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Supernovae portend cosmic catastrophes. When a massive star 

slides into an energy crisis at the end of its life, or a sun that  

has already died is overfed with matter, the end is an explosion  

of unimaginable proportions. What exactly happens here? 

Hans-Thomas Janka from the Max Planck Institute for Astro-

physics in Garching wants to get down to the nuts and bolts.  

He simulates supernovae on the computer and makes them ex-

plode in the virtual world – meanwhile even in three dimensions.

Frantic Finish

FOCUS_Extreme Space

 O   
n February 24, 1987, short-
ly after midnight, Ian Shel-
ton is sitting in the dark-
room of the Las Campanas 
observatory near the city 

of La Serena in Chile. The Canadian as-
tronomer is developing pictures of the 
Large Magellanic Cloud, a neighboring 
galaxy of our Milky Way. As the imag-
es in the fixing solution become clear-
er and clearer, he immediately recog-
nizes a bright star that doesn’t belong 
there. Shelton goes outside into the 
clear night, looks up to the sky and dis-
covers the spot of light in the Large 
Magellanic Cloud with his naked eye. 
The scientist knows immediately: what 
he is observing is a supernova, the clos-
est one in 383 years.

“Supernova 1987A opened up a new 
chapter in research,” says Hans-Thom-
as Janka. The scientist at the Max Planck 
Institute for Astrophysics has been 
studying this astronomical phenome-

non for many years. It is by no means 
as far removed from our daily life as 
some would think, because the calcium 
in our bones and the iron in our blood 
originate from the nuclear melting pots 
deep in the interiors of the stars. These 
elements were released during large 
numbers of supernovae, and mixed 
with others to form the stuff that life on 
Earth was ultimately made on. Our ex-
istence is therefore closely connected 
with the cosmos via the most violent 
explosions since the Big Bang.

The zoo of supernovae is very di-
verse and confusing to the layperson. 
Astronomers have classified around a 
dozen different types of supernovae. 
However, “fundamentally, we differ-
entiate between thermonuclear and 
core-collapse supernovae,” Janka says. 
The criteria used are the lines of hydro-
gen, helium and silicon that occur in 
the spectra – that is, in the decomposed 
light – and also the shape of the light 
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The end of a star: Around 18,000 years ago, a massive sun exploded.  
At the site of the disaster, astronomers now observe the Cirrus nebula – 
gas that was once released by the supernova. The image shows a  
section of this cosmic web.
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curves. The spectra of thermonuclear 
supernovae (Type Ia) have no hydrogen 
and no helium lines, but strong lines of 
the element silicon. According to one 
conceivable scenario, the explosion is 
caused by the “overfeeding” of a white 
dwarf, the burnt-out core of a sun of 
relatively low mass.

Such a stellar remnant sometimes 
has a partner star to which it is bound 
by gravitational forces. It is also gravity 
that enables the white dwarf to extract 
large amounts of gas from the surface 
of its partner. The matter flows onto the 
white dwarf, where it accumulates. This 
process, called accretion, causes the 
dwarf to constantly increase in mass. At 
some stage, its mass reaches around 1.4 
solar masses.

If this limit, which is named for as-
trophysicist Subrahmanyan Chandra-
sekhar (1910 – 1995), is exceeded, the 
worst-case scenario becomes reality: the 
white dwarf begins to contract. This 
contraction releases gravitational ener-
gy, which heats the crystal-like mix of 
carbon and oxygen; in this phase, the 
star resembles an extremely compressed 
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Light shows in the sky: Supernova 1987A 
(arrow), taken shortly after its flare-up as  
a bright star in the Large Magellanic Cloud.  
The small image shows the remnant of  
the explosion just over ten years later;  
three bright rings are clearly visible.
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diamond. In its interior, the first step is 
the formation of islands in which ther-
monuclear reactions occur. Silicon and 
nickel are formed. The ignition sources 
spread at subsonic speed (deflagration) 
and burn from the center of the star 
outward toward its surface.

This causes instabilities, leading in 
turn to turbulence, which interacts 
with the thermonuclear flame and rap-
idly increases its surface area. Finally, a 
detonation wave builds up that propa-
gates at supersonic speed and blows the 
ball of gas to pieces – a supernova ex-
plodes. “Unfortunately, it has not yet 
been possible to observe even a single 
precursor system of such an explosion 
directly, which is why we are still spec-
ulating about other possibilities,” says 
Hans-Thomas Janka.

This type represents only around 
one quarter of all supernovae observed, 
whereas most violent stellar deaths 
can be attributed to a single massive 
star (Type II). This means the precur-
sor star has at least eight or nine times 
the mass of our Sun. The giant first 
spends several million years quietly 
and unspectacularly fusing hydrogen 

to helium. When the supply of fuel is 
exhausted, this is not the end by a 
long shot. Although the intense radia-
tion means the star continuously los-
es energy, it compensates this deficit 
through the contraction of its interior 
– which results in a massive increase in 
pressure and temperature.

THE STAR BALLOONS INTO  
A GIANT

In this phase, the star increases its sur-
face area: it balloons into a giant with 
a radius measuring a hundred to a 
thousand times that of the Sun. Its lu-
minosity also increases considerably, 
now shining several million times 
brighter than the Sun. “The subsequent 
fate of the star is now decided,” says 
Janka. “If the temperature in the stellar 
core increases sufficiently, the ash from 
the previous fusion process can ignite.” 
Helium, for example, burns at around 
200 million degrees Celsius to form car-
bon and oxygen.

At the end of this chain, stars with 
the stated eight or nine solar masses 
develop temperatures of 800 million de-

grees at their centers. The carbon fuses 
to sodium, neon and magnesium; neon 
to oxygen and magnesium; oxygen to 
sulfur and silicon. The star literally has 
a warmer and warmer glow around its 
heart. Above three billion degrees, the 
subsequent fusion steps follow one an-
other at an ever-increasing speed. With-
in only a few months and then after 
only a few days, nickel, cobalt and final-
ly iron are forged.

Now the end has been reached: since 
iron has the highest binding energy per 
nucleon, no more energy can be gener-
ated from its fusion. The structure of 
the star now resembles that of an on-
ion: the core of iron slag is surrounded 
by layers of silicon, oxygen, neon, car-
bon and helium, with the hydrogen 
layer at the very outside.

The Chandrasekhar limit mentioned 
above, which the iron core now ap-
proaches, again plays a role in how the 
story continues. The density of the core 
has increased to 10,000 tons per cubic 
centimeter. Electrons are squeezed into 
the protons to form neutrons. This re-
duces the pressure inside the core, 
which now collapses in fractions of a 

FOCUS_Extreme Space

Layers full of energy: Different nuclear burning processes occur in a massive sun. After the fusion of sulfur  
and silicon to iron, production stops. The sphere of iron in the core finally collapses further into a dense object –  
a neutron star or a black hole.

Degenerate iron core

S and Si fuse to Fe

O fuses to S and Si

Ne fuses to O and Mg

C fuses to Na, Ne and Mg

He fuses to C

H fuses to He

Non-fusing layer
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second to an object of 10,000 times 
greater density: a neutron star. But it 
can get even denser still. If the core has 
a large initial mass, a black hole forms 
at the center of the dying star.

THE FRAGILE EQUILIBRIUM IS 
SEVERELY DISTURBED

In any case, the inner layers of the star 
plunge unceasingly onto the massive 
central object. The delicate hydrostat-
ic equilibrium has already been severe-
ly disturbed for some time – the inter-
play between the outwardly acting gas 
and the radiation pressure, and the in-
wardly directed gravitational pressure. 
The latter inevitably compresses the 
star even further. The impact of the 

matter at supersonic speed does not go 
well for long: a shock wave builds up 
and travels from the inside to the out-
side and rips apart the stellar gas enve-
lope with speeds of up to tens of thou-
sands of kilometers per second – a su-
pernova flares up.

Or maybe not? “If only it were that 
simple,” says Hans-Thomas Janka. 
When the astronomers considered the 
scenario in greater detail, they found 
that there is no way the shock wave can 
cause the explosion directly by means 
of a purely hydrodynamic rebound 
mechanism. “Such a shock alone turns 
out to be much too weak. It isn’t able 
to balance the massive energy loss from 
the center on the long journey through 
the collapsing stellar layers,” explains 

the Max Planck researcher. In short, “af-
ter only 100 to 200 kilometers, the 
shock loses its power, it gets stuck in 
the star’s iron core.”

So what acts as the driving force? 
As early as the mid-1960s, scientists 
were bringing another engine into play: 
neutrinos. These nearly massless parti-
cles succeed almost effortlessly in pen-
etrating practically anything that gets 
in their way – like our thumbnail, 
through which more than 66 billion of 
these elusive phantoms race every sec-
ond. That they also play a role in su-
pernovae has been known since the 
events of February 24, 1987. That was 
the day the explosion of a star called 
Sanduleak -69° 202 with a mass of 15 
to 20 solar masses was observed from 
a distance of some 166,000 light-years. 
Around three hours before the visible 
light flash from the Large Magellanic 
Cloud, several neutrino observatories 
around the world registered two dozen 
of these ghost particles.

Although all later supernovae were 
much too distant to measure such 
neutrinos, this finding bolsters the 
theoretical assumption. “After a de-
cade of development work, the 1980s 
saw researchers succeed in describing 
the mechanism of neutrino transport,” 
says Janka. It was found that the par-
ticles manage to leave the interior of 
the star at the speed of light after 
stumbling about in it for several sec-
onds. And, according to Janka, they 
are able to carry vast amounts of ener-
gy with them.

FOCUS_Extreme Space

Explosion on the computer: A star of 15 solar 
masses is disrupted and gives rise to violent 
turbulence in the process. There is already  
a neutron star at its center; the seconds in  
the four partial images refer to the time after 
its formation. The explosion is asymmetric 
and is driven by the energy transfer of 
neutrinos. The diameters of the bubbles of 
matter (yellow, orange, red) range from 300  
in the first to 600, 800 and 1,500 kilometers  
in the last image.

0.53 seconds

0.65 seconds

0.61 seconds

0.70 seconds
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As the stellar core collapses to a neutron 
star, the gravitational energy converts 
into internal energy of the matter, 
which in turn produces vast numbers 
of neutrinos. These heat the electrical-
ly conductive gas (plasma) around the 
neutron star and give the shock wave 
renewed power. The efficiency of this 
process is surprising: “American astro-
physicists Stirling Colgate and Richard 
White argued that only 1 percent of the 
neutrino energy needs to be deposited 
by neutrino heating to ignite a super-
nova,” says Hans-Thomas Janka.

In the 1980s, theoreticians began to 
simulate supernovae on the computer 
– and were disappointed. The stars sim-
ply wouldn’t explode properly. Was the 
neutrino heating inefficient after all? It 
was soon suspected that the failure was 

more likely due to the models used – 
Janka’s specialty. “At that time, they still 
had spherical symmetry – that is, they 
were one-dimensional.” But then came 
Supernova 1987A. “We learned from 
observations that a high degree of asym-
metry had to be present when it ex-
ploded,” the scientist recalls.

GAMMA LIGHT BECOMES VISIBLE 
AFTER ONLY A FEW WEEKS

A thorough mixing evidently must 
have taken place during the explosion. 
This means that elements that had 
been deep inside the dying star sudden-
ly moved toward the outside – nickel, 
for example, which was ejected far into 
the outer layer and radioactively de-
cayed into cobalt. “We had actually ex-

pected that it would be more than a 
year after the explosion before we would 
observe gamma quanta, which origi-
nate from the decay of cobalt. But they 
turned up after just a few months,” says 
Janka. We then knew that, in reality, it 
isn’t as simple as the idea of layers of 
onion flying away.

As computers became ever more 
powerful, the theoretical scenarios, too, 
became increasingly complex: in the 
early 2000s, Janka and his colleagues 
worked meticulously on two-dimen-
sional models whose stars possessed ax-
ial symmetry. The researchers now took 
very accurate account of interactions 
between the neutrinos and the stellar 
plasma, as well as convective mass  
motions and turbulence. “In fact,” says 
Hans-Thomas Janka, “in these simula-

Seething ball of gas: This computer simulation from 2015 shows the end of a star of 20 solar masses in three dimensions – and with it, the progress 
that has been made in research: the sequence on page 22 is around ten years older and was still a two-dimensional computation. The outer,  
bluish line in this image indicates the shock wave of the supernova.
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tions, the symmetry is destroyed as 
soon as the explosion begins. Hydrody-
namic, turbulent fluctuations occur, 
similar to convective flows in the 
Earth’s atmosphere.”

Janka’s then-doctoral student An-
dreas Marek generated the first com-
plete two-dimensional supernova mod-
el at the Max Planck Institute for Astro-
physics between 2003 and 2006. The 
Institute purchased a 128-core comput-
er especially for this purpose and in-
stalled it at the neighboring Garching 
computing facility, where it was used 
solely for this simulation – which was 
successful: “The supernova exploded!” 
says Janka. The effort had paid off – as 
had the efforts of Janka and his doctor-
al student Markus Rampp: the research-
ers wrote the extremely complex pro-
gram codes for the computer simula-
tion. These algorithms were intended 
to improve the neutrino transport. Jan-
ka doesn’t want to go into detail, but 
when he talks of “three-dimensional 
equations with spatial coordinate and 
momentum space,” even the layperson 
quickly realizes that these matters are 
fairly complicated.

This is all the more true for three-di-
mensional simulations that only be-
came part of the scientists’ repertoire in 
the last few years. The computing pow-

er required is enormous – 16,000 pro-
cessors have to work in parallel for 
months to compute one model. This 
would take a single, modern PC 8,000 
years. What it boils down to, according 
to Janka, is this: explosions driven by 
neutrinos also occur in 3-D. But the as-
trophysicist states two clear objectives 
that he and his colleagues will be striv-
ing to achieve in the future with the 
three-dimensional computations: “We 
want to use fully self-consistent simu-
lations and all relevant microphysics to 
confirm the explosion mechanism 
quantitatively for many stellar masses. 
And we want to compare the models 
with the observations.”

ULTRABRIGHT EMITTERS KEEP 
THE ASTRONOMERS GUESSING
 
It could then also be possible to solve a 
mystery that has increasingly moved 
into the research spotlight in recent 
years: ultrabright supernovae, or super-
luminous supernovae, as astronomers 
call them. The scientists observed the 
first example of this type in 2010. Al-
though they sight more than 1,000 stel-
lar explosions in total every year, only 
a few dozen of these tremendously 
bright emitters are known, which are 
up to 100 times as bright at their max-

imum as conventional Type II superno-
vae. The problem is: “These objects are 
all extremely far away. We can often 
register only the light curves, and the 
spectra are not conclusive in detail,” 
says Hans-Thomas Janka.

What causes these supernovae? The 
researchers can only speculate. After an 
initial explosion, a magnetar, for exam-
ple – a neutron star with an extremely 
strong magnetic field (MaxPlanck-
Research 1/2017, page 26 ff.) – could be-
come involved to drive this explosion 
further and amplify it enormously. The 
second possibility is that the shock 
wave of the supernova propagating out-
ward interacts with dense matter shed 
by the star before the explosion.

As a further alternative, the scien-
tists consider so-called pair instability 
supernovae. This scenario is based on a 
star with 100 to 200 solar masses or 
even more. Such a heavyweight has a 
brief life and collapses as soon as it 
reaches the stage at which carbon fuses 
in the center. At temperatures of one 
billion degrees, photons with very high 
energies start to spontaneously convert 
into electrons and their antiparticles, 
the positrons. This “pair formation” 
leads to a rapid drop in radiation pres-
sure – gravitation gains the upper hand, 
the nuclear combustion of carbon and 
oxygen accelerates at an explosive rate 
and the star could become a supernova.

Astronomers still don’t know which 
of the three scenarios is the right one. 
They know from investigations of the 
light curves that superluminous super-
novae apparently don’t always release 
the incredibly large quantities of nick-
el – several tens of solar masses – that 
would be expected from pair-instabil-

FOCUS_Extreme Space

Stellar kick: The neutron star (white cross) left 
behind by the supernova experiences a kick in 
the direction (arrow) opposite to the stronger 
side of the asymmetric explosion. Elements such 
as titanium and nickel (blue and green) are 
produced in greater amounts in the hemisphere 
that points away from the direction of neutron 
star motion. The astronomers observe this 
geometry for supernova remnants in space –  
in perfect agreement with theoretical models 
such as this simulation.
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GLOSSARY

Antiparticles: As far as is known, nearly every particle has an antiparticle that is identi-
cal in terms of mass, lifetime and spin. In contrast, electric charge, magnetic moment 
and all charge-like quantum numbers are equal in magnitude, but have the opposite 
sign. The positron, for instance – the antiparticle of the electron – has a positive charge.

Plasma: A mixture of neutral and charged particles (partially ionized) or only charged 
particles, such as electrons and atomic nuclei (completely ionized), that is also called the 
fourth state of matter. Plasmas frequently occur at high temperatures. Stars consist of 
hot gas and plasma, for example.

TO THE POINT
l   Some stars meet a spectacular end as supernovae. The dozen or so different types 

that have been observed can be classified into two theoretical groups.

l   In the case of supernovae of Type Ia, the probable scenario is that a white dwarf  
fed by a companion explodes; in the case of all other types, it is a massive star 
whose core collapses.

l   The researchers found that the neutrino-heating mechanism plays a crucial role  
in the explosion of core-collapse supernovae.

l   Astronomers today use complex three-dimensional models to simulate the physical 
processes in supernovae and can put several aspects of the theory to a test with 
the aid of actual observations.

ity supernovae. A viable theory must 
provide an adequate explanation of 
this fact.

Nickel is also the topic of Janka’s 
most recent work, which has just been 
published in the Astrophysical Journal. 
It deals with what dying stars leave be-
hind – supernova remnants. Observa-
tions and measurements of high-ener-
gy radiation at X-ray and gamma wave-
lengths with satellite telescopes such as 
NuSTAR and Integral show that radio-
active elements such as titanium-44 
and nickel-56 contained in the ejected 
material are not distributed symmetri-
cally around the remnant neutron star.

According to the theory, this is be-
cause the compact stellar object re-
ceives a kick into the opposite direction 
of an asymmetric explosion – with con-
sequences for the immediate cosmic 
environment: “The radioactive ele-
ments should have been explosively 
produced predominantly in the hemi-
sphere of the massively deformed gas 
remnant that is opposite to the direc-
tion of motion of the neutron star,” 
says Hans-Thomas Janka. That is what 
the theoretical 3-D models forecast. 
And that is precisely what the tele-

scopes have discovered in nature, to the 
delight of the researchers: in the Cassi-
opeia A remnant and, so the prediction, 
probably also in what remains of Super-

nova 1987A. The latter therefore still 
turns out to be a lucky break for sci-
ence, even though it is now 30 years 
since it flared up.         

Supernovae in his focus: Hans-Thomas Janka from the Max Planck Institute for Astrophysics in Garching studies the largest explosions in the universe 
since the Big Bang. To investigate the physics that determines these events, Janka develops theoretical models based on complex computer programs.

P
h

o
to

: A
xe

l G
ri

es
ch

C
o

m
p

u
te

r 
g

ra
p

h
ic

: A
n

n
o

p
 W

o
n

g
w

a
th

a
n

a
ra

t 
et

. a
l,

 a
rX

iV
: 1

6
10

.0
56

43

1 | 17  MaxPlanckResearch    25




