


Stellar Evolution Overview

e These slides are largely based on HKT Ch. 2

PHY521: Stars



Stellar Evolution Overview

 We will go through the qualitative e Most of the ideas presented here come
aspects of stellar evolution, following from one-dimensional stellar evolution
Ch. 2 of your text closely. calculations

o We'll defer the sections about — Basically solving the 4 equations of
explosions and close binaries until later stellar structure we just described.

o After this, we'll spend the next few - Of course, we need to check with
weeks building up the physical ideas observations!

needed to integrate the equations of
stellar structure
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H-R Diagram
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How Do We Determine Stellar Fates?

o Equations of stellar structure e Microphysics: expressions for opacity,
EOS, nuclear ener
P GM(r) y &Y
AM — dnra e Boundary conditions
dr 1 — Accurate models will take into account
dM — 4mr?p the stellar atmosphere for the T outer
BC
dL
aM ¢
dT 3 K L

dM  dacT3 (47r2)?
This is for radiative transfer—
convection will have a different

relation
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Equations of State

e Gas pressure: e Electron degeneracy pressure
— Arises from thermal motions of ions, — High densities: electrons packed
electrons, and atoms together tightly, Pauli exclusion applies
— Obeys ideal gas law: P « pT — Very weakly T dependence:
e Radiation pressure e P x p*?(non-relativistic)

~ “photon pressure” o P x p*3 (relativistic)

- PxT*
— Important in massive stars
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Nuclear Fusion Overview
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Hydrogen Burning

e Two processes at play: pp-chain and CNO cycle
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Hydrogen Burning

e Each process takes 4 H and makes one e« CNO dominates in massive stars
“He (transition ~1.5 solar masses):

e Releases binding energy equivalent to — Need higher T to overcome Coulomb
0.03 m, barrier with C, N, O

e Most of the energy stays in the star - Goes faster than pp (once you can do

it: don't have to wait for the weak

(neutrinos escape) reaction to kick off pp

e« CNO has much strong T dependence:

— Energy generation is strongly peaked
toward center

— Cores of massive stars are convective
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Hydrogen Burning
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Figure 16-2

Energy-generation rates. The rates for the PP chain and
CNO cycle are compared as a function of temperature
for Population I stars. Note the crossover at about 18
million K.
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Some Nuclear Physics Bits

e With the pp chain, why we don't just
fused +d to He

— Rate of production of d is very slow

— The odds of one d finding another in a
sea of protons is very small

e Reaction depends on X(d)?
 Why no stable nuclei with A = 87?

— “He is so tightly bound that the
equilibrium abundance heavily favors 2
a over one ®Be
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Key Principles

e Hydrostatic equilibrium e Degenerate cores
— More massive stars have higher central — More massive cores are smaller
pressures: (consequence of HSE)
GM?
P. ~ 7
*

— Therefore more massive stars have
hotter interiors

e Fusing heavy elements requires higher T
— Need to overcome the Coulomb barrier

(Z1€e)(Z2e)

Felectric —
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Uniqueness

° Why can't the Sun be twice the size? (following Hester et al.)

— Take the Sun and double R, keeping M and T constant
— Ris larger but T is the same = L increases (L « R?T#)
— Energy conservation: larger surface L = more energy needs to be produced at the core

— Mis the same but R is 2x larger, so g is smaller everywhere:
e Central P is smaller
e Central Tis smaller
e Fusion reactions proceed more slowly

— Contradiction reached
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Overview

o Stellar models match observations very well: M, L, surface T, composition, ...

— The equations of stellar structure + our understanding of microphysics does a good job
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Dimensional Analysis

e Mass-Luminosity relationship e Can we explain what we see in the HR

' ?
— Assume that we are an ideal gas diagram:

— Radiative transfer holds throughout the
star

— Composition and opacity are constant
and independent of p, T (good for
electron scattering)
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Dimensional Analysis

* Indimensionless form: « Combining these (white board), we find:
2 M*
P*NGM* T*NMmUG
R; kz R,
M
* N —* M3 4
P ™R3 L Min
K
7 ac TR?
o kM. R, ~ M(n—4)/(n—|—3)M£n—1)/(n—|—3)
Lo~ qopdi M N M2(3—n)/(n—|—3)
kp Px *
Py~ p*T*
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Dimensional Analysis

e Luminosity: e This expression works well over a wide
5 range on the MS
dac T} ovo Lk
x ™ T3 ?(47”13*) IR e For low mass stars, the opacityisp/ T
i * dependent — steeper dependence on
acl R M
k M,

— Note: we could be fancy and include
the Z dependence here

e Note: higher opacity = smaller
luminosity (harder for radiation to get
out)
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Dimensional Analysis

e Radius:

R, ~ u(”_4)/(”+3)M£”_1)/(”+3)

— Low mass stars, pp-chain (n ~ 4)
R, ~ M7
— High mass stars. CNO (n ~ 16)

R, ~ M12/19Mj5/19

« In both cases, R, increases with mass (unlike WDs)
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Dimensional Analysis

e Density:
b~ M2B—M/(143)
e For n> 3 (both pp and CNO), density decreases with mass

— Low mass stars are denser than high mass
— Degeneracy can become more important for low mass stars
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Dimensional Analysis

e Similar estimates can be made for other
guantities.

e Note, T here is interior temperature

— HR diagram plots effective
temperature:

L/L,

— Use this relation to relate to the
temperature you see in the HR diagram

[ o~ .
E g white dwarfs N
[ Y
F ~ \ 5 ~ T
-3 ~ = ~
10 3 . 0.001 R, 2 N
~ N
N 6.

I ™~ | iy I |
40000 20000 10000 5000 2500
T(K)
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Dimensional Analysis

« We find:
— pp chain:
28
log L, ~ = log T + const
— CNO:

76
log L, ~ 9 log T + const
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Stellar Lifetimes

e We can estimate the MS lifetime of stars « This immediately tells you that O, B

. stars are very short lived!
o Fuel reserves (nuclear potential energy)

~ mass of the star — Also, it turns out that they are formed

far less readily that less massive stars
Enuclear - M - M_2

tMs ~ _
MS T IVE Very rare | |
e Low mass M dwarfs will essentially
« On the lower part of the MS, we will never evolve
have

thas ~ M9
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Minimum Mass

e We can find the temperature in terms of mass:
T, ~ Mf/(”+3)
e Low mass stars are dominated by pp, n = 4:
T, ~ M,

e Hwon'’t burn below 4 x 10° K, so we find:

4% 10% K
1.5 x 107" K

7/4

M. \°
Lo ~ mmo 7~ 107° L
( Mg ) © ?

— This is the lower end of the main sequence
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Young Stellar Objects

« We'll consider star formation later

CoKu Tau1 Haro 6-5B

— Basic idea: cloud collapses under its
own self-gravity on the K-H timescale
(short)

e |Important initial condition:

— Protostars are convective: this means T
that the composition is uniform (well-
mixed)

e Fun bit: we often observe disks around
young stars—solar system formation!
(more on that later)

Young Stellar Disks in Infrared
Hubble Space Telescope * NICMOS

"RC99-05a » STScl OPO » D. Padgett (IPAC/Caltech), W. Brandner (IPAC), K. Stapelfeldt (JPL) and NASA
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Pre-Main Sequence Evolution

e Pre-MS evolution (Kelvin-Helmholtz
contraction)
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Figure 15. Location in the Hertzsprung-Russell (H-R) diagram for 0.085 Mg <
M <= 1 Mg stars as they arrive at the main sequence for ¥ = 0.275 and
Z = 0.019. The mass of the star is noted by the values at the bottom of the line.
The dashed blue lines are isochrones for ages of 3, 10, 30, 100 and 300 Myr,
as noted to the right. The purple squares (red circles) show where D ("Li) is
depleted by a factor of 100. The green triangles show the ZAMS.

(MESA paper)



LAMS

Zero Age Main Sequence (ZAMS):

— Point where star is first on the main sequence
Most important quantities: mass and metalicity

— Structure and evolution follow from these properties
Limits to stellar masses:

— Lower limit: too small for fusion to take place (brown dwarfs and planets live here)
— Upper limit: radiation pressure blows apart the star
Stars spend most of their life on the MS
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LAMS

o Surface temperature also scales with o Lower mass (M < 1.5 solar) stars are
mass slow rotators
e Lower mass stars (again M < 1.5 solar): — Related to convective outer regions and

tic fiel i
— Cooler T means neutral H present— magnetic field generation

opaque in UV e Metals = higher surface opacity
— Convective transport dominates in the — Higher opacity = we see less deeply
outer layers into a star, i.e. we see a cooler layer
e Higher mass stars: — Metal poor stars appear “bluer” than

o L. metal rich stars (for same mass, etc.)
— Outer layers are ionized, radiation ’

transport dominates

e Stars are not convective throughout
(except M < 0.3 solar), so ash produced
in the core is not brought to the surface
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/AMS N S
N 7 oo
e Notice at the low end, stars with the £ of
same mass, but lower Z are more st
luminous )
— Dimensional analysis told us that! L
e But... it you look at the main sequence,
lower Z have the main sequence
beneath that of higher Z o0
Z = 0.001
2 oo

Log,, Center Temperature

Log,, Center Density

(Bill Paxton)

PHY521: Stars 7ZAaMS Hertzsprung-Russell and Temperature-Density Plots. Numbers show mass in
solar units.



Mass Cuts

e Mass plays a big role in the outcome of stellar evolution

WM@ SIGNIFICANCE
NO 2D FUSION (= "PLANET)
0.05 ,
* 2D FUSION (BROWN DWARF)
* NO TH FUSION
0.085 No MAGNETIC
4 BURNING, PP-CHAINS
DYNAMO, MAGNETIC
COMPLETE MIXING ACTIVITY
CORE ENVELOPE
He WDs
T=Thubble
RADIATIVE , CONVECTIVE
e PP * He FLASH * CORE ENVELOPE
: { CNO * NO He FLASH ‘
CORE mNvELOME AP CARBON WDs
MAKE CLUMP OR NO WINDS SEEN IN UV,
&b AGB STARS SOFT X-RAY
' AGB STAR POWERFUL HOT WINDS
DURING CORE HE BURNING o.Nd Mg
1
.......................................... TCFUSION WDs
8 0 * FLANETARY NEB, WDs
. SUPERNOVAE, NEUTRON STARS
l NEUTRON STARS .
5% VERY UNCERTAIN, FUNCTION OF M, COMPOSITION, ROTATION, ETC.
* BLACK HOLES

Fig. 2.4. Our “Mass Cut” diagram showing the fate of single stars in various mass

classes. See text.
(Hansen, Kawaler, Trimble)



Brown Dwarfs

o VerY|meaSS(NO.O8SOIarmasseS)— 0'FITI]TTIT]'II[l{lllTllTlI]ll'Ir [ I O | |
too cool to burn H

— Deuterium can still fuse, so a little
energy is generated

— Very low effective temperatures
— Many now discovered.

Log,, (Luminosity) (in sclar units)

e Even smaller in mass: planets! (Jupiter- S
like) : e

_10lllllllllllIl]IlllJlllij_JllLiIlllll-r-.llll
-3 -2.5 -2 -1.5 -1 -5 0 D 1
Logi, (Age) (Gyrs)

FIG. 1. Evolution of the luminosity (in L) of isolated solar-metallicity red dwarf stars and substellar-mass objects versus age (in
years). The stars are shown in blue, those brown dwarfs above 13 Mj are shown in green, and brown dwarfs/giant planets equal to
or below 13 M; are shown in red. Though the color categories are based on deuterium or light hydrogen burning, they should be
considered arbitrary vis a vis whether the object in question is a brown dwarf or a planet, sensibly distinguished on the basis of
origin. The masses of the substeller objects/stars portrayed are 0.3, 0.5, 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0, 10.0 11.0, 12.0, 13.0,
and 15.0 M; and 0.02, 0.025, 0.03, 0.035, 0.04, 0.045, 0.05, 0.055, 0.06, 0.065, 0.07, 0.075, 0.08, 0.085, 0.09, 0.095, 0.1, 0.15. and 0.2 M,
(=211 M,). For a given object, the gold dots mark when 50% of the deuterium has burned and the magenta dots mark when 50%
of the lithium has burned. Note that the lithium sequence penetrates into the brown dwarf regime near 0.065 Mg, below the
HBMM. Figure based on Fig. 7 of Burrows er al., 1997 [Color].
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Brown Dwarfs

e First known brown dwarf
Brown Dwarf Gliese 229B

Palomar Observatory Hubble Space Telescope
Discovery Image Wide Field Planetary Camera 2
October 27, 1994 November 17, 1995

PRC95-48 - ST Scl OPO - November 29, 1995
T. Nakajima and S. Kulkarni (CalTech), S. Durrance and D. Golimowski (JHU), NASA




Extended HR Diagram

Low mass dwarfs follow a different
sequence
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PHY521: Stars Fic. 7.— The modern color-magnitude diagram spans nearly 35

magnitudes in the near-infrared and 5 magnitudes in J-K color.



Life on the Main Sequence

e Evolution is slow

e Changes do have to happen though:

— Each time you fuse, you go from 8
independent particles to 3 (counting
electrons)

— Pressure support therefore changes

L/L,

— Star must contract a bit to recover,
reactions speed up

— Star brightens P
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Evolving Off the Main Sequence

« We’'ll now look at the result of stellar evolution calculations to get a feel for the fate of
stars

e Then we'll spend a few weeks building up the input physics

o Finally we'll return to stellar structure, learn how to (approximately) solve the
equations, and revisit the evolution with more physical intuition
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Evolving Off the Main Sequence

e We'll consider stars > 0.3 solar masses

— Lower are fully convective and will take > 10*? years to burn all their H—we'll never see
them evolve!

e Mass loss (winds, binary interactions) can affect the basic ideas
o Eventually, we use up all of the H in the core (inner ~10% by mass)
— Still radiating

— Core begins to contract—needs to increase pressure to account for loss of energy from
reactions

— Virial theorem: core heats up
— Too cool for He burning to commence (yet)
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H Shell Burning

e Just outside the core, there is H « At first, star moves to right (cooler T) on
— As core contracts, g at base of H envelope the HR diagram
INCreases e Thermal equilibrium reestablished
— HSE: P must increase (the material now . .
weighs more) — Outer layers become convective (higher
.y : . opacity at surface makes radiation
— Hignites outside of the core: H shell inefficient)

burning
— Some H-burning ashes dredged up at

e He core continues to contract . : . :
this point (since convection reaches to

— Reaches extreme densities: degenerate the shell)
- He fash frqm shell increases core mass: — Limit to how cool the star can get
radius shrinks (degenerate) (caused by opacity at the photosphere)
e Outer layers expand: red giant phase —.star begins moving up in the HR
— Lis greater than MS phase (shell T is high) diagram

— CNO burning takes place here
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Red Giant Phase

e Let’s look just at the main sequence up to core H depletion

— Movies from Rich Townsend
— http://www.astro.wisc.edu/~townsend/static.php?ref=mesa-movies
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1 MQ Star
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Energy Generation Rate

H burn

He burn

1 MQ Star
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Red Giant Phase

 Now the red giant phase—this is what we’ll talk about next

— Movies from Rich Townsend
— http://www.astro.wisc.edu/~townsend/static.php?ref=mesa-movies
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1 MQ Star
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1 MQ Star
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He Ignition

e Heignition requires T ~ 108 K

o Very low mass stars (M < 0.4 solar
masses) never reach the temperature
needed for He ignition

— Leave He white dwarf behind

e Stars more massive than ~1.5 - 2 sola
masses reach the He ignition T while
the core is not degenerate

r

PHY521: Stars

In-between: helium flash!

Explosive ignition of He

Degeneracy means increase in T gives
no pressure relief

Difficult phase of evolution to model
(very dynamic!)

Actually happens off-center (neutrino
emission cools center)



Core He Burning

e Low mass stars (0.7 - 2 M®) have He flash

— Lifts degeneracy, core expands, cools

e Envelope contracts, heats

— Shell burning drops in L (due to core expansion)

« Star descends off red giant branch onto horizontal
branch

o Teff increases due to radius decrease
e He burning lifetime ~ 108 yr
He cores here all ~ same mass

e Envelopes mass dictates difference between stars

e High envelope mass — cooler Tef (red)
— H burning dominates, convective envelope
o Smallest envelope masses (blue)
— Weaker H burning shells, radiative envelops

PHY521: Stars

My

M5 (NGC 5904)

+RGB
ARR
HBE
BAGB
% Star

15,000 stars in the Messier 5 globular cluster are plotted on a
colour-magnitude diagram. Known red giant branch (RGB), RR
Lyrae variable (RR), horizontal branch (HB), and asymptotic giant
branch (AGB) stars are marked.

(Lithopsian/Wikipedia)



Core He Burning

« Intermediate mass stars (2- 10 M)

— He ignites easily once T ~ 108 K—no He flash

e He luminosity steadily increases
e Hluminosity decreases

— T at H shell base drops, envelope cools, contracts (around when L, ~L_)

« Star leaves red giant branch (some loop to higher T_))

— He main sequence is close to RGB
— Envelope instability, longer pulse periods: Cepheids

PHY521: Stars



3-alpha Process

e Consider: *He +“*He = %Be + y

— 8Be has less binding energy / nucleon
than the two alphas

— 3Be rapidly decays

— Salpeter & Hoyle: equilibrium—always
some ®Be around

e Atp~10°gcm3T~ 102 K: one ®Be for
every 107 “He nuclei (Shu)

- *Be+*He > “C+y
e Net: 3*He = *C+ 2y

— €~ p2T40

Y Gamma Ray

(Wikipedia)
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He flash

1 MQ Star
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1 MQ Star
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1 MQ Star
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1 MQ Star
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1 MQ Star
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1 MQ Star
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log Luminosity L,

Sun’s Evolution
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log Center Density

(from Bill Paxton, EZ Stellar Evolution)
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He Burning

o Core expands rapidly after He flash, e Process now repeats

envelope contracts (opposite of red
giant)

o L decreases (because T drops from _
expansion)

e Star is now on the horizontal branch: —
“He main sequence” _

He core exhaustion followed by He
shell burning

H shell still exists (outside of He shell):
double shell burning!

Ascends the asymptotic giant branch
Carbon core forms

- Shorter phase than MS (L is higher, fuel  « Eyolution is sensitive to mass loss

is less)

Outer layer of AGB weakly bound

— Winds, pulsations cause mass loss

PHY521: Stars
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Low Mass Evolution .
d ~F -
(- - -
. . =T - =
e Evolution of different masses—note the 2 solar 2 -F =
mass star ignites He without becoming nearly as - b -
degenerate :l L1 I L1 1 I L1 1 l L1 1 I L1 1 I L1 I:
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Figure 14. Evolution from MESA star of 0.9, 1.2, 1.5, and 2 Mg stars with
Z = 0.02 up to the end of the TP-AGB. The top panel shows their evolution
in the H-R diagram. where the solid red point is the ZAMS. The bottom panel
shows the evolution in the T. — p. plane, exhibiting the He core flash and
later evolution of the C/O core during the thermal pulses. The dashed blue
(heavy gray) line shows a constant electron degeneracy of ep /kgT = 20(4).
The dashed red line is for a constant pressure of log P = 20.25: relevant to the
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Zingale

e For masses < 8 solar masses (or so)

The star is not massive enough to ignite
the C core

Ejected shells with hot exposed core:
planetary nebula phase

CO white dwarf left behind

e This is what happens with our Sun

Some stars at the higher end of this
range can burn C, and leave ONeMg
WDs behind

PHY521: Stars

M57 (NASA/ESA)



Cooling white dwarfs are
observed—they can tell us
about the age of the Universe
(they take a long time to cool
—Ch. 10, later...)

White Dwarfs

G[Gund"

.

White Dwarf Stars in M4 HST - WEPC2

PRC95-32 - ST Scl OPO - August 28, 1995 - H. Bond (ST Scl), NASA

PHY521: Stars

http://antwrp.gsfc.nasa.gov/apod/ap000910.html




High Mass Evolution

Evolution of higher mass stars

Burning can continue for stars with M >
~8 solar masses

Lifetimes are VERY short

Remember: most of the energy
available comes from H burning

Average binding energy per nucleon (MeV)
'y

23

238

(uorssised/e1padiim)

0 30 g0

PHY521: Stars
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Mumber of nucleons in nucleus
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270



High Mass Evolution

core burning state 9 M, star 25 Mg star core temperature

H burning 20 million years | 7 million vears (3-10) x 10" K
He burning 2 million vears | 700,000 years (1-75) x 10° K
C burning 380 vears 160 years (0.8-14) x 10° K
Ne burning 1.1 years 1 vear (1.4-1.7) x 10° K
O burning 8 months 6 months (1.8-28) x 10° K
Si burning 4 days 1 day (2.84) x 10°K

(table from Hester et al. Ch. 17)

PHY521: Stars



Other Burning

e Cburning e Neon burning follows (not O!)
— Primary reactions: — Carbon burning makes lots of °Ne
Lo+ 2C > ¥Na+ 'H — Photodisintegration becomes

important and *°Ne can alpha-capture
1200 4 1200 =5 29Ne + “He P pha-cap

20 16 4
— Less likely (due to structure of Mg Ne+~v — 7O + “He
nuclear levels) “ONe + *He — **Mg + ~

1ZC_|_ 120 N 24Mg_|_ ~y

— Lots of 0O build
— Note that these are extremely T ot 0 . J! S P . N
sensitive e Oxygen burning primarily makes silicon

e Electron screening can be important at and sulfur

high densities

PHY521: Stars



Other Burning

e Silicon burning is more complex

— Coulomb barrier to large to directly fuse 2 28Si nuclei

— Photodisintegration starts to occur
e Photon energies ~ binding energy / nucleon—nuclei can break apart
— Nuclear statistical equilibrium results

e Burning proceeds by alpha-captures
e Balance of forward and inverse reactions
e Small imbalance leads to production of iron-group nuclei

PHY521: Stars



High Mass Evolution

e Evolution of higher mass stars

— Evolution of outer layers is pretty much

decoupled from what's happening in
the core (too fast)

PHY521: Stars
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Figure 29. Top: H-R diagram for 10-100 M, models from the PMS to the end of
core Helium burning for Z = (.02 but with zero mass loss. Bottom: trajectories
of the central conditions in the T—p plane over this same evolutionary period.




High Mass Evolution

e Advance burning stages lead to a
“onion-skin” layering of nuclei
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High Mass Evolution

0 1
Size of Star

L1
Size of Earth’s Orbit

L1
Size of Jupiter’s Orbit

Atmosphere of Betelgeuse ~ HST - FOC

PRC96-04 - ST Scl OPO - January 15, 1995 - A. Dupree (CfA), NASA
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High Mass Evolution

10.0

o We are setting the stage for core-
collapse

—— MESA
——~ KEPLER
----- HMM
-—-= LC06

— No more energy generation from fusion

o5

— Photodisintegration removes energy,
dropping pressure support

l 1 1 1 I 1 l L 1

log T.(K)

9.0

— High density means electrons are
degenerate, but electron capture is
allowed (since energies are high)

e p+ebecomesn

8.5

I
-
-
—
-
—
-
.
=
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=
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e Less electrons, means less electron B o aissminseilosnl s
pressure E s 5 6 7 3 Y
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Figure 30. Evolution of the central temperature and central density in solar
metallicity M; = 25 M models from different stellar evolution codes. The
locations of core helium, carbon, neon, oxygen, and silicon burning are labeled,

! . 1/3
as is the relation T, o pf"r g

(from Bill Paxton, MESA.)
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Boom!

e The collapse of the core releases an enormous amount of gravitational potential
energy

o Collapse only stopped when another form of pressure can kick in to halt it

— Neutron star (or black hole) results
e More on this later in the semester...

PHY521: Stars



Other Nucleosynthesis

e Supernovae have lots of Fe and lots of neutrons

— r-process (rapid neutron capture) possible

« Slower neutron capture (s-process) occurs either in AGB stars or neutron star-neutron
star mergers

— Requires heavy “seed” nuclei

PHY521: Stars



NUMBER OF PROTONS Z

;
100 235 7
2327, | 238y
90 209 gi \. ‘ e
(B~ v \ ALPHA-DECAY i
4 |
80 - n, y) -
|
- o \." [}
70 - et SUBSEQUENT i .
BETA—DECAY )
'
:
|
60| .
E
STABLE —~-mea |
S0 NUCLIDE N =126 \ E
\). _____ a3
/" FISSION
40 y i
56k SEED .
30 L R-process: lots of neutrons — I
" | 6 adding neutrons faster than beta-
20f B decay |
1 ! 1 i d - 1 1 1 1 | 1 { 1 1l

I
30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180
NUMBER OF NEUTRONS N

FIGURE 9.13. Neutron-capture paths for the s-process and the r-process are shown in the (N, Z)-plane. Both paths start with the iron-peak nuclei as
seeds (mainly 3°Fe). The s-process follows a path along the stability line and terminates finally above 2°°Bi via a-decay (Cla67). The r-process drives
the nuclear matter far to the neutron-rich side of the stability line, and the neutron capture flows upward in the (N, Z)-plane until f-delayed fission
and neutron-induced fission occur (Thi83). The r-process path shown was computed (See65) for the conditions T, = 1.0 and N, = 10%*
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FIGURE 9.13. Neutron-capture paths for the s-process and the r-process are shown in the (N, Z)-plane. Both paths start with the iron-peak nuclei as
seeds (mainly 3°Fe). The s-process follows a path along the stability line and terminates finally above 2°°Bi via a-decay (Cla67). The r-process drives
the nuclear matter far to the neutron-rich side of the stability line, and the neutron capture flows upward in the (N, Z)-plane until f-delayed fission
and neutron-induced fission occur (Thi83). The r-process path shown was computed (See65) for the conditions T, = 1.0 and N, = 10%*
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FIGURE 9.13. Neutron-capture paths for the s-process and the r-process are shown in the (N, Z)-plane. Both paths start with the iron-peak nuclei as
seeds (mainly 3°Fe). The s-process follows a path along the stability line and terminates finally above 2°°Bi via a-decay (Cla67). The r-process drives
the nuclear matter far to the neutron-rich side of the stability line, and the neutron capture flows upward in the (N, Z)-plane until f-delayed fission
and neutron-induced fission occur (Thi83). The r-process path shown was computed (See65) for the conditions T, = 1.0 and N, = 10%*
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r-process

Nucleosynthesis in the r-process
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Abundances

B R S

9 .. e Note: Odd A nuclei (As) have been:
shifted down two decodes.

(N multiplied by 1072} ]

log N (Ng;=10°)

L a

Lo u s |

0 10 20 30 40 50 60 70 80 90
Mass Number (A)

Fig. 2.20. Individual nuclide abundances for odd and even nuclides, taken primarily
from Anders and Grevesse (1989). Triangles denote odd nuclides (which have been
shifted down by two decades), whereas “dots” are for even. Some important nuclides
are labeled. Sources (e.g., nuclear burning stages) are indicated for some nuclides:
U means Big Bang; X from fragmentation of cosmic rays; H for hot (and hotter)
hydrogen burning; he=helium burning; C, O, Ne, or Si=carbon, oxygen, neon, or
silicon burning; and an occasional P-, S-, or R- for p-, s-, or r-process.
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Fig. 2.21. This is a continuation of Fig. 2.16 but nuclides are identified by source
mechanism, s- (es), r- (Os), and p-process or (v, n) (xs).
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Variable Stars

e There are LOTS of different types of 15 ~
variable stars—see your text i
TIE) . ope -10 ;‘;—.
- We'll ignore variability due to a *perionts The Instability 3
companion 5
5 =
e Pulsational variables are the interesting 2
class oo , N
: : . RR Lyrae 2 'S
— Driven by an instability 0l ““‘gg*" i
. . E 3 +5 Main Sequence
— Radial and non-radial modes are ﬁﬁa
possible % o Subdwarfs
e For radial pulsations, the period will be White Dwarfs
the dynamical timescale +15
tdyn ~ : +20 Bm"=
yn /7Y - o|B|A|]F|G|K|M]|L]|T
Gp Spectral Class
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Cepheids

PERIOD - LUMINOSITY RELATIONSHIP Cepheid Variable in M100

2 | HST-WFPC2
|- s

" Type Il (W Viginis)
Cepheids

-2
K,
oy
g
E
3

3 5 10 30 50
Period (Days)

http://outreach.atnf.csiro.au/education/senior/astrophysics/variable_cepheids.html

(NASA, HST, W. Freedman (CIW), R. Kennicutt (U. Arizona), J. Mould (ANU))
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Variable Stars

« Radial oscillations in a normal star (w/o e |n Cepheid, opacity from He Il to He Il
considering opacity): increases as star compresses
— Decrease R = p increases = P, T increases. — Higher opacity: more radiation trapped
- Pincrease: star pushes back on outer layers — Pincreases, overshooting driven!
—moves back toward the equilibrium ’
radius.

— Inertia causes the star to overshoot its
equilibrium radius.

« Considering opacity for normal star (k ~ pT7/?)

— Decrease R = p increases = P, T increases.

— Lower opacity: radiation becomes more
efficient, cools star

— P drops, overshooting damped

PHY521: Stars



Clusters

e Starsin a cluster all form at the same
time

e Observing the HR diagram, you see a
“turn-off point”

(e1padijiM)

— Allows you to estimate the age of the
cluster

Visual Magnitude

M 67
NGC 188

(e1padijip)
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Globular cluster M3 H-R diagram

<— Temperature
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Blue Stragglers

i g g 5 g

Blue Stragglers in Globular HST « WFPC2
PRCS7-35 « October 29, 1997 « ST Scl OPO
R. Saffer (Villanova University), D. Zurek (ST Scl) and NASA
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FIGURE 9.13. Neutron-capture paths for the s-process and the r-process are shown in the (N, Z)-plane. Both paths start with the iron-peak nuclei as
seeds (mainly 3°Fe). The s-process follows a path along the stability line and terminates finally above 2°°Bi via a-decay (Cla67). The r-process drives
the nuclear matter far to the neutron-rich side of the stability line, and the neutron capture flows upward in the (N, Z)-plane until f-delayed fission
and neutron-induced fission occur (Thi83). The r-process path shown was computed (See65) for the conditions T, = 1.0 and N, = 10%*

(from Rolfs and Rodney, Cauldrons in the Cosmos)

neutrons cm 3,



	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38
	Slide 39
	Slide 40
	Slide 41
	Slide 42
	Slide 43
	Slide 44
	Slide 45
	Slide 46
	Slide 47
	Slide 48
	Slide 49
	Slide 50
	Slide 51
	Slide 52
	Slide 53
	Slide 54
	Slide 55
	Slide 56
	Slide 57
	Slide 58
	Slide 59
	Slide 60
	Slide 61
	Slide 62
	Slide 63
	Slide 64
	Slide 65
	Slide 66
	Slide 67
	Slide 68
	Slide 69
	Slide 70
	Slide 71
	Slide 72
	Slide 73
	Slide 74
	Slide 75
	Slide 76
	Slide 77
	Slide 78
	Slide 79
	Slide 80
	Slide 81
	Slide 82
	Slide 83
	Slide 84
	Slide 85
	Slide 86

