Collapse and final explosions

Stars with initial mass of less then ~ 9My, (this limit depends strongly on mass loss) develop
degenerate cores and if shell sources cannot increase M, to ~M;, the star becomes a WD.

Other stars undergo core collapse (such as those with neutron stars as remnants) or
explosions, thereby ejecting a large part of their mass (supernova).

Evolution of the C-O core
- Further evolution details depend on whether C-O core becomes degenerate or not in the
ensuing contraction phase.
Estimating critical core mass M, which determines whether contraction will increase T, or if
the core becomes degenerate:
- consider (approximate) EOS interpolating between
both (non-deg. — degen.) regimes: - rough estimate of central, values
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197, Evolution of the C-O core ?Tu = fGM2Pl? — Kool
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197, Evolution of the C-O core estimate T, for M. < M., in non-relativistic regime:
o . Kis\"* N\
= ’,’ = -"“[crit- f(v He ~ _5/,-3
; tracks .
-C for different
M, values o/ E - — -
8 TT“ - fGﬂ[:_-Z'f';Q(])/H — K0, 1/‘; ‘
2/3 1/3 2/3
M, 20 00
wh = Koo (37 ) (2) Ko (2
é i 71‘07 / Z\[crit He / He

l Qomax

. I{_f‘,:; M, 1/3 g M, 1/3
S e ~ 0.5 % 10°F
Dmax = T Ksps \ My - Al

Herit

|f0r cores with M, < M., central T, < 0.5 x 10° K.l

i

H

40 60 80
> l9p/se

Collapse and final explosions

Evolution of the C-O core (A, B): M. < M_;, = My,

shell-burning source(s) cannot increase core mass to Mgy,

To 410 Tomax Until core becomes degenerate and core cools
down to become a WD. (Binary: accreting WD+M_>Mc,~>SN la)

1975 pair creation

(B*): initially M. < M., but shell burning brings M.= My,
core becomes degenerate and cools after Ty, - With

o increasing with M, C-burning starts, e.g. by pycnonuclear
reactions, in degenerate core — C flash (explosive: type 1.5 SN).
This is the case for stars with typical masses 4 5 M/Mz S8 .

.
o A (C.D,M): Moy < M S 40My
74 ~ 8 evolution track misses region of non-relativistic degeneracy
[ " o=/ region—core heats up. If M, < 1M, e capture by Ne & Mg
3/, TN reduces P, —» core collapse. For M. Z 1M;, photodisinte-
7‘2’7# e — gration of nuclei brings ~,, < 4,/3 (dynamically unstable)
199y /hte - also core collapse (may lead to neutron-star formation and

ejection of envelop — type Il supernova).

(E): M. Z 40Mg also C burning in non-degenerate core, but crosses later region of
pair creation (photon energy so large that it can create e™- e* pair) —» ~,, < 1/3 - core
collapse until T so high that O burning starts - may stop collapse, which could lead to star
explosion; if star does not explode, the collapse would lead evolution into region of
photodisintegration, and event continue as in (D).
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The carbon flash (B¥)
gTo photodisintegration

- For M 28Mg shell-burning source increased
core mass nearly to M, thereby also increasing p;
released energy of core contraction is transported
by e conduction towards centre, where To<T, .,
because of neutrino losses, which carry outwards

i
non degenerate  —
.~

—~ the energy. Once pis high enough C burning ignites.

gt
/’/ degenerate o . X
- C ignition either in centre or shell of T,

Eiue - core stability crucially depends on neutrino losses =, ;
e if = 2 z,— core becomes unstable —(violant) C flash
\//\kc flash [@ p, ~ 2 x 10° gcm3]
i ~€y*€cc <0 -€Ey+€cc> 0
1 1 J
8 9 10
lgp

How violent is C flash:

for a mixture of equal C & O, C burning releases ~ 2.5x10%erg/g and O twice as much.

If all this energy is used to heat the core, it can reach temperatures as indicated by the dashed
curve, labelled “C,0”; at this high temperatures, T~101°K we have photodisintegration.
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Photodisintegration and nuclear statistical equilibrium

@ T about 10%-101°K photons -~ so energetic (MeV) as to cause photodisintegration (photo-
dissociation) in the nuclei in the gas (o decay) , such as, for example,

32 28 ¢+ +«— endothermic reaction (Q<0
326 4~ 288 + iHe . (Q<0)

28q: 4 . 32 ., —~exothermic reaction (Q>0)
51+ "He = S+ I energetically favourable to

shift equilibr. to the right.

Similar reactions: R4 He — WAy 44,
Bar+*He = Cat~.
“Fe+He = Ni4~.

Processes occur essentially in equilibrium (EQ) with similar numbers of nuclei
being dissociated and created; EQ is eventually shifted to heavier nuclei (> E,):

quasi-equilibrium processes (misleadingly called silicon burning).

Similar reaction(s):

'ZUND + ~ _>1‘G () +a
(neon burning) )

7 +58 Fe 2 13@ + 4n (PFe+*He = "Ni+y.)
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Nuclear statistical equilibrium (in a plasma of photodisintegration)

@ T about 10'°K photons - so energetic as to break up nuclei by o deacy, e.g. :

Z{JNC +,_’ <47>1(j () +a

Processes of disintegration (dissociation) and inverse reaction similar to ionization and
recombination of atoms: statistical equilibrium can be describes via SAHA equation, ie

nong 1 (ermomakT)sfz GoGa o—Q/KT

TNe h3 MNe Ne

where Go, G, and Gy are the statistical weights, while @ is the difference
of binding energies

Q = (mo + My — Mmye)c?

Collapse and final explosions

Nuclear statistical equilibrium (in a plasma of photodisintegration)
@ T about 10%°K photons ~ so energetic as to break up nuclei by o deacy, e.g. :

56Fe plays important role, because it is

20 o 16
Ne+1 __> O+a the nucleus with highest binding energy.

2p+2n
7 +a0 Fe & 13a7+ 4n — Nuclear statistical equilibrium defines ratio 72y /7,
!
behave like ionization Y+ (Z,A) = (Z -2, A—4) +a, (13X
and recombination ' ’
v+ (Z,A)=(Z,A=1)+n (4x)

(13+4) Saha-like equations combined i
difference of

binding energies

13,4 13 4 24 13,4\ 3/2
nny GGy (2rkT memy —Q/kT ) 5
= e = — ”
- G 72 o with @ (13m(l + 4m,, — mpe)c

(1)

also

g 56 T —13/1!
@2 p= muz,-fling = (56mpe + 41, + 10 )M, Note: for 5 Fe : np/m = 13/15

1o [T = 4/13

— for givenratio, e.9. m,/n, =1/13 (%6Fe), 2 equ. (1)+(2) for 2 unknowns . and ., .
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Nuclear statistical equilibrium (in a plasma of photodisintegration)

@ T about 10%%K photons v so energetic as to create e - e* pairs = photodisintegration, e.g.

for given ratio, e.g. n,/n, =4/13 (°6Fe), and given p & T, nuclear equilibrium demands:

nr. of protons —

(per unit vol.) Z/N =13/15
To nr. of neutrons

(per unit vol.)

7k
13x “He

Fe

In nuclear statistical equilibrium at moderate T one expects nuclei of the iron group, which with
increasing T disintegrate into o particles, protons and neutrons.
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Hydrostatic and convective adjustment during C flash

- during He flash star stays very close in hydrostatic equilibrium: convection removes energy.

- for C flash the situation is very different:
in a single thermal run away, after the C flash (zcc), T* so fast that additional reactions
(O burning) take place; core regions is then so hot that statistical equilibrium between Fe & He
is reached —+ degeneracy is removed, pressure increases — central regions expand.

- time scale 7. determined by change of T & internal energy (T/T ~eoo/u):

other (outer) core regions react on the hydrostatic time scale :

if {:=7:/mwa>>1—> core follows expansion quasi-hydrostatically

¢ <= 1—> outer layers can not expand rapidly enough,

compression wave will move outwards with cg
(outwards travelling shock wave)

convection in core will (a) transport part of surplus energy to outer layers, o
(b) bring new fuel into burning layers: Teomr = b Ve
if £:=7./Teony >> 1 —> convection carries all energy away from core

in core p = 10% gem™, T =~ 3 x 10°K one typically finds 7. =~ 107%, mhydr = 0.15 & Teopy = 0.1s.

— (<< 1, & & << 1 compression wave will start outwards and “convective blocking” (strong
damping if motion is v =~ ¢ ) limits spread of energy released in the core.
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Combustion fronts (during C flash)

7. =~ 107% at the onset is rather short — burning proceeds at such high rates that fuel in mass

shell is consumed essentially instantly & layer above has not time to adjust.

layer ahead is heated to ignition either by compression or energy transport, and flash
proceeds outwards (burning confined to very thin layer)-outward moving combustion front.

Two different types of combustion front:

(a

=

matter in front enters discontinuity of compression wave (shock wave) with supersonic velocity
and is compressed & heated; if matter is ignited combustion front coincides with shock front
— detonation front

(b

-

if compression in shock wave does not ignite the fuel, then ignition temperature is reached due
to energy transport (convection or conduction) — slower, subsonic motion of the burning front
with a discontinuity in pressure and density drop (inwards!)

— deflagration front

speed it controlled by energy transport (convection or conduction).

in both cases deviation from hydrostatic equilibrium mainly confined in thin shell of P, p discontinuity,
and energy release.

6
100

p drops in the inward direction
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Combustion fronts (during C flash): numerical results

Numerical results suggest deflagration than detonation front.

—r—1— T

leads to core explosion

PO VRN CUEP T SOV (e
06 08 10 12 14
m/Mg

02 o4

@ p=2x108gcm3, relativistic degeneracy gives:
P 124 x 107 dynem % g = 3P /p = 2 x 10* ergs ™

C-burning adds only ~27%, i.e.

— overpressure rather moderate and shock is
not extremely strong.

one problem in modelling is treatment of time-dependent
convection.

although deflagration front moves subsonically, it can
destroy the (relativistic .4 = 4/3 ) core:
_3GMZ

total Fnergy W =0 —  |[Ey| >~ s R~ 9 x 107 erg.

energy release from C-burning (1/2 M,): ~ 3.5 x 10°° erg .

— releases enough E to disrupt whole core.




Collapse and final explosions

Collapse of cores of massive stars (C,D): Mcy, < M. = 40M

core ‘misses’ non-relativistic degeneracy and heats up during contraction until ignition of next
heavier element. Core is then either non-degenerate (large M.) or degenerate, but still in a

region “above” a=4/3, i.e. gravothermal heat capacity c* < 0 —burning is stable!

after several cycles of nuclear burning and contraction, core will heat up to Si burning; burning
in several shell sources produces layers of different chemical elements — onion-shell model.

25 M,
0 6 8 m/M,
10 : i e —— 7210
-— & g . .
~ o \ He - finally central regions of core
wft reach T @ which abundances
Fe core | are ‘de‘termine'd' by nuclear
| | statistical equilibrium.
nuclear |
1 . Lor (@) M. = AM .,
1 statistical ro1 (a) M, z 4\[u'
equilibrium Photod|5|ntegrlat!on _and other
(photodis- " effects (relativistic e”) =
integration) \'\’" — core collapse
wed \| (b) M. < 4M,
o T ! H e” capture by heavy nuclei
VA 1] A (neutronization) — P reduced
s ¢ " — core collapse with
1gT{99 97 85 93 0 87 80 70 e = 40 ms (@onset)

1gp| 93 68 61 58 w1 36 00
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Collapse of cores of massive stars (C,D): M¢y, < M. = 40M;
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Fig. 36.4. The chemical composition in the interior of a highly evolved model of a popu-
lation I star with an initial mass of 25M¢,, close to the end of hydrostatic nuclear burning.
The mass at this time is reduced to 16M, due to mass loss. In the upper panel the mass
concentrations of important elements are plotted against the mass variable m. Below the
abscissa, in the middle of the figure the approximate location of shell sources in different
nuclear burning phases is indicated by the grey rectangles. In the lower panel the run
of temperature (IgT': scale at left axis) and density (lgp: right axis) is given to identify
typical burning conditions for these nuclear shells
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Collapse of cores of massive stars (C,D): My, < M. = 40M,
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Inverse B decay (neutronization, e- capture) @ high densities

!
(Z,A)+e = (Z-1,4)+ 1,

High-energy e- can combine with protons (in nuclei!) to form neutrons. High Fermi energy (sea)
inhibits n-decay (no space left in 6-dim. phase space because of Pauli exclusion principle.)

Because process changes a proton into a neutron (although in a nucleus), this process is
called neutronization.

Electron capture has two important consequences:

1) Tt reduces the number of electrons: He Gets Iarger. Thus. the pressure which is
available to stabilize the gravitational contraction of the core is reduced. In other
words, the Chandrasekhar mass limit decreases as g4, increases.

2) The neutrinos produced in the reaction can leave the star. These nentrinos carry
kinetic energy (usually of a few MeV) which is lost for the core. In fact, these
neutrino losses keep the core at relatively low temperatures.

In summary:
the pressure and energy loss due to electron capture accelerates the contraction
(collapse).
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Reflection of infall (massive stars: C,D)

Because of infall p approaches that of neutron stars (p = 1014 gcm3). Matter becomes
incompressible (EOS is “stiff”).

Complete elastic reflection would bring whole collapse only to original state before the collapse;
we need extra energy to expel the envelope.

Remnant (neutron star) is somewhat compressed by inertia beyond equilibrium state and
afterwards, acting like a “spring”, it expands and pushes back the infalling matter.

This creates a pressure wave, steepening if it enters regions of lower density.

However, a substantial fraction of the energy in this rebounced pressure wave will be

used up to disintegrate remaining Fe (in envelope) into free nucleons, i.e. only a small fraction
of the (rebounced) kinetic energy remains in the shock wave for lifting the envelope

(also major energy loss due to neutrinos — only 1% of initial kinetic energy available for lifting
envelope).

During (core) collapse, neutrino production by neutronization becomes dominant. Because of
large density, matter becomes opaque to neutrinos, i.e. free-mean path is reduced and so

the neutrino velocity [for p > 3x101! gcm= neutrinos are trapped, because their velocities are

smaller than the infall velocity (free-fall)] +influence further neutronization, i.e. neutronization
stops @ p ~ 3x10%? gcm3. Collapse stops @ p > 10 gcm-3.
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Neutrinos in MeV range have mean free path (u=1)

Si burning shell 0 — 1 . 2 x 102%m
S - Y neoy, o0, 0

y 4 “outer core \v"photosphere”
V4

/ located 1¢, beneath surface

{ // A\ \ \.\
( (¢ :.‘T/p. ||
’,’i pe=10%gem™ ¢ £, ~ 300R. .

/ . /\< collapsing stellar core: p ~ 10 gem™ : £, =~ 20km.

Normal stellar matter : p 2= 1 gem ™"

N

inner core _#" Core — reabsorbed within star.
- shock
v trapping Shock is formed at sphere labelled “Core chock”, within which
surface matter is almost at rest, after sudden stop of core collapse, once

density has reached nuclear matter density (o ~10'* gcm-3).
Neutrinos interact with electrons (inelastic scattering) and
neutrinos are thermalized, which brings also the weak interaction
into equilibrium (already at p~1012 gcm3) - homologous core.
Sound speed in core is larger than infall velocity. Where both
veleocity are the same = core shock boundary of homologous
core. Thus the sudden stop of collapse causes shock wave
at the surface of the homologous core with R ~ 30km.

infall velocity of matter
(small arrows) equals
velocity of outward
neutrino diffusion

£, ~ 100 parsec.
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Reflection of infall (massive stars: C,D) : Supernova explosion

Shock wave travels outwards through rest of collapsing iron core witch energy of about 1052 erg.
Matter throuah which shock travels will be dissociated.

Figure shows radial motion of various
109 BOUNCE SHOCK EJECTION SHOCK

layers and locations of travelling
~|shock. Shock stalls @ r~500km, but
gets revived again after about 0.5s,

finally exploding the star.
p=10%, T=12meV [*

*SNOW PLOW" SHOCK

©

-
o
h

\ NEUTRINO
—— PHOTOSPHERE

HOT SUBRLE Core (newly-born neutron star) cools
§>100 goaTTERING . . . . g ,
" |rapidly via neutrino +anti-neutrino pairf
HEATING
v

ANNIHILATION +- |creation:

HEATING

RADIUS (cm)
3

"y+‘y—>ei+e+—»1/e+ije.

= - == -~ {leading to neutrino absorption by

1 ———F——————Supernovasimulation_-| nucleons (p,n), thereby transferring

5 0.5 1.0 energy (heated within ~0.3 s) to the

PROMPT SHOCK Im NEUTRINO ITIME (s)l 2nd NEUTRINO HEATING —— 108 | matter which has previously been
dissociated by the shock.

Material heated to energy values sufficient to overcome gravitational potential and can therefore

be expelled from the star. This mechanism through neutrino heating is called “delayed

supernova” mechanism. Time-dependent convection important for explosion mechanism!

Explosion expels matter outside “mass cut” ~ 1.6M,, into ISM. Partially degenerate remnant is

new neutron star consisting, after cooling, mainly of fully-degenerate neutrons.
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Reflection of infall (massive stars: C,D) : Supernova explosion

Only for stars with initial mass of ~8 — 30 M., does explosion from a core collapse
(Supernova Type I; there are also Type Ib and Ic; Type la is a different mechanism
where a WD collapses after accreting matter from a massive binary companion)
result in the generation of a neutron stars.

More massive stars also live through a core-collapse neutron star but instead
generate most likely a black hole in the centre.

On the other hand stars with < 8M., never reach latest nuclear burning stages and
will end up as WDs.
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Very massive stars: (E)

M, i 30Mcy,

(M 2 80Mz)

evolutionary tracks of massive cores enter region in T-p diagram where electron-positron pair
production by energetic photons is taking place: hv>2m.c? .
This reduces 7.4 < 4/3 and dynamical instability is reached.
Also, for this massive cores, radiation pressure is important.

According to numerical simulations in pair-unstable, collapsing cores, oxygen is ignited
explosively, and core runs into unstable regions of photodisintegration.

'9l7a pair creation

ntegration—
—fe=2—

photodist
D
«C
¥ i B'
} s /
/
8 /
t v /
[ A 4
nB a=3 /4
a
N - A
2 4 6

most numerical simulations result in a
disrupted core due to pair-instability.
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Some properties of Supernovae (SN)

SN are amongst the brightest objects in the universe and can be brighter
than a whole galaxy for weeks.

Energy of visible explosion: ~10%! erg (= 1 foe [10”(fifty one) erg])
Total energy : ~1053 erg (most in neutrinos)

Luminosity 1 ~10%10 L,

SN events are rather rare: some 1 — 10 per century and galaxy.
(in out Galaxy only a few have been recorded, the last one in the
17t century: Kepler's SN: type 1a).

Classifications of Supernovae (SN)

Observational:

Type | :noH lines (depending on other spectral features: la, Ib, Ic,...)
Type Il : hydrogen lines

SN progenitor

Type | : 2 possibilities
la :white dwarf accreting matter from (massive) companion
in binary system
Ib,c: collapse of Fe core in star that blew its H (or He) envelope into
space before the explosion

Type Il : collapse of Fe core in normal massive stars (8 — 30 M,.)

electron-capture SN (Crab nebula?)
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Classifications of Supernovae (SN)

Observational:

Type la

Presents a singly ionized silicon (Si Il) line at 615.0 nm (nanometers), near peak light
Type | Type Ib
No hydrogen Type Ibic Shows a non-ionized helium (He 1) line at 587.6 nm

Weak or no silicon absorption feature | Type Ic

Spectrum changes to become like Type Ib

Weak or no helium
Type II-P
Type II-PIL Reaches a "plateau” in its light curve
Type II-RILIN No narrow lines Type ||
Type Il Type Il spectrum throughout Displays a "linear" decrease in its light curve (linear in magnitude versus time) 71
Shows hydrogen Type Iin
Some narrow lines
Type lib

Thermal runawar

Core collapse

Classifications of Supernovae (SN)

Energy sources: explosion

0 H-recombination

-
o

Supernova light curves

Plateau !

-
o
©

o
w
T

Y

-
LY.

ype | ~TTeeeall

Luminosity (solar units)

o
~
(o

| | |
0 50 100 150 200

Time (days)
Adapted from Chaisson & McMillan

radiative decay: 56Ni— 56Co — 56Fe
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Absolute magnitude (visual)

Classifications of Supernovae (SN)

—Type la —Type b — Type lc —Type lIb — Type ll-L — Type |I-P Type IIn

Days since peak luminosity

Supernova explosion

SN 1998bu
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Supernova 2001cm in NGC 5965
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http://www.supernovae.net/snimages/snother.html
http://www.supernovae.net/sn2001/index.html

Crab nebula in Taurus ~ .
(believed to be electron.capture type

SN) ]

16



