spectra for s15
and the bottom panel displays the same for s27. The E

`

are averaged over a
10 km-wide shell, centered on a radius of 125 km, and over 10 ms, centered at
150 ms postbounce. In all cases, 2D simulations result in much greater kinetic
energy density on large scales than 3D. Kinetic energy on large scales has
been suggested to be conducive to explosion (Hanke et al. 2012).

et al. 2013). Turbulent stresses can aid shock expansion in
multidimensional simulations of CCSNe (Murphy et al. 2013).
The presence of strong turbulent motions behind the forward
shock during the explosion phase may even effect collective
neutrino flavor oscillations (Lund & Kneller 2013). Based on
the global CCSN turbulence model developed by Murphy &
Meakin (2011), Murphy et al. (2013) argue that the turbulence
in neutrino-powered CCSNe explosions is primarily the result
of neutrino-driven convection. Here, rather than focus on the

primary driver of turbulence in our simulations, we address the
differences in the development of turbulence between 2D and
3D.

Following a number of previous studies, we examine tur-
bulent motion by decomposing the non-radial component of
the kinetic energy density in terms of spherical harmonics
(e.g., Hanke et al. 2012; Dolence et al. 2013; Couch 2013a;
Fernández et al. 2013). We define coefficients,
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The non-radial kinetic energy density as a function of ` is then
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]. (14)

In Figure 14, we show the E` spectra for s15 (top) and s27
(bottom) in both 2D and 3D. The spectra are computed in a 10
km-wide spherical shell centered on a radius of 125 km and
at a postbounce time of 150 ms. This time and radius were
chosen to coincide with the initial development of strong non-
radial motion yet prior to onset of significant shock expansion
or contraction (see Figs. 10 & 11). Immediately apparent
is that 2D simulations have much greater turbulent kinetic
energy on large scales (small `) than 3D. This is the case
even when comparing the 2D fheat = 0.95 cases with the
3D fheat = 1.05 cases. Similar behavior is found in other
comparisons of turbulence in 2D and 3D (Hanke et al. 2012;
Dolence et al. 2013; Couch 2013a). These studies also found
that non-radial kinetic energy on large scales correlated with
vigor of explosion. Hanke et al. (2012) even suggest that non-
radial kinetic energy on large scales, by significantly increasing
matter dwell times in the gain region, could be key to the
success of the neutrino mechanism. Our results also support
this conclusion; the closer a model is to explosion, the larger
the turbulent kinetic energy on large scales.

It is well-known that turbulence in 2D exhibits very dif-
ferent behavior than in 3D. The most significant difference,
particularly for the present discussion, is the so-called “inverse
energy cascade” in 2D. According to Kolmogorov’s theory of
turbulence, turbulent energy is injected on large scales and sub-
sequently is transfered via the turbulent cascade to small scales
(Kolmogorov 1941). In 2D, turbulent energy is still injected
at the large, driving scale, but from there cascades to large
scales instead. Enstrophy, the integrated squared-vorticity,
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The Supernova Problem

32

150 km

Fe !4 He

L⌫

Ṁ

Shock stalls...  What revives it??

Newborn Neutron Star

200 km
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Observational Facts

• Explode 5 s-1 in universe, about 1 per day 
observed; 4x the number of Ia’s.

• Have large kinetic energies, ∼1051 erg.

• Have massive star progenitors: direct observation!

• Remnants have kicks ≲1000 km s-1.

• Radiate neutrinos: create neutron stars.

• Are fundamentally 3D.

33
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Bright Transients in the Sky

34
Tuesday, April 1, 14



Renaissance Court, 20 March 2014 S.M. Couch

Bright Transients in the Sky
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More than a 
billion times 
brighter than 

the sun!
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Supernova 1987A
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1.5 Million Trillion km away!
Closest SN in >300 years!
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T. Delaney et al.
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Why Do Stars Explode?

• Investigate using sophisticated computer 
simulations.

38
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What is Scientific Simulation?

• Many physical problems are too complex 
to find simple solutions or equations that 
describe the system.

• Simulation: Solve the basic physical 
equations (there’s lots of them!) to evolve 
the system in time.

39
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Multiphysics Challenges

40

3D Magnetohydrodynamics

General Relativity

Microphysics
(Nuclear EOS, 𝞶-interactions/

cross sections)

Boltzmann 𝞶-transport

Tuesday, April 1, 14



Renaissance Court, 20 March 2014 S.M. Couch

Multiphysics Challenges

40

3D Magnetohydrodynamics

General Relativity

Microphysics
(Nuclear EOS, 𝞶-interactions/

cross sections)

Boltzmann 𝞶-transport

Require Approximations

1D, 2D
Pure Hydro
Low-resolution

Monopole Newtonian
Multipole Newtonian
GR Monopole
Conformally-flat

Lightbulb heating/cooling
Leakage
Gray vs. Spectral
Ray-by-Ray vs. Multi-angle
FLD, VET, M1, MC

Simplified 𝞶-reactions
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HHe

C

O/Ne/Mg

Si
Fe

Whole star: 100 Million km

I simulation only the inner 10,000 km!
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Stars and Supernovae

• All the elements that made the planets and us 
came from stars.

• Supernovae spread these elements throughout 
the universe.

• Massive stars die as bright explosions, but we 
don’t yet fully understand the physics of this 
process.

• Computer simulation is an important approach 
for solving this problem.
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