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Chapter #5

« Death of a massive star

« EXxiting from the Main Sequence

 Cepheids

e Supernovae

 Neutron stars
 Black holes
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Main Sequence in the H-R diagram
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Lifetime-mass relationship
iIn the Main Sequence

e A star can stay in the Main Sequence If:
* |t is in hydrostatic equilibrium
e [t 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 ~ mass®®

e [ Lifetime ~ mass™?®
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 Massive (hot) stars live less than light (cold) ones



Mass Surface temperature Main-sequence lifetime
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Star TLAs in the Diagram: 5
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LBV  Luminous Blue Variable
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Evolution of massive stars
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Cepheids
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Aging of a massive star

* |t burns a succession of nuclear fuels:
 Hydrogen: O(100 million) years
Helium: O(1 million) years
e Carbon: O(1000) years
 Neon: O(10) years
 Oxygen: O(1) year
 Silicon: O(1) day
* |t builds up an inert Fe core

* [ron cannot be used to produce energy: it is the
most stable element, its fusion absorbs energy 0




Iron core collapse

« When the mass of the iron core is 1.2-2 MS ;

« Collapses by gravity and begins to heat up
« Reaches T>10"K

e Atthat T, two energy-consuming processes begin:
* Nuclear photodisintegrations: y+X — free p, n, a

» Inverse [-decay: e+p—v +n (the v_escapes)

* Both take energy away [1 collapse accelerates
 In ~1 second: v

. Radius: 6000 km (~R ) —~50km . @&~

 Density: 10° g/cm® — 10™ g/cm® AN,
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Becoming nuclear matter

* Because of inverse [3-decay, the core suddenly becomes
mostly made of neutrons

« This "neutronization” creates a 10 ms burst of v,

« Normal [3-decay (n—>pe‘§e) IS stopped: electron states are
filled up to a Fermi energy that is larger than AE of the decay

« When density reaches 2.4x10™ g/cm’, 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

12



Neutrino burst

 This neutron core has an initial temperature of 10" 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_ _ for
some minutes (more than an entire galaxy)

13



"Prompt" and "thermal" neutrinos

* Prompt neutrinos are those from inverse (3 decay:
e +p—> V, +n
 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_=91 GeV — question:

what is the minimum energy needed for e” and e7?)
* |In 20% of the cases, Z—>v§; It doesn't care about flavour
e'+e 572" v, +7V,
+ - 0 T
e +e >/ — v, +tVv,

e'te 57" >V _+7,
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Shock wave

Rapidly fauing\ / Ruﬂ:n::n cooled by
neutnnos

material
40- to 50-km radius;

o " neutrinos are produced
Quasi-static by the following reactions:
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Hot
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Neutrino luminosity versus time

Generic form from theory prediction. Source
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http://inspirehep.net/record/917428/plots

Integrated luminosity of a supernova

Potential energy of a sphere of mass M and radius R is:

3 GM?
5 R

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 ~1 .4Msun, we get

core

a total emitted neutrino energy of order 10* erg

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

So we get 10*° erg emitted as light in total — if all re-emitted in

10 seconds, 10*® erg/s; compare with ~ 10% erg/s from the Sun
17
— L, ~10"L__during 10 seconds!
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R: radius of neutrinosphere
D: distance from us

Take g=1, u=0, R~50 km

The spectra are not the same:

* Probability of interaction during

1 the escape is larger for neutrinos

than for anti-neutrinos

» And larger for electronic neutrinos

1 than for muonic/tauonic (equal for
| muonic and tauonic)

 Larger interaction probability —
the ones that we see had their last
interaction in an outer (colder) part
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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 |l supernova

[46]

Supernova taxonomy' -

Type la
4 . B i B Thermal
Presents a singly ionized silicon (Si 11} line at 615.0 nm (nanometers), near
runaway
Type | peak light ’
Mo : Type Ib
hydrogen Al Shows a non-ionized helium (He 1) ling at 587.6 nm
Weak or no silicon
absorption feature | YP€ €
Weak or no helium
Type lI-P
Type II-P/L Reaches a "plateau” in its light curve
Core
P/LS Mo narrow g
Type II-P/L/N | Type lI-L collapse
Type I Type Il spectrum lines Displays a "linear” decrease in its light
Shows throughout curve (lingar in magnitude versus time}_['ﬁ:
hydrogen Type lIn

Some narrow lines

19
Type lb

Spectrum changes to become like Type Ib From W|k|ped|a



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 [3-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 [3-decay when T is lower



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

21



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

* |n a future lesson we will study "Big Bang
nucleosynthesis”

22



Main producer of each element
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Picture taken from wikipedia. 23
Big Bang nucleosynthesis and Cosmic Rays will be the subject of future lessons.




Neutron stars

* They are the core, now naked, of stars whose initial
mass was between 8 and 18 M_

n

* Neutron degeneracy pressure counterbalances gravity

» Very exotic behaviour: most of the neutron star can be
modeled as a single giant nucleus

Outer erust: nucle

Inner crust: nuclel + neutron gas
Rod- and plate-like structures

Uniform nuclear matter
Pion, Kaon or Hyperon
condensates?

CQuark matter?

Lyropl ety
ols
Plates
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Black holes

If the initial star's mass is larger than ~18 M_ , 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 =2GM/c* can be derived in General Relativity

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

* Quantum mechanics may solve the paradox of co density, 25
but we have no satisfactory quantum theory of gravity yet



Documented supernovae
in the Milky Way

Kepler's Supernova Remnant
SN 1604

Chandra X-ray Observatory
Hubble Space Telescope
Spitzer Space Telescope

3.8 light-years

1.2 parsecs 60"

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,10’
K), 1604 (observed by
Kepler, still with naked eye)
* No SN in Milky Way since
invention of telescope

26



R =4 kpc
(7% sample of Galaxy)
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SN1987A

e January 1987: the nearest
supernova since 1604

« Ablue super-giant (15 M_ )

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 2%
their energy is kept by the ionized gas of their remnant nebulae



Neutrinos from SN1987A

Supernova models predict that

photons take ~3-4 hours before '99]
being able to escape the Zs0} !
surrounding dense gas t 1
60| i
But neutrinos interact much | j
less, and need much less time i ]
to escape Lol Ul (NP NL AR SR IS P
Knowing when SN1987A gl = 20
appeared in the telescopes, the TIME (sec)

physicists running large Neutrino e =« Je e e o e s T it 7

detectors had a look at the data e S S
as a function of time

They found a v burst 3 hours
before the photons arrived

29
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http://www.symmetrymagazine.org/article/february-2006/supernova-1987a

Confirmations from other
experiments

Observations of SN1987A
IMB (Irvine-Michigan-Brookhaven)

Raw data After standard analysis
rejecting atmospheric muons
1D|:| r.. :|...... r'.‘ |... r L 3 "'. 3 1':||:|_ T T T T """'1
EE e e g e BD_' 4
LT SR - .
Bﬂ. SRS Ao SNt BT d i
s "o v . . ] ﬂ“:'z_l _ 3
= _—'.' "h.' g . -y " " ket L . = I evenis -
g R T R R e - 6 i 4
E ] T 1 . oy ] |::| E_ ®
e} £ | 3
o= LCI: : - 40 |
- A SN 1987 A 1
& b £ 200 - Taken from
G L here
% ta) - b
i 1 L 1 ] ] Dt 1 1 L | J
312 % 15 W B 2 W TEC1E B

Hour, 23 Feb. 1987 (UT) Hour, 23 Feb. 1987 ( UT! 31


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

Confirmations from other

experiments

IMB Kamiokande Baksan LSD

Location Ohio US Japan Russia France
(Mont Blanc)
Detector type water Cerenkov liquid scintillator
Detector mass 6800 2140 200 90
(tons)
Threshold(MeV) 19 7.5 10 5
Number of events 8 11 5 ?22?
Time of 1st 7:35:41 7:35:35 7:36:12 2:52:37
event (UT)

Absolute time 0.05 60 +2 0.002
accuracy (sec) -H54

Table from here
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http://neutrino.fuw.edu.pl/public/wyklad-From-neutrinos/wyklad10-supernova-neutrinos.pdf

Energy |MeV|

Energy |MeV|

Energy [MeV]

What kind of neutrinos were seen?

o0
40
30
<0 =
10 =

ok
o0
40
30
20
10

0
o0
40
30
20
10

0

£_||||I|Illlllll;;;m;l;;lldcjl_i
: ++ E
:#+HI+IIIIIIMBI:
A
E_|||||||||||||||||||||F
ST T T T[T [ TT T[T T [ TT T[T T3
E— Eaksan—;
TLT
_[|]|||E|||4|||6|||B|||1G|||1|2||;4

Time after first event [s|

Water detectors are sensitive to:
Ve +Pp—+ € +n
vi+e — 1+ e

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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Energy |MeV|

Energy |MeV|

Energy [MeV]

ol
40
30
=0 =
10
o0
40
30
=0
10

o0
40
30
20
10

SN1987A and neutrino mass

£_||||I|Illlllll;;;m;l;;lldcjl_i
: ++ E
:#+HI+IIIIIIMBI:
A
E_|||||||||||||||||||||F
ST T T T[T [ TT T[T T [ TT T[T T3
E— Eaksan—;
TLT
_[|]|||E|||4|||6|||B|||1G|||1|2||;4

Time after first event [s|

The data from 3 neutrino detectors
(left) show a spread of At ~10's

Supernova model: At ~10 s

[1 v speed is compatible with c 1 v
mass is compatible with 0

Exercise: derive approximation
D

I =

c1—(m,c2/E,)?
If this At__is only due to neutrino

mass (At ~ 0), then the most

energetic neutrinos should arrive

before the less energetic
34



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: 150x10° km
« SN1987A distance: 50 kpc 35




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; 476477
(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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