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Chapter #5
● Death of a massive star

● Exiting from the Main Sequence
● Cepheids
● Supernovae
● Neutron stars
● Black holes
● The neutrino burst of 1987
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Main Sequence in the H-R diagram
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Most energy 
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Lifetime-mass relationship
in the Main Sequence

● A star can stay in the Main Sequence if:
● It is in hydrostatic equilibrium
● It burns H into He

● How long can it burn H into He? Depends on:
● Amount of H available → mass of the star
● How fast fusion occurs → luminosity
● ⇒ Lifetime ~ mass/luminosity

● Remember: luminosity ~ mass3.5

● ⇒ Lifetime ~ mass-2.5

● Massive (hot) stars live less than light (cold) ones



 5

Th
is

 le
ss

on



 6

This lesson



 7



 8

Evolution of massive stars
Main differences with Sun:

● Core temperature is high 
enough that He fusion starts 
before electrons become 
degenerate; this happens only 
when the core is made of Fe

● Mass loss is important at all 
stages of evolution

● Luminosity doesn't change 
much during evolution

● There is a phase of pulsation
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Cepheids
Variable stars:

● Periodicity in star luminosity
● Explained by oscillation 
between He+ and He++

● He++ is more opaque than 
He+ (Why?) so it absorbs 
more energy
● Linear luminosity-time 
relationship; Cepheids are 
used for distance calibration

1 - the star 
contracts, 

releasing energy

2 – energy is 
used to ionise 

He+→He++

3 – that energy is 
not available to 
heat the gas, so 
pressure drops

4 – He is fully 
ionised, He++ is 

more opaque and 
gets warmer, 
pressure can 
start to grow

5 – contraction 
stops, star bounces

6 – star expands, He 
recombines (He++→He+) 

and releases energy

7 – star warms up 
and pressure 

increases

7 – star warms up 
and pressure 

increases

8 – all He is He+, less 
opaque, it absorbs 

less energy and gets 
colder
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Aging of a massive star
● It burns a succession of nuclear fuels:

● Hydrogen: O(100 million) years
● Helium: O(1 million) years
● Carbon: O(1000) years
● Neon: O(10) years
● Oxygen: O(1) year
● Silicon: O(1) day

● It builds up an inert Fe core
● Iron cannot be used to produce energy: it is the 

most stable element, its fusion absorbs energy
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Iron core collapse
● When the mass of the iron core is 1.2-2 M

sun
:

● Collapses by gravity and begins to heat up
● Reaches T > 1010 K

● At that T, two energy-consuming processes begin:
● Nuclear photodisintegrations: γ+X → free p, n, α
● Inverse β-decay: e-+p→ν

e
+n (the ν

e
 escapes)

● Both take energy away ⇒ collapse accelerates
● In ~1 second:

● Radius: 6000 km (~R
earth

) → ~50 km

● Density: 108 g/cm3 → 1014 g/cm3
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Becoming nuclear matter
● Because of inverse β-decay, the core suddenly becomes 

mostly made of neutrons
● This "neutronization" creates a 10 ms burst of ν

e

● Normal β-decay (n→pe-ν
e
) is stopped: electron states are 

filled up to a Fermi energy that is larger than ∆E of the decay
● When density reaches 2.4x1014 g/cm3, i.e. the density of 

atomic nuclei (R~30 Km), nuclear forces dominate
● At that point, neutron degeneracy (see last lesson) enters 

the game, and degeneration pressure stops the collapse
● The core collapse, suddenly halted, rebounds
● This creates a shock wave that induces more nuclear 

reactions as it passes
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Neutrino burst
● This neutron core has an initial temperature of 1011 K
● ~10% of the entire star's rest mass is converted into a 

ten-second burst of neutrinos which is the main output 
of the event
● Only 1% of the energy output is converted into kinetic 

energy and photons (by neutrinos that interact in the 
large gas density of the envelope), the rest is emitted 
around as neutrino energy

● Sufficient to give a luminosity of ~10 billions L
sun

 for 
some minutes (more than an entire galaxy)
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"Prompt" and "thermal" neutrinos
● Prompt neutrinos are those from inverse β decay:

● The temperature is so high that some photons can 
produce e+e- pairs in the EM field of the nuclei (question: 
why not in vacuum?), and that e+ and e- are so energetic 
that they can produce Z bosons (m

Z
=91 GeV – question: 

what is the minimum energy needed for e+ and e-?)
● In 20% of the cases, Z→νν; it doesn't care about flavour
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Shock wave
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Neutrino luminosity versus time
Generic form from theory prediction. Source

10 ms neutronization burst
(e-+p→ν

e
+n)

Question: explain why 
ν

e
 does not behave 

exactly like the others

http://inspirehep.net/record/917428/plots
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Integrated luminosity of a supernova
● Potential energy of a sphere of mass M and radius R is:

● Assume that all gravitational energy converts into neutrino 
energy during collapse from r~O(1000) km to R~O(10) km

● From this formula, for a neutron core with M
core

~1.4M
sun

, we get 
a total emitted neutrino energy of order 1053 erg

● 1% of this goes into pushing/heating the envelope, and 1% of 
this is then re-emitted as light

● So we get 1049 erg emitted as light in total → if all re-emitted in 
10 seconds, 1048 erg/s; compare with ~ 1033 erg/s from the Sun

● → L
SN

 ~ 1015 L
sun

 during 10 seconds!
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Neutrino energy spectra

The spectra are not the same:

● Probability of interaction during 
the escape is larger for neutrinos 
than for anti-neutrinos (Why?)

● And larger for electronic neutrinos 
than for muonic/tauonic (equal for 
muonic and tauonic) (Why?)

● Larger interaction probability → 
the ones that we see had their last 
interaction in an outer (colder) partR: radius of neutrinosphere

D: distance from us
Take g=1, µ=0, R~50 km
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Supernovae
● There are several types of supernovae, coming from different 

evolutions of a star – what we have described here is one of the 
known paths towards a Type II supernova

● The general subject of supernovae can be chosen as a dissertation

From wikipedia
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Supernova nucleosynthesis
● Elements heavier than Iron, and up to Plutonium, are 

created in the r-process
● ("r" is for "rapid", as opposed to "s" for "slow")

● After "neutronization", core is rich in free neutrons that 
cannot decay (because β-decay is stopped)

● Large neutron flux and high temperature: neutron 
capture reactions become dominant
● Highly-unstable neutron-rich nuclei are created

● Process stops when nuclei become so large that they 
can undergo spontaneous fission
● Their fragments then have β-decay when T is lower
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Recapitulation on nucleosynthesis
● Main Sequence stars produce Helium
● Aging stars produce elements up to Iron (Fe)
● AGBs (from light stars) produce elements up to Lead 

(Pb)
● Supernovas (from heavy stars) produce elements up 

to Plutonium (Pu)
● We are surrounded by almost all the elements of the 

Mendeleev table because the Sun is a second 
generation star, born from the debris of dead first 
generation stars
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But something is missing
● We know that ~25% of the Universe is made of He
● We have seen that all stars produce He, but even all 

the stars existing and existed in the Universe are not 
sufficient to have produced so much

● In a future lesson we will study "Big Bang 
nucleosynthesis"



 23

Main producer of each element

Picture taken from wikipedia.
Big Bang nucleosynthesis and Cosmic Rays will be the subject of future lessons.



 24

Neutron stars
● They are the core, now naked, of stars whose initial 

mass was between 8 and 18 M
sun

● Neutron degeneracy pressure counterbalances gravity
● Very exotic behaviour: most of the neutron star can be 

modeled as a single giant nucleus
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Black holes
● If the initial star's mass is larger than ~18 M

sun
, its post-

supernova neutron core will be larger than 2-3 M
sun

, 
and neutron degeneracy pressure will not be enough 
against gravity

● It collapses into a Black Hole, defined as an object that 
doesn't let photons escape (and therefore is "black")

● "Events horizon" is given by Schwarzschild's radius
● R

s
=2GM/c2; can be derived in General Relativity

● Note: "classically" (and by General Relativity) the 
Black Hole is a "singularity" with 0 size and ∞ density

● Quantum mechanics may solve the paradox of ∞ density, 
but we have no satisfactory quantum theory of gravity yet
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Documented supernovae
in the Milky Way

Only 8 supernovae recorded 
by humans in the Milky Way

● Chinese records: 185, 386, 
392, 1006
● Later: 1054 (Crab Nebula), 
1181, 1572 (observed by 
Tycho Brahe; gas still hot,107 
K), 1604 (observed by 
Kepler,  still with naked eye)
● No SN in Milky Way since 
invention of telescope
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SN1987A
● January 1987: the nearest 

supernova since 1604
● A blue super-giant (15 M

sun
) 

exploded in the Large 
Magellanic Cloud (one of the 
"satellites" of our galaxy)

● Very precious source of data to 
understand supernovae

Supernovae are still very luminous for years after explosion: part of 
their energy is kept by the ionized gas of their remnant nebulae
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Neutrinos from SN1987A
● Supernova models predict that 

photons take ~3-4 hours before 
being able to escape the 
surrounding dense gas

● But neutrinos interact much 
less, and need much less time 
to escape

● Knowing when SN1987A 
appeared in the telescopes, the 
physicists running large neutrino 
detectors had a look at the data 
as a function of time

● They found a ν burst 3 hours 
before the photons arrived
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From here.

Next time might be the 
opposite: ν experiments 

and astronomical 
observatories are in 

much better 
communication and the 

former tell the latter 
where to point the 

telescopes

http://www.symmetrymagazine.org/article/february-2006/supernova-1987a
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Confirmations from other 
experiments

Taken from 
here

http://neutrino.fuw.edu.pl/public/wyklad-From-neutrinos/wyklad10-supernova-neutrinos.pdf
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Confirmations from other 
experiments

Table from here

http://neutrino.fuw.edu.pl/public/wyklad-From-neutrinos/wyklad10-supernova-neutrinos.pdf
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What kind of neutrinos were seen?
● Water detectors are sensitive to:

● But the cross section of the first 
reaction is almost 100 times larger 
than the second

● So these detectors were mostly 
recording electronic anti-neutrinos

● This explains why there is a broad 
~10 s distribution and not a spike in 
the first ~0.01 s
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SN1987A and neutrino mass
● The data from 3 neutrino detectors 

(left) show a spread of ∆t
obs

~10 s

● Supernova model: ∆t
SN

~10 s 

● ⇒ ν speed is compatible with c ⇒ ν 
mass is compatible with 0

● Exercise: derive approximation

● If this ∆t
obs

 is only due to neutrino 
mass (∆t

SN
~ 0), then the most 

energetic neutrinos should arrive 
before the less energetic
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SN1987A and neutrino stability
● At that time, the "solar neutrino problem" had not been 

solved yet
● Neutrino oscillations were one of the most popular 

explanations, but not the only one
● Another option was that electron neutrinos are unstable 

and decay to a lighter neutrino that does not interact 
with our detectors

● Exercise: if the solar deficit (50% observed at 
Kamioka) is due to decay, how many events should 
have been observed by Kamioka instead of 11?
● Earth-Sun distance: 150x106 km
● SN1987A distance: 50 kpc
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SN1987A and neutrino speed
● When the OPERA experiment at Gran Sasso recently 

made the claim (later retracted) that neutrinos travel at 
speed larger than c, one argument for skepticism was 
that neutrinos from SN1987A had arrived only 3 hours 
before light

● Exercise: if neutrino speed is a part in a million faster 
than light, how much earlier would have they arrived?
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Recommended reading
● Two interesting articles, available online here:

● Bahcall, Dar, Piran, letter to Nature
– Written after the optical observation of SN1987A but 

before Kamiokande published these data; they suggested 
how to use it to study neutrino properties

– Homework or dissertation: derive equations 2a-2c and 
deduce T of supernova from Kamiokande data

● Bahcall, Glashow, Nature 326, 135–136; 476–477 
(1987)
– Written after Kamiokande reported the neutrinos
– Derived upper limit on electron neutrino mass
– Homework or dissertation: redo their analysis of the 

Kamiokande data

http://www.nature.com/physics/looking-back/bahcall/index.html
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