Stellar Astrophysics
Lecture 7
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* Fission/Fusion

* Nucleosynthesis

* Post main-sequence evolution
* Star death

* Remnants




Early ideas for stellar
energy source

* Solar Luminosity is 2839 x 1023 erg s

* Compare with approximately 9 x 10% ergs used by
the world in 2008

* Time scale is energy budget/luminosity
* Chewmical?

* 10000 years AE,
* Gravitational?

 3GM?
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~ 107yr
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Nuclear?
% Enuclear =1 x.007 x Msolarx ¢2-=1.% x 1044

% Tnoelear 1 0‘°vr
* Nuclear is the source, also very finicky
* Life of a 29 solar mass star

Stages in the Life of a 25 Solar Mass Star

Buming phase Roguired kmpersture  Roguirad mean density Duration
Hydropen bumning 4 x 107 degroes K S pm per cubic cm 7000 000 years
Helium buming 2x 10" deproes K T00 pm per cubic ¢m 700,000 years
Carbon buming 6 x 10° degroes K 00000 gm per cubic cm 600 years
Neon buming 1.2x10% deprees K 4 million gm percublcem | year

Oxygen buming 1.5x 10° degroes K 10 milion gm per cobic cm 6 months
Silicon buming 271 10" degrees X 30 million g percublc cm | day
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Lives of stars vary dramatically
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Nuclear Physics

Fundamentally explains these features of stellar lifetimes
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Figure 6.13 [llustration of the approximate evolutionary track of a 1 M. star in the H-R diagram.
The dotted lines show the position for various values for the radius.
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Figure 6.10 Partial evolutionary tracks for stars of various masses, The numbered points on the
curves represent various time steps of the evolutionary process. Figure reproduced with permission
from Iben, L, Annual Review of Astronomy and Astrophysics, S, 571 (1967).
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How can we explain the lifetimes of stars or why the PP cycle
goes as T4 the CNO as T20 and the triple alpha process as T4!
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Figure 6.7 The temperature dependence of the nuclear energy production rate per unit
mass (€) for the PPI chain and the CNO cycles.
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Basics

* Four fundamental forees

Strong hokde

®®

Electro- -3
magnetic ©O><®

@Dz

@~

Weak “:@ =D ‘Q/
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WO Types ot particies

* Leptons and Baryons (plus their anti particles)

Three Generations
of Matter (Fermions)

Baryons qqq and Antibaryons qqq

Quark Electric Mass

Symbol | Neme content charge GeV/c? et
P potn|uud | 1 | 00 |12
P |oown|UUud [ -1 | cos |12
M
9 N |rewtron| Udd | o | 0940 | 12
.
w A |embdal uds | o | 1116 |12
2 |a a1 S “ ~
S s 14 l.l % § (§) omega | SSS -1 1672 | 312
§‘ electron | | muon tau o
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Nuclear Reactions

* obey several conservation laws
* energy
* momentum
* charge
* baryon and lepton number
* Example

CHEE idy ¢ Slvmy gt L e ity )
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[SSION VS risSIion

* Squish vs smash

* Why is iron the endpoint for stellar
lives?

* Binding energy per nucleon (Z+N=A)
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Figure 6.1 The average binding nuclear energy per nucleon AE/A as a function of the number of
nucleons A in the various nuclei shown. The solid curve represents the results using the semiempirical
mass formula (see (optional) Section 6.3.1). Reproduced with permission from Eisberg, R. and
Resnick. R.. Quantum Physics of Atoms. Molecules, Solids, Nuclei and Particles. John Wiley &
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Binding orvgy por raciows bulidng bicch —e

Mass mmtar A —»

Ey Amc?  [Zmy + (A — Z)my, — Mupucieus)C?

A A A
Grows up to iron in exotherwic reactions, then reactions are
endotherwmic

| like to think of this differently
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* Up until iron, two parent nuclei fuse to make a daughter
nuclei that is less massive than the parents. The mass
deficit goes info radiant and kinetic energy as the parents
fall into a well

* After iron the two parent nuclei are LESS massive in
total than the daughter. Energy must be added to make
up for the mass deficit to fuse them so energy is removed
from a system in these fusion processes, not added to it

* Fission however breaks a more massive parent nucleus
into less massive davghter nuclei releasing energy.

* Fusing elements more massive than iron removes energy
from a systew rapidly
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Liquid drop wmodel

* QOr a first pass at understanding nuclear
properties

*0=1661x10%¢g
* wmp=1.0072765v
* my=1.00866490

AFE
m(Z,N) = 1.0072765Z + 1.0086649N

2

* the binding energy is in units of ve?
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Liquid Prop Model

AE = Eyol + Esu'rf + Fecoul + Easym i Epaz'r

* The volume terw is positive binding due to
neighboring nucleons

* The surface terwm is negative as these nucleons
feel internal nucleons less

* The coulomb force is repulsive

* The next two terws are also negative, too
much detail
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15

Average binding energy per nucleon AE/A (Mev)

Figure 6.2 The relative importance of the volume, surface, Coulomb and asymmetry term of the
semiempirical mass formula for the average binding energy per nucleon (AE/A). Reproduced with
permission from Eisberg, R. and Resnick, R., Quantum Physics of Atoms, Molecules, Solids, Nuclei

Mass number A

and Particles, John Wiley & Sons, Ltd, New York (1985).
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Fusion in stars
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asics of Nuclear Fusion

Nuclear kevels

l Coulomb potential

Encrgy of incoming nuclcus

Hir)

’

Figure 6.5 A schematic view of the potential of a nucleus (solid line). The potential due to the
strong nuclear force is approximated by a square well. Outside this well the potential is due to the
Coulomb repulsion force. The dashed line represents the energy of an incoming nucleus that is
attempting to fuse with the nucleus, or to tunnel through the potential illustrated in the figure. Also
shown in the figure are nuclear energy levels found inside the well.

Monday, November 25, 13



* Without quantum mechanics

%/1”1_)2 - ngTclassical nat 47:-60 215262 > Tclassz’cal & 1010K

* With quantum mechan;_lcs 1

ATAp, > — > A= — 2> AxT
PEw 4 2 p
together - pet g% pd AR
Flopitetes SRS 21 214 deg A
: G

272 4

Attractive nuclear T i = : 2Z;2f§22;:3 ke

Two primary processes in main sequence stars
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PP cycle

H+'Ho%H+e* +v,
H+’H>%He +7v

~
31% He + He - 'He +2'H (PP

‘He + 'He — 'Be + v

‘Be+e — "Li+vg ‘Be+'H-"B+7y
Li+ Ho2He  (PPI) B - 2°He + e" + vq (PPIII)

Globally 4'H — *He+2et + 2v, + 27
E = (minitial — M final)cz + 2y — 2, = (dmy — Mmye — 2me)02 + 2v — 20,
where the nevtrinos are counted as a loss terwm since they
leave the star

E=[1-(.02,.04.279)126.7 32 MeV
(PP1, PP2, PP3)
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f+nd
i

Figure 6.6 [Illustration of the CNO cycles. The catalysts are circled. Figure reproduced with
permission from Pearson, JM., Nuclear Physics: Energy and Matter, Adam Hilger, Bristol

(1986).

4"H — “He+ 2e™ + 2w, + 3y

CNO cyele

2C 4+ p>PN+y
N->"C+e' +v,

BC+p->"N+y

“N+p->"0O+y

“"O->"N+e* + v,

N + p—>'2(|2+‘He

Almost identical energy generation as PP chain.
Dowminant in stars more massive than 1.9 times our sun
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So how do we calculate how
this actually happens?

* Reaction rates - rix

* total reactions per second per unit
volume where i is the incident
particles and x is the target particle

* Energy liberated per second per unit
mass - €ix

dL

d

* we need it for ff) = 47mr?p(r)e(r)

oooooooooooooooooooo



Reaction Kates and
Energy Production

* For a two particle interaction riz = roX;Xzp T?

* Where the Xs are mass fractions, ro is a constant,
and o’ and B are power law fits from the reaction

rate equations o« is usvally around 2 and B can
range from 1 to 40

X The“ €ig = %rim — SOTOXimea,_lTﬁ 121 GOXiXa;paTﬂ
* Where € is the energy produced in one reaction
* From which we may calculate dL = edm = (enuciear + €gravitationat)dm

* and close our equations of stellar structure
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* Nuclear pnysics tells us what reactions
oceur and how wmuch energy we get in
each reaction e

Gamma

photon
Before \H\ After
. ®))) L
|}

electron positron \

Rest mass of each

i 0.51 MV
= 0.51 MeV s

photon

* We still need our reaction rate to get
our energy production rate

* Qutline as follows

* consider incident (i) particles on target

particle (x) with a cross section o for a
fusion reaction to occur within




* For one fusion reaction o occur, two particles
must get close enough to each other to fall in
each other’s strong potential wells

* This depends on tunneling probability and
velocity

* Particles in a star take on a distribution of
velocities with some being faster than others.
Recall the Maxwell Distribution for velocity
and make the substitution K =F = u?/2

* The number of particles with energy between E
and d& may be written as

St 2n 1

T TR S
T B
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* This equation gives the number of particles in a unit
volume with energy in the range dE but says nothing
about interactions

* We introduce an energy dependent cross section
given by o(E)=(# reactions/nucleus/time)/(# incident
particles/area/time)

* The number of reactions per unit time with target x
which has a cross section o(E)will depend on the
nuwmber of incident particles i with velocity v which
sweep out a volume o(E)ds = o(E)v(E)dt in time dt

[ e «
=g = o> og(k)
> [ o
> o> o> >
L i e o 0—>li
[ =
[ ® >

- >
ds = v(E)drt
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Strictly speaking the cross section is a measure of
probability of tunneling but we may roughly approximate it
as the target particle’s cross sectional area

The number of incident particles per unit volume with
energy between E and dE is n;gdE

The number of reactions dN; is given by the number of
particles that can strike x in time interval dt with a
velocity v(E) =+/2E/u

The number of reactions is then just the number/volume
with the appropriate energy

Now the fraction of incident particles with appropriate
energy for areactionisalso . .4 = " dE
n




* Now the reactions per target nuclevs X per unit time is dNe/dt =
o (E)v(E) %n 5dE
* For ny targets the reaction rate rix is given by
= /00 nzn;0(E)v(E) nde
Simple right? Whajf)’s the real form for the cross section?
Varies rapidly with energy and reaction

Generally solved for nuwmerically

* ¥ ¥ ¥

Roughly, the cross section depends on two factors
* the size of the target nucleus

* the likelihood of the the incident and targets to tunnel across
each other’s coulomb barrier
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* The size of the target nucleus is of order a de

Broglie wavelength gy o 722 & 7(%)2 %

p
* The tunneling probability gives o(E) o« e=27"Uc/E
82
* Where U; is the coulomb barrier % f;ifhv
* Leadingto o(E) xe 27"

” e
f ’

* Pytting all this together leads to

e (EE) e~bE~/?

* Qr finally

: 3/2 TNillg —bE—1/2 o—E/kpT
Tix =— (kBT) ([.l,ﬂ' 1/2/ S dE

oooooooooooooooooooo



* |n general there is an energy around which reactions

are most likely to occur. The product of the two
exponential functions in the integral is non-zero
only in certain places. S(E) is generally taken to be
constant in the region of overlap and is taken
ou’rslde of the m’reqral as 2 constant

1.4+

1.0+

0.8 -

06 -

02

0.0

L..
04 P,

(’.urwtp.l\

In practice S(E) is
measured or numerically
calculated

The Gamow peak is the
region of maximum
overlap

bkpT
Ey = ( 5 YELE

.-“."“s. 00-. ‘j
L I.-:"ﬁ*ﬁ- "*"ﬂl. . l l —
-

3 3 6 7 8 9 0
Encrgy (keV)
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* S0 how do we do this integral?

: 3/2  Thillg S/ —BE=1{2 o—E/ksT gp

* Recalling that the product of exponentials is
zero except at the maximum overlgp given by
E=Eo we define F(E) = —bE~1/2

kpT
* and taylor expand this function about Eo so
that
1

F(E) = F(Eo) + F'(Eo)(E — Eo) + 5 F"(Eo)(E — Eo)"

* But the expansion is about a maximum so the
second ferm is zero

oooooooooooooooooooo



% NOW e(_bE_l/z kBT) ~ (e ( A/20)2

* Where U= 6(_bE0_1/2 kBT) —3E0/kBT —e !
EOkBT)l/z

3
* Now the integral can be trivially done

2 (3/2 MiNg A —3Ey/kpT
il s S == 0/XB
kBT) ([1:77)1/2 0 \/7_r6

* Delta is roughly the standard deviation around the
Gamow peak where interactions occur

Fabie 120 Pasameters of the Thermally averaged reachon ratea ot Ty w14,

* and A = 4

'rz'azz(
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Finally

| 3<32k4zszi%T>l/3l
E = CpX1X2T2/3 B
* for pp
2, 10° 2/3 [—33.8(1%)1/3] ]
o= 2.4 %1107 pX(T) e Wkg
* for CNO

10° 106 \1
ECNO — 8.7 X 10 pXCNoX(L)z/:ge[ 152.28 (e o ) /B]W]{)g_l

* For friple alpha
8
= 50.90°Y °(— 2t

= ) 3 =44 027(13- )]Wk,g—l
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Some energy production
rates

Epp R €pp 0pX 2Ty — €ppo = 1.08 x 10~ 2 Wm3kg—2

ECNO ~ ECNo,opXXCNoTé‘g'g — ECNO,0 = 8.24 X 10—31Wm3kg—2

19 willion K CNO kicks in éat A3 i6ai nprRE et
100-200 willion K triple -
alpha kicks in o’ >
10° l
For a ten percent ¥
increase in temperature
the energy output in T S S B R O LD :
triple alpha increases 90 ° 1
times L R i S W s DAL o
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0ff the mam Se

* Further stages of
nuclear burning
0ceur

uence

* These are
progressive but
not exclusionary

* More than one
can occur at once

* Generally a
primary burning
(S 0ceurring in
the core with
various others
oceurring in
shells
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Stellar Lifetimes

* Stars can fuse about 10 percent of their mass
into helium

* .7% of mass in hydrogen goes into energy
* Tws about .007Mitarc?

* More generally tms = b;ft =~ 1010%;% yr
* How about for a B or M star?

* For laughs let’s see what the timescale would be
if the sun was burning chewically, say 10eV

oooooooooooooooooo



How about during
helium burning?

3*He > 2C+3v E ~2.275MeV
E

3m4Hec2

EHB = .1FM@CZ ~dl B K W 105061"9

~6.5x 1072 = F},pns

Lyp ~100Ly —» Typ & 107years

Each successive stage burns faster because there is less
enerqgy per unit mass in fusion fowards iron and the
temperature required for each successive fusion reaction
speeds up the rate for each reaction
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I science
doesn’t

We're all star stuff SRSERT . U Rt

and mspire
you, then
vou either

’
don't
S R R e . | understand
) ' . \ . .
" R science, or
.5 .’* : a ' ! : .
‘| vou don't
') 0 7 )
bl coome : understand
- | . " >a
8 ol *1 7 > ‘R - ' >
B N AR ences ! e . e voursell.
:' 4 - N2 » T % "
k ! P » > Z
..- \: ; g LC—.. C’Q
E Fl 0 o ¥ o Mee 2
- 4 5¢ Ga o ¢ 5 * Mo
»
® ) ® As ° ..0 .
; Be Nb
)i.. haaaalanins bhasasdasnsdoissslniii hasnsad i
4 5 ! > P b » 3 3 4
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From here on

* |'ll assume we are talking about a star
that is sufficiently massive enough to
keep contracting and burning more
massive elements

* ['ll go back to specific examples of
varying stellar masses later

oooooooooooooooooooo



Continved Nuclear Burning

* Helium Burning if a star is more massive than .9
Moolar ‘He+*He — ®Be + v
B S R ST R
120* o 12C_|_,Y
* 0r 3¢He — 12C + 3y
* What’s the enerqgy in the process?

B = (minitial — m fina.l)c2

* How to balance your equation and lets calculate
all steps
* Oxygen is also produced 120, spe _, 160 4

* Temperatures around 2x 102 K
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Continved Nuclear Burning
* Energy is NEEDED for the first step, energy "92KeV

* What T do we get from 2/3ksT?
* Endotherwmic

* Heavier elements can be made
190 L “He — “ONe + v
S Netis Hlelt s i4Sh g
* How massive an elemem‘ can be made depends on
initial star mass

oooooooooooooooooooo



Continued Nuclear Burning

Stages in the Life of & 25 Solar Mass Star

Bumizg phasc Roquired kemmperatay Roquired mean densey Deration
Hydrogen baming 4 x 107 dogroes K S pm por cubkc cm 7000 000 voars
Helum bumisg 2x 10" &proes K N0 gm per cubi ¢m 0 000 years
Cabon bumisg 62 10" Segroes K Q00 000 gm per cubic om 00 yean

Neoe bursing 12x10%degrecs K 4 mullion g per cubic cm | yoar

Oxypes bumisg 15x 10" degrees X 10 sillion gm por culbic ¢t 6 mondhs

Silicoe berning 27x10%degrecs KX 30 muillion gm per cubic om0 | day

* Carbon Burning
e (e ety 16O+’y
1204120 5 20Ne +4He  Exotherwic

120+120—>24Mg+'7

120 4+ 12C 5 190 4+ 94 He

Endotherwic
12C_|_ 120_) 23Mg—|—n
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Wait

* A neutron was produced
* What wight this do to the sitvation?

* Or how do you really start to big up the
bigger guys if stellar burning stops at
iron?

* More later

oooooooooooooooooooo



Continved Nuclear Burning

* Neon Burning

* Qccurs before Oxygen burning because photodisintegration of
Neon generates alpha particles and the fusion of helivm with
neon has a lower enerqgy threshold than reactions related to

0Xygen
A S e L R S

Photonuclear endotherwic reaction, E lost
=4.7% MeV

“ONe+“*He -+ ““Mg + ~
Exotherwmic, +9.316 MeV,
also Mg +*He — *°Si + v

20N6+20N8—)160+24Mg
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Now we have Oxyqgen and Silicon
T g S B ] bty Ay
160 + 160 — 284 + *He
RO ol DI T

And a sulfur producing reaction which generates more
neutrons for s process nucleosynthesis

60 4160 » 31§+ n
Now we are in trouble

Once we hit the iron peak the star is dead

oooooooooooooooooooo



Final Nuclear Burning

* Final stages, temps above a billion degrees,
photodisintegration of nuclei produces alpha

particles. Now you can make nickel as well
ISRt S He 5 22 Sy but it is radioactive and the
process is endothermic

"“He + “He — *°Ni +~

A8 gy L 128G L POy
But these decay

RO FiLIs 0 Ul e HE

ST grpassaiiy oingSansdin iy

PES T s 20 Ayl iy

At tHE o 0a Ty
MOt SHe —5 3Ty
“Ti+*He — °Cr +~
BCr+“He — °“Fe + v
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Iron builds up

* Reactions are increasingly endotherwmic
* Pressure supports decreases

* core collapses

* tewmperature increases

* fusion rate increases

* RAPID PROCESS " 1 day

* Heavier elements built up from neutron flux
and neutron decay

oooooooooooooooooooo



Building more massive
elements

oooooooooooooooooooo



R and S processes

* Rapid and slow
* slow when neutrons pop up in later stage burning

* rapid when there is a large neutron flux due to end stage nucleosynthesis
and dying star

* Slow process first, solid line shows path

N
57 58 59 60 61 62 63 64 65 66 67 68 69 70 71 72 73 74 75

51 /) %A %™
5. 64h }4 \ \
9’!2’4 .'/ﬁby r/ﬁo 4117 1184119 41 121 :;123 X /124/\
\ \
50 / 7 'V"" /'27"\ /{/ \ /'/ \‘ Sn
z ] Z p. Vi 4 _WrsA _\v/4
."3 \ \ \ \ \ \ \ \
49 \\ \ \ \ \ \ \ n
A \ \ \ \ \ \ \
10€ 108 10 1A N2 41 1186, \ \ v
)% 763 /4 VAN A B2 0 1 s P IS IS S es
48 / r o d L T4 T A raw s “’} / \ \ \ \ \ \ \
YA N PREACAZHEA*NNA N N N o NN
\ \ \

A \ \
\\ \\ \ \ \ ‘\ \ \ \ \ \ \
\ Y \ \
» » \ \ Y ~ ) \ . ~ \\ \
\ ) A \ \ \ \ \ \ \ \
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B dacay trom 1-process progenitors

Figure 6.36 Synthesis of the elements Cd through Sb. The stable isotopes are hatched. The solid
line shows the path of the s process. Figure reproduced and adapted with permission from Pearson,
IM., Nuclear Physics: Energy and Matter, Adam Hilger, Bristol (1986).
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N
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Figure 6.36 Synthesis of the elements Cd through Sb. The stable isotopes are hatched. The solid

line shows the path of the s process. Figure reproduced and adapted with permission from Pearson,
IM., Nuclear Physics: Energy and Matter, Adam Hilger, Bristol (1986),

e e SRR R Ta v

For a slow flux of nevutrons this will beta minus decay with a half
life of 94 hours

R C e - e

Which is stable but may absorb another neutron

A FrsaRg sy ade sl Uy doRl b ¥
Which also beta minus decays

L0 Iy 210G s o e
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Rapid process
* S process ends with Bismuth 209

* Easiest to quickly build up more massive
elements through rapid neutron flux

* No coulomb barrier
* Two major channels
* Photons when T > 1 billion degrees

MPUZ) 4+ — T LEHZ) +n
* Neutronization as a star finally dies

SRR R

oooooooooooooooooooo



processies

* 33 stable proton rich isotopes not formable by r
or S process

* 8 and r form seeds for these though
* 4 processes
* photodisintegration™gy(2) + v - ™ 1E1(Z) +n
Trirs v — H58n +n

* 0=(116) 115901744 (115) 114903346,
(h) 1.0086639 u=931.9MeV/c?

* Photon energy? Temperature?

oooooooooooooooooooo



P Process

* Proton absorption

MENZ)+p— ™M E(Z +1)

* Proton fusion plus neutron emmission
mMEZ)+p— ™E(Z+1)+n

* Positron capture

mEI(Z)

et = "E(Z +1) + 7,
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thermonuclear burning processes in the cosmos
126

supernova | r-process
89 .'ooc:
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Stellar life cycles

* Very Low mass 2 pT- .
* Solar mass of T N
* lntermediate mass S -2 \\\
* High mass g =+ (P

Miller & Scalo
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Figure 6.10 Partial evolutionary tracks for stars of various masses, The numbered points on the
curves represent various time steps of the evolutionary process. Figure reproduced with permission
from Iben, L, Annual Review of Astronomy and Astrophysics, S, 571 (1967).

http://articles.adsabs.harvard.edu/full/1967ARAZ26A...
5.9711/0000616.000.htwml
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Very low mass stars

* Stars below half a solar mass

* lifetimes of 10!2 years for 1/4 solar mass stars,
1012 years for .08 solar mass stars

* Most stars are swmall

* These stars never reach helium fusion
temperatures

* Many do not even attain the red giant phase
(sub .16 solar masses)

* Primarily convective for most of their lives

oooooooooooooooooooo



Very low mass stars

* Efficient at burning hydrogen, may burn 907 of their
hydrogen over their life

* As helium builds up in the core degeneracy pressure
becomes primary support against gravitational collapse

* (ore temperature continves to increase, degeneracy
pressure independent of temperature

* Hydrogen burning continues in shells, luminosity
increases, for > .16 solar masses a red giant phase begins
as increased luminosity drives layers outward

* Higher temperatures due to core contraction can drive
shell burning rates which increase luminosity by

1000-10000 times

oooooooooooooooo 1



Very low mass stars

. ig’;;rgi:e/{l Hr, hélosl’r galaﬁfic s’rarsfare slvluall
s ooling white dwarts will be
0004-637X/ majority of remnants
482/1/420/pdt/ Eventually our galaxy will be no
3513 1.pdf brighter than our sun

* Will never reach
helium flash :

* Eventually simply it T
stop burning and , , =
leave behind white | sivaserrrvrrrmm v . |

Log (Time) (10" 5)

d Wa rfs Figure 6.11 The radius of stars with masses between 0.08 and 0.25M  as a function of time during

their evolution. In this figure, a maximum radius is reached for all stars except for the 0.25M  star.
Reproduced by permission of the AAS from Laughlin, G., Bodenheimer, P. and Adams, FC., The
Astrophysical Journal, 482, 420 (1997).
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EVOLUTION OF STARS

Planetary Nebula

Small Star Red Giant

White Dwarf

> ®

Red Supergiant

Large Star
.
Stellar Cloud
with
Protostars
IMAGES NOT TO SCALE Black Hole
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Low to Interwmediate mass stars

* Around 1-10 or so solar masses
* 10 is approximately the mass for iron production

% Star depletes hydrogen over its lifetime

0.8 -

06—
JF

04 -

0.2 -

00

| | |
0.1 02 03 04
riR o

Figure 6.12 Hydrogen mass fraction (X,,) as a function of distance from the centre of the star
(written in units of #/R.) for times of 0.0, 1.39, 3.02, 4.53, 5.75 and 8.07Gyr after the onset of
hydrogen burning for a 1M  star. Data courtesy of Mathieu Vick, Jacques Richer and Georges
Michaud obtained with the Montréal stellar evolution code.

* (Once useable hydrogen is gone fusion in core ends

* Star leaves main sequence
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Low to Interwmediate mass stars

* Stages

_ helium flash
T red-giant branch
- subgiant branch

L/L,

Figure 6.13 [llustration of the approximate evolutionary track of a 1 M. star in the H-R diagram.
The dotted lines show the position for various values for the radius.
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Low to Interwmediate mass stars

* Red sub-giant phase when large layers around non fusing
core participate in hydrogen fusion

* More material fusing farther from core drives increased
luminosity

* New pressure/gravity equilibrium occurs for a larger
radivs star

* (ore continves to contract, temperature rises, core
supported against complete collapse by degeneracy
pressure

* Thered giant phase lasts around 107 years for a star the
sized of our sun

oooooooooooooooooooo



Low to Interwmediate mass stars

* Eventually the core temperature increases to the point of
helium fusion which is highly sensitive to femperature

* No added pressure support up until helium fusion
* Helium flash, brief, short lived

* New equilibrium between gravity and fusion

* A second helium main sequence’ 102 years or so

* Helium runs out, now helivm fusion in shells, hydrogen in
shells, giant phase, 2 x 107 years

* (Consecutive phases of fusion for more massive stars, we
will stick with the details for 1 solar mass

oooooooooooooooooooo



Low to Interwmediate mass stars

* This phase really is the AGB phase of stellar evolution

% Star swells to about 1 AU in early part when helivm
shell burning is occurring (Early AGB)

* After helium burning ceases there is primarily hydrogen
shell burning (thermal pulse AGB)

* Build up of helium causes intermittent helium shell
flashes increasing the star’s luminosity by a factor of
thousands

* Flashes occur every 10000-100,000 years and are
accompanied by the dredge up of core material

* Flashes lead to wmixing and s-process nucleosynthesis

oooooooooooooooooooo



Low to Interwmediate mass stars

* The AGB phase is sort of a stellar sputtering engine, it
ends eventually

* Much material is lost in the thermal pulses, a 1 solar
mass star may leave behind a 1 solar mass core

* Once the engine is turned off we are left with a carbon/
helium core with a temperature around 10,000 K

* Still hot enough to drive off outer atmosphere
* Planetary nebula phase

* Material is driven off over about 50,000 years at
about 10 kwms-1

oooooooooooooooooooo
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FHubble Space Telescope photographs ol
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* A white dwarf

Sirlus A and Sirius B HST s WFPC2

* About one solar mass

* About the radius of the
earth

* Google Procyon B and
Sirius B the B means the
second star in each
system, Friedreich
Bessel predicted them
before they were
observed

—

R —
Size of Sun

The white
dwart! Sirius-8
IS some
300,000x carth @
45 masswve ;
as the Earth!
Sirlus-B
O White

Dwart
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White Pwarfs & Degeneracy Pressure

* Sowme numbers
for Sirius B Pegeneracy

* density about
2x 109 kg
w2

* one
teaspoon is

abOUT 1 o Figure 5.10 The approximate domains of the validity of the ideal-gas approximation, radiation

1'0 " s pressure (see Section 5.6.4), degenerate and relativistic degenerate gases on a log 7, log p diagram.
The solid lines show the delimitations of the various regions. Also shown in this figure is the position
of the solar model.

* central b o
pressure — A=
about 1018 e .
atm S SR
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Pegeneracy pressure

* For high densities the equation of state given by the ideal gas law
breaks and quantum mechanical effects come into play

* As more and more particles are packed closely together the Pauli
Exclusion Principle forces electrons to occupy increasing energy
levels meaning their velocities are increasing

* Therwmal energy can not be extracted as the lower energy states
are filled

* More pressure can only be generated by increasing the mass which
increases the gravitational energy and decreases the size

* Exactly opposite regular pressure
* Essentially AXAP > h/2 AXHAP

*  We will now derive the conditions in a white dwarf consisting
of a carbon core that is completely ionized
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Pegeneracy Pressure

* |n 6 dimensional quantum mechanical phase space
AzAYyAzAp, Ap,Ap, = i

* |f we take the physical volume to be lew® then the
nuwmber of available quantum cells in the momentum
range Lp,p+dpl is given by IV, = 2 x 47p?dp/h°

* Where the two accounts for spin up and down

* The maximum number of electrons that can be
accommodated in a volume in phase space is then

PO 8mp?dp 3T pi
(po)—/ AP = oo

* Where p, is the maximum allowable momentum

oooooooooooooooooooo



Pegeneracy Pressure

* We want to connect the maximum momentum with the
density

* The mass of heavy particle per electronis mmgpe = nﬁ
ST Mg ¥
* Then £ — S
Bt B B D
* The momentum transfer 5p per electron with momentum p;

isaiven by §p. = 2p,. = 2p(p. /p)

* The number of electrons with p and py arriving at a wall per
cwmZ per second is given by

& cos(6)

€

* The number of electrons with momentum between p and p*+dp

passing through a ring 7on thickness pd© radius sin0 is given
peit

by dit iR 3P sin(0)dOdp

[Uenee dne(papa:)vzc = dne(pap:c)
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Pegeneracy Pressure

* Then
RS =R D — 2 Peos G ) = 0P P ip = m87;3p4005(0)23in(6’)dpd9

* |ntegration over all angles over the half sphere gives

ST
AP.(p) = )
* Now we must integrate over momenta to get the
pressure
A== — ——
* Recall n» 3h3pZo P
* and Haias i Sy > e = A/Z

mp A 13 el H
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Pegeneracy Pressure

* 10 evalvate the integral we recast it as

ST
I — 373 vp°dp
0

* The generic casehas v =

p

S Po
* O P, = —WS/ s
et R

* Using z = TS OC tis can be evaluated directly yielding
7Tc5mge 2 k|
R — zv/ 1+ x%(22° — 3) — sinh™ " (x)]
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Pegeneracy Pressure

* Not too illuminating
* Let’s fry limits

Sl p
* Non-relativistic v = i
Po € 8 5
P.= / pldp = P, = 20 — g (L£)3/3
0

3h3m. 3h3m. 5 e
* Relativistic v =¢
ST ST pO 4
P =_—— 3dp = — k i
AT CP ity 2(ue)

* Wait! Pressure goes as M-4/31-9/317
* No temperature dependence
* What’s the upper limit for this process?
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Pegeneracy Pressure

* Electrons can not move faster than the speed of light

* Let’s balance electron pressure and gravitational
confraction in the non-relativistic case

Pe — —PG % k1p5/3 = (4?7‘-)1/3§M2/3,04/3
* Solve for R then V when gravity and degeneracy are in

equilibrium —

oooooooooooooooooooo



Pegeneracy Pressure

* observed . AR R
* What about when v=¢? .
* NO EQUILIBRIUM SOLUTION!!

100R/Rg

ko0 47535 477 1/3GM2/3 4/3

5/-c |
AL = Mcn = 1.TMg  *%s oz ai s 08 76 iz 14

0}

* Keallv 144 wmasses, calculation assumed constant density

* Star can no longer use degeneracy pressure to support against
gravity, begins to collapse, hits carbon fusion temperature,
detonates in type 1A supernovae
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* Either deflagration or
detonation

* 9 billion times more
luminous than sun

* hitp://
wwwyoutube.com/
watch?v=9BPxe5-9IM-4

* 20% accretion

* 807 werger

* 12 x 10% joules
moving at
000-20,000 kwms

: @
! ’ ’ll' W Y : '.' »
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The progenitor of a Type la supemova

at ’ 4 214 M &,
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Tr« common enveiope is
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M v A he

. I
Of g » | ’ g ? |'l§
.- J ! ' ' !
. e ! g
' . -




Type 1a SN

*  More or less the same light curve

*  Sort of L/Lof
*  Must correct for distance but some variability
remains
*  Not just one mechanism at play t
*  Maybe not such a standard candle | j

w 425| |
— l
. |
£ ]
"e |
= 204
% -~
s ORTHIS? ™ |
(e AN 8.0
40 0 10 20 30 40

SN age [days from bolometric maximum )
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Evolution of high mass stars

:at.‘. ;gﬂrn;xﬁ.i._ ‘ . .
| T P
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Evolution of high mass stars

* Evolution proceeds as for lower mass stars up to double
shell burning

* Star large enough to continuve to contract core until
carbon burning commences

* Now we have a continual core + shell + shell until carbon
burning is finished

% Then triple shell until neon burning is ignited
* Continve until iron builds up in large quantities in core
* Too much iron and it’s over

oooooooooooooooooooo



Evolution of high mass stars

* Qnce iron build up begins the useable fuel in the core
decreases

* More iron means the core just contracts and heats vntil
photodisintegration

100 L vy 13% He +4n
‘He+~v — 2p+2n

* When the core mass exceeds the Chandrasekhar limit it
begins to collapse and neutronization occurs

[Ciens LZnasrwasiar melos
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Core collapse supernovae

* (ore collapses until neutron degeneracy sets in

% lTlo;, outer shell falls inward at nearly a fitth the speed of
ignt

* (ore collapses from size of earth to a radius of
approximately 90 kw in one second

* (Gore of star reaches 100 billion degrees
* (Goereached density of 8 x 1017 kg m~?

* (ore rebounds and neutrino flux acts to detonate the outer
star

* About 1046 joules of neutrinos are produced with 1044
reabsorbed by the star causing it to explode

oooooooooooooooooooo



Evolution of high mass stars

* Energetics

* 10% joules of kinetic energy

* 1042 joules in photons or 109 solar luminosity
* Rewmnants

* Neutron Star

* PBlack Hole
* Famous Supernovae

* (rab Nebula 1054 AD

* Kepler’s SN 1604 (last visible to naked eye)

* 1987a

* (ore collapse occur a couple to a few time per century per galaxy
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Neutron Stars

* At very close range the strong force is repulsive

* The neutrons left behind for a core with a mass less than about 2 solar
masses settle down into a system with nuclear densities and a radivs

Mns
Rt 11km(1.4MO)1/3

* The Escape velocity atf the surface is about a third the speed of light

* The acceleration is about 10-100 billion times that of earth

* Anobject dropped from 1 meter would hit the surfacein.000001
seconds at 2000 kms!

* The atmosphere has a scale height of less than a centimeter

* The luminosity of newly formed neutron stars can be as high as a fifth a
solar luminosity

* They can rotate several times to several hundred times a second
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Black Holes

* Qr nature’s perfect censors

* Throw enough mass in a small enough space and it
creates a region of space-time curved so much even light
cant get out

i
2dr? = (1 ; ’”_8) 2di? — (1 t ”’_s) dr> — 2 (6% + sin> 0 dy?) .

* Let’s play around
* http://casa.colorado.edu/ ajsh/
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aCK 110jes
* Actually emit blackbody radiation

* Particle/Anti Particle pairs

* A one solar mass blackhole emits at one 60
billionth of a kelvin, actuvally gains more energy
from the CMB than it ewmits

* A moon massed black hole would have a
temperature of 2.7 degrees kelvin
he? (N 1.227 x 10% kg K)

Haeai ey kn i M
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dCK 110l1es

] hCﬁ
* Emitsatarateot r-————
X 0 pP= 1536(?:;*&[2 =9.004 x 1072 W

% Tr(':Iv black, would take 4x10%7 to power a light
bulb

hc®
%k Evaporafes Key = Tgaen— = 3.562 x 10 W - kg’
db: - FKea
SRRSO 1
dE (ATNRRARRERAT ) 1
P——d—t——(d—t)ﬂ/fcz——CZ dt
@M  Key
“Tdt T M

0 Kev tev
/ M%dM = - —= dt
Mo

2
c Jo
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13
= 8.410x10717 [E] S

ey
kg

MR (EME\ [15360nG?\  5120mG2 M3
S 3 hc® hc*

Let’s calculate the evaporation time of a wmini black hole
created out of 10-1000 TeVs in the large hadron collider

or 10-1000 x 1.6 x 107 joules

or m = 1.7 8x1 01-2321kq

But not likely to occur since this is below the planck mass

Probably need a 1000 light year diameter accelerator to get to
the planck mass
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Stellar clusters

* Open clusters

* Hundreds to thousands of stars all formed at
the sawme time

* Sawme age
* May have hydrogen gas left

* Form from gas clouds with number densities of
order 102-106 em3

* Only 30-407% of gas goes into stars, the rest
ejected

oooooooooooooooooooo



Stellar clusters

* Globular clusters
* Older clusters of up to a willion stars

* Separation distances of order a parsec to a
hundred AU

* Metal poor
* May contain intermediate mass black holes

oooooooooooooooooooo



