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The lees of S‘rars

i S’rar Blr’rh 9/10/26 ~
.. (® Nuclear Explosuons Contained by Gravity

| # Lives & Deaths of Small Stars: 9/17/26 -
(% Planetary Nebulae and White Dwarfs

gk e Deaths of Lar'ge Stars: 9/24/26
B Supernovae Neu’rr'on S’rars and Black Holes

: _-* Black Holes: 10/1/26
@Spaghe‘r’nflca‘rlon :
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® Fusion Layers & Neu’rrmos

(% Type.IT Supernovae
: D) Neu’rr'on Stars & Pulsars

* Types of Super'novae |
® Omgms of the Elemen‘rs
T STa’res of N\a’r’rer'



Ouﬂme

| * Revuew Small Star Deaths
.. (® Star life on ’rhe Mam Sequence

@ Star Deaths | -
) Sol: Red Giant, Plane’rar'y Nebula Whl‘re Dwar'f

| * Evolu‘rlon of Large Stars
@ Fusmn Layer's & NeuTrlnos

@ Jype.LT Supernovae
43y Neu’rron Stans & Pulsar's s |

; o Types of Super'novae |
® Orlgms of The Elemem‘s

i S‘ra’res of MaTTer

Photo by Marc Staves 2011 " * .



Main Sequence Life

e Hydr'os’ra’rlc Equilibrium Fusmg H ’ro He o7
. ® Gravity pullmg el
" D-weight of upper Iayer's tries to compress star

% Pressure of heated gas pushing outward
) nuclear explosuon tries to expand Freip
<D balance lost

f when fuel runs out \ - - /émvify- | -
Ul’rlmaTely i

- gravity will
wm'

/

Photo by Marc Staves 2011 e .



Th n on the Mai qu uence

~ Sol turns 45 Alr'cr'af‘r Car'r'ler masses of-H .
. to pure-energy each second ... every second!

Photo by Marc Staves_2011 e



S’rar DeaThs

" Ln‘espan dea‘rh depend on s‘rars mass . e

~ 1010 |
T = ]'O M olar' masses years '

Main Sequence S

*Small Stars (O | Mso| < Ms’rar' s 8M50|)

@ Long|sh lives (10's of billions of years) .
D No star smaller than 0. 8 Msol has ||ved out its In‘el

s O Plcmefary Nebula to White Dwarf |
_’* Giant Stars (M > 8My,, M, ~100 MSO,)
(% Lives can be very short (millions of year's)
@ Supernova to I\leu‘rr'on Star or Black Hole




" Star Death Depends on Mass

EVOLUTION OF STARS Clown F
oW

Planetary Nebula

I'“

2z Nebula

Small Star Red Giant

_o—@—

White Dwarf .

— 9

https://en.wikipedia.org
/wiki/Eskimo_Nebula

Neutron
Star

Supernova

Red Supergiant
i \/

Large Star

Stellar Cloud .

with
Protostars

. éla ck
Photo £ IMAGES NOT TO SCALE https://en.wikipedia.org/wiki/Crab_Nebula Hole



https://en.wikipedia.org/wiki/Eskimo_Nebula
https://en.wikipedia.org/wiki/Eskimo_Nebula
https://en.wikipedia.org/wiki/Crab_Nebula

“Sol will Become a Red Giant ..
#* Sol as red-giant will engulf ¥and £

H:ﬁ?:lm"u'i'ﬂ'ﬁﬂcmh"rﬁ"“ﬂ Al Expanding outer Iayer's ook
Hydrogen fusing shell

heating ou‘rer' layer's 2

Shr'mkmg He core

becoming

degenra’re elecTron

Sol may |

~engulf .

EarTh |

The Sun as a red gmm‘
(diameter = 1 ALJ)



e




" Sol's Core will be a Whn‘e Dwarf

* Degenerate e” gas

(% atoms packed as close as possuble
D electron clouds packed together

) all space: squeezed out from between atoms
Normal Gas - Atom - Degenerate e Gas

(Ao

@ does hot expand on hea‘hng

@ maximum mass = 1.4 MSO,

) Chandresekhar Limit .~
) electron degeneracy can't
~hold'itself: up against gravity.

__________ Subrahmanyan -

1910-1995

| Chandrasekhar


https://en.wikipedia.org/wiki/Subrahmanyan_Chandrasekhar

Ou‘rlme

| * Revuew Small S’rar Deaths =
& (® Star life on the Mam Sequence

@ Star Deaths | | -
) Sol: Red Giant, Plane’rary Nebula Whl‘re Dwarf

_ * EvoluTuon of Large Stars
@ Fusion Layer's & Neu’rr'mos |

@ Type EE Supernovae &
) Neu’rron Stans & Pulsar's '

; * Types of Supernovae o~
e Orlglns of the Elemen’rs
e S’ra’res of N\a’r’rer |

Photo by Marc Staves 2011 " * .



Evolution of Massive Stars
#* Hydrogen core used up quickly (107 yr!)

| (% Core contracts, heats, star expands
‘% Helium fusion begins easily,
" (% No Helium flash
%) H fusion in shell surroundmg He fusing core |
* Helium core gets used up .

®%) Core contracts, heats to fuse C easuly (no C flash)'
& He fusuon in shell surroundmg [s fusmg curz

.f* Carbon fusnon shrmks star!

@ Ener'gy lost by neuTr'mos . heat pr'essure r'educed
* D Neutrinos only interact with atomic. nuclei -

)} Neu’rr'mos escape star quickly
‘Y’ ngh‘r ’rakes a mlllron years ... interacts with a‘roms



Neu’rrunos

P ¢ Neu’rmnos
(% Produced in fu5|on reac’nons _
@ Weakly interact with matter

https://sc

) Pass through Sol, Earth, you consTanle S
Y Hard to detect (only interact wu'rh nuclei)

YPredicted in 1930

® Energy missing' from nuclear rec
Y Pauli pr'edlc‘red par‘rlcle - g [

# Detected in 1956

(% Project: Pol‘rergels’r
W) Savannah River (nuclear) e
Plan’r 35.C prowded neu'rrmos )

Photo by Marc Staves 20hitps://en wikipedia.org/wiki/ConanE2%80%93Reines_neutrino e Xperiment cied



https://en.wikipedia.org/wiki/Cowan%E2%80%93Reines_neutrino_experiment
https://scienceinschool.org/wp-content/uploads/2014/11/issue19neutrinos.jpg

Neutrinos
ke Solar Neutrinos

@ 2 Produced in each fusion

9 x 10*” fusions | i 18 x 10% neutrinos
second : second

® Flux at Earth = 63 bllllon neufrmos/cmz“

* Solar neutrino problem
@ 1/3 of expected number de’rec’red in 19605'
.Y Homestake Experiment; Sou’rh Dakota | Jm— ,‘

@ Sudbury Neu’rrmo Observa‘ror'y : w;y
n )} neu‘rr'mos osculla‘re among 3 ’rypes

S -, (mu) & T (tau) T
> SNO de‘rec’red all ‘rhr'ee in 2002I

es 2011 ",


https://en.wikipedia.org/wiki/Homestake_experiment
https://en.wikipedia.org/wiki/Sudbury_Neutrino_Observatory

- Carbon Fusion & Neutrinos

"If the leak is large enough, ‘ '
to keep it inflated.

. Star layers o

being held up by [ S

" heat once m

~ Carbon starts J_ Ny  {|
fusing is like [ '
pumping up a

leaky ball due to

~ production of

~ heutrinos!®




Fusion Cores

# C fusnon o N Na, Mg
& Shrinks star!
&% Energy escapes mosle in neu‘rrmos
® Star shrinks
% Fusion increases (hlgher' density!)
% Luminosity is maintained
% Supports star ~1000 years

MASSIVE
MAIN-SEQUENCE
STAR

(€D A massive

main-sequence
star burns
hydrogen in a
convective core... |

(B ...then '-

immediately

begins burning | %
helium in its core | ==
as it leaves the

main sequence.

E) The ash of one reaction

becomes the fuel for the
next as the star evolves
a layered structure.

~H burning to He
in convective core

-———Nonburning

envelope

H to He

He burning to C
H burning to He

Nonburning
envelope

-G burning to

"~ Na, Ne, Mg
He burning to C
H burning to He

Nonburning
envelope

Na, Ne, Mg

+Degenerate Fe core
HIGHLY EVOLVED ‘ Si burning to Fe
MASSIVE STAR

# Ne fusionto O
# O fusion 0 S, Si

(® Supports star ~ 1 year'
* Slllcon fusion To mon

e O burning to S, Si
-Ne burning to G, Mg
C burning to Na,
e, Mg
-He burning to C
-H burning to He
+—MNonburning

envelope

B Asin alow-
mass red giant,
burning occurs
in a tiny, dense
region at the
center of the
giant bloated
star.

) The end:
A degenerate iron
core sits within
“onionlike” shells of
progressive nuclear
burning.

1,000 Ro




~ Fusion Cores

HIGHLY EVOLVED
MASSIVE STAR

€} The end:
A degenerate iron
core sits within
“onionlike” shells of

progressive nuclear

burning.

_Nofte Dif

\_

J

S, Si burning to Fe
O burning to S, Si
Ne burning to O, Mg

C burning to Na,
Ne, Mg

He burning to C
H burning to He

{Nonburning

envelope

B Asin alow-
mass red giant,
burning occurs
in a tiny, dense
region at the
center of the
giant bloated
siar.

ference in

vl

§
Degenerate Fe core

MASSIVE
MAIN-SEQUENCE

STAR H burning to He

in convective core

B A massive 1 Nonburning
main-sequence envelope
star burns H to He

hydrogen in a ‘
convective core... -

\ /
B .. .then
immediate
beqgins burniny
helium in its core

as it leaves the
main sequence.

He burning to C
H burning to He

Nonburning
envelope

C burning to
Na, Ne, Mg
He burning to C
H burning to He

E) The ash of one reaction
becomes the fuel for the
next as the star evolves
o ared Cl =

—=

HIGHLY EVOLVED '
MASSIVE STAR .

Degenerate Fe core
S, Si burning to Fe
O burning to S, Si
Ne burning to G, Mg

C burning to Na,

Ne, Mg

4 ~He burning to C

o H burning to He
-Nonburning

envelope
B Asinalow-
mass red giant,
—  burning occurs
L Ihjezgﬂ.erate iren 0.01 Ro o dﬁgse
enerate . region at
core sits \:rlmln | 1,000 Rg center of the
“onionlike” shells of giant bloated
progressive nuclear star.

burning.




 Red Superglan‘rs

" Forma‘rlon of Iron Core is fatal ..

1.6 billion kilometers il

Carbon-fusing
shell

MNeon-fusing

shell
D:-:i,'geu-f using

Hydrogen-fusing
shell
Helium-fusing
/ shell
\

Silicon-fusing
shell

lron core

hjupm&r‘ﬁ orbit

Betelgeuse, Antares ...



Ou‘rlme

. * Revuew Small Star Deaths
& (® Star life on the Maln Sequence

@ Star Deaths | | -
) Sol: Red Giant, Plane’rary Nebula Whl‘re Dwarf

| * Evolu’rnon of Large Stars
@ Fusmn Layer's & Neu’rr'mos

@ Type IT Super'novae :
D Neutron Stars & Pulsar's T

; e Types of: Supernovae e
e Orlgms of the Elemen’rs
e STaTes of N\a’r’rer |

Photo by Marc Staves 2011 " * .



Type II Supernovae

AR Star is “onion" of fusmn shells

* Ir‘on Cor‘e does nOT que I"JB VB VIB ’n"IIB'é—UII— IB B
‘(% Iron fusion ABSORBS energy Iron - Fe
| ) Iron most stable element 26 ppofons

Y’ absorbs energy in fusion AND fission
% Iron core builds to Chandrasekhar Limit (1. 4M@)

* Core |mplodes =

g S‘rar collapses in on |’rse|f
e center gets very dense
% outer layers bounce off dense cen’rer 4

Su[c TRV



Neutrinos
streaming from
collapsing core

Figure 13.7 A high-mass star goes through several stages
at the end of its life as its core collapses and the star
explodes as a Type |l supernova.

pressure can stop the collapse

() Not even eleciron degeneracy
of an iron ash core.

Iron core of evolved N O/CSDMﬁ This process
e @ < s takes about 1
7 B

B As the core collapses, the core 8 x"‘a S e C 0 n d

temperature climbs so high that \
photons photodisintegrate iron...

Shock wave

Electron
[+] O /'
E) ...and the core becomes so dense Neutron
that electrons are absorbed by protons | pr
in atomic nuclei, forming neutrons
and releasing neutrinos. Proton ) Neutrino (v)
) Photodisintegration and
elecfron absorption reduce
the pressure in the core.
The collapse accelerates... ) - /
—-
(s— s

Neutron star —

B ...until nuclear forces suddenly become
repulsive. The overcompressed core
bounces, driving its outer layers
outward through the star.

N

) ...and leaving behind the
collapsed remains of the
core, a neutron star.

B ..biasting forth ina |
Type Il supernova...

The shock continues through
the outer layers of the star...

[3 The expanding shock is strengthened ]
by the pressure of a hot bubble of
trapped neutrinos from the core.




Core collapses under
gravity and heats
R

Not even electron degeneracy
pressure can stop the collapse
of an iron ash core.

/S

: Iron nucleus & o~ o PhOTO nS

Neulnn_os 2 @ . . .
o o4 Garne e SE 7 ¢ P > dissociate iron

3 ™S o B N
EBQ 0_% |nTO H&He
B As the core cc-!lapses, th_ecore | x"u,\ (Fe |n us no‘r fr‘om
temperature climbs so high that \ y

photons photodisintegrate iron... Thls pr‘oceSS)

. gecton p* absorb e-

! o
‘l E] ...and the core becomes so dense ~ Neutron

that electrons are absorbed by protons /’ o 1-0 C r'ea-re

in atomic nuclei, forming neutrons o

Rl
and releasing neutrinos. Proton (*) Neutrino (v) no an d vV

N\
O Photodisintegration and C h : k f
eleciron absorption reduce ore shrinks faster!
the pressure in the core.
The DU”ED‘SE accelerates... - /

A

-— 8
MNeutron star -

B ...uniil nuclear forces suddenly become
repulsive. The overcompressed core
bounces, driving its outer layers
outward through the star. N

E) ...and leaving behind the
collapsed remains of the
core, a neutron star.




® @ T miortQ rice
B As the core collapses, the core Q\‘ 1"‘*\ J

temperature climbs so high that
photons photodisintegrate iron...

Electron =) P p+ C(bSOr'b e—

/

l B ...and the core becomes so dense s a Neutron 1. .|.
4 f that electrons are absorbed by protons | _# . O C r‘ eC( e
in atornic nuclel, forming neutrons Q
and releasing neutrinos. Proton (+)

B
& u : Neutrino (v) nO Gnd V
- . : . - 3 ’
Core shrinks faster!

) Photodisintegration and
electron absorption reduce
the pressure in the core.

The collapse accelerates...

J Nuclear forces become
—> repulsive ... exploding core

Meutron star -

Shock from core
explodes starll Supernovall

E) ...and leaving behind the
collapsed remains of the
core, a neutron star.

B ...until nuclear forces suddenly bacome
repulsive. The overcompressed core
bounces, driving its outer layers
outward through the star.

B ...biasting forin ina |
Type Il supernova...

Shock wave

The shock continues through
the outer layers of the star...

[3 The expanding shock is strengthened |
by the prassura of a hot bubble of
trapped neutrinos from the core.







Cas A, Remnant of a Type IT Supernova with a neutron star (~1660s)

The light
is about 1%
of energy
released
by the
supernoval

L

v
-

http://chandra.harvard.edu/photo/2013/casal X-RGY image from Chandra TZICSCOPZ


http://chandra.harvard.edu/photo/2013/casa/

Cas A, Remnant of a Type IT Supernova with a neutron star (~1660)

E

Neutron star
1 solar mass in
a 10-mile

diameter ball.

http://chandra.harvard.edu/photo/2011/casa/ X-RGY image from Chandra TZICSCOPZ


http://chandra.harvard.edu/photo/2013/casa/
http://chandra.harvard.edu/photo/2011/casa/

e ‘Neutron Stars
»Dense - | | | -
® all

Enlarge H nucleus to size of a golf ball
The electron cloud is ~300 yards away

- Norfmal Gas | A‘rom . Degenerate e- Gas |
*Ro’ra’re Very Quuckly\ b \ ~

-'*S’rrong Magne'nc Fields:
@ mcr'eased as core collapsed
@ Radua’rlon s‘rr'ongly beamed along axis

® | . s
spun up as core collapse %‘. |
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Photo by Marc Stave



Crab Nebula

VLA Radio Image

T

, ) P.qldmngp‘rical Image

Combined Optical, Infrared and X-ray Image

http://chandra.harvard.edu/photo/1999/0052/


http://chandra.harvard.edu/photo/1999/0052/

*

o R Pulsar ... a spinning neutfon star!
Inner e PPN
Crab ' S &

* Comblned
HST optical
~and Chandra
X r'ay |mages

e Pulsar 4
| flas.hes 30_ f.
. times per
second!

Photo by Marc Staves 2011 ° |



~ Pulsars

“Rapidly Rotating

“Neutron Stars
@STGPS “Spin"UP"
. during collapse like
- spinning skaters
@ Emission
~ "beamed" by
magnetic fields

- (® Bright when beam
.pc_>|n’rs at: 'E_qr"rh_

Axis of roranon =

Bright
when beam
aimed at

us!

Magaetic field



~ Crab Nebula in Motion

Chandra X-Ray Images. HST Optical Images

Pulsar rotating 30 tfimes/second, driving emission from nebula;
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Types of Supernovae

e Classufled by their spectra:

Core Collapse SNe

SN Classification

I||I| PR I|I III-II-|II K| III| IEREBREN]
Thermonuclear SN |

____________________________________,

He Core- Cnllapse |

IT SN

+long GRB

5000 o000 7000 8000
Rest Wavelength (A)

SN Ic (broad-lined]

Pre-Explosion Star

, All
V' collapsing
cores

Lo
ko o e
- ( L

Bl
_Ano H!

no H!

http://cosmo.nyu.edu/~mmodjaz/research.html




Supernovae

* Cor'e Collapse SNe: Type IT, b & Ic
_@ Cor'e Ief’r as neuTron sTar black hole or no’rhmg

Birth of a Neutro'n Star and Supernova Remnant

(not to scale)

http://chandra.harvard.edu/resources/illustrations/supernova.html

s e

4"
kY

W ~
ﬂ . ——
neutron star *,

. P . ' i
red giant ’ l 'l " -

Core Implosion === Supernova Explosion === Supernova Remnant


http://chandra.harvard.edu/resources/illustrations/supernova.html

Types of Supernovae

e Classufled by their spectra:

Core Collapse SNe  White Dwarf SNe

SN Classification Pre-Explosion Star

i o
- -4 1 |, 4
=1 s
__________________________ g e e e A A
' v
/
i | i

I||I| PR I|I III-II-|II K| III| IEREBREN]
Thermonuclear SN |

V' collapsing
cores

H
_~no H!

SN Ic (broad-lined]
+long GRB -

| ..-.nn H!

4000 5000 6000 T000 8000
Rest Wavelength (A)

http://cosmo.nyu.edu/~mmodjaz/research.html




‘Supernovae
* White Dwarf SNe: TypeIa &

@ Fusion starting in White Dwarf as it
“approaches 1.4 M (Chandmsekhar Limit) [t

- ® Merger of two WDs ol e ..
(% WD draws matter off compamon =
% Most of Earth's Fe is fr'om thesel

TyPE 1A (THERMONUCLEAR) SUPERNOVA

“http://chandra.harvard.edu/resources/illustrations/supernova html

e



http://chandra.harvard.edu/resources/illustrations/supernova.html
https://upload.wikimedia.org/wikipedia/commons/a/a7/Artist%E2%80%99s_impression_of_two_white_dwarf_stars_merging_and_creating_a_Type_Ia_supernova.ogg
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This periodic table depicts the primary source on Earth for each element. In cases where two sources contribute fairly equally, both appear.
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