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Chapter 7  The Sun
ATOMIC THEORY AND SPECTROSCOPY (review from Chap. 3)
Spectra & Atoms
· Atoms which compose Sun & stars give off radiation 

· Structure of those atoms determines what type of radiation given off, hence can determine chemical composition from light emitted 

Spectrum – sunlight passed through prism spreads out white sunlight into constituent colors

Spectroscope – instrument which contains a prism or grating & is used to produce a spectrum

· I. Newton (ca. 1700) – showed sunlight composed of rainbow colors – continuous sp.

· J. Fraunhofer (ca. 1814) – found dark absorption lines in otherwise cont. solar sp.

· Later found burning substances in laboratory on Earth produced emission line sp.

Kirchoff’s Rules  (ca. 1850)

1.  An opaque solid, liquid, or highly compressed (high density) gas, when heated to incandescence, produces a continuous spectrum.  (Ex.: tungsten filament of light bulb)

2.  A low density gas emits an emission line spectrum (bright lines) (Ex.: neon sign)

3.  If light from continuous source (1) passes through low density gas at lower temperature, the cooler gas will extract certain wavelengths of radiation to produce absorption lines (dark lines) in the otherwise continuous background. (Ex.: sunlight)

Electromagnetic (EM) Radiation
· Light wave carries energy in packet – photon (or quantum)

· wavelength  ( – distance between consecutive crests

· for light in vacuum,  c = f ( ( =  300,000 km/s  = constant

· f or ( determines color of light

· exist forms of EM radiation with wavelengths both shorter & longer than light 

The Electromagnetic Spectrum
· consists of all radiation which possesses electromagnetic nature

· Regions: radio waves(longest (), infrared (IR), visible (light), ultraviolet (UV),  x-ray (shortest ()

Note: 

· short ( ( high f  ( high energy  

· units of wavelength nanometer (1 nm = 10-9 m) and angstrom (1 A = 10-10 m)

Wien’s Law
· relates temperature of star to peak radiation


(max  =  2.898 ( 10-3 / T   (m)

Bohr Model of the Hydrogen Atom
Energy levels

· ground state (n = 1)  e in lowest energy level

· excited states (n = 2, 3, …)  e in one of energy levels above ground state

· ionized state (n = ()  e removed from atom

Electrons make transitions up & down between levels 

· e makes transition up ( photon absorbed (absorption line)

· e makes transition down ( photon emitted (emission line)

Excitation & ionization energies

Spectral Series of Hydrogen & Other Atoms
· Lyman series of hydrogen – absorption or emission

· Balmer series of hydrogen

· Different energy level structures exist in other atoms, each unique

· Spectrum reveals characteristic set of lines – identifies presence of element (fingerprint)

THE SUN 
Basic Properties 

M ( 
333,000 M(

R  ( 
109 R(

L  ( 
4 x 1026 W
· (  
1400 kg/m3
T   (  
5800 K


F  (  
1400 W/m2  (flux at Earth)


Age  ( 
5 billion yrs

Chemical Composition 
 

H 

71%



He 

27%  
(note: helium first discovered in Sun, hence name)



Metals 
  
2%   
(includes O, C, N, Ca, Fe)

Possible Energy Sources
1. Chemical burning (like lump coal) – lasts only ~ 5000 yr

2. Gravitational contraction (proposed Helmholtz & Kelvin 1873) – lasts ~ 500 million yrs

3. Nuclear fusion (proposed 1928) – lasts ~ 10 billion yrs

*Note: Gravitational shrinking does work for planets Jupiter & Saturn & for protostars

Major Energy Transport Mechanisms
1. conduction – requires medium, transport by wave motion in medium

2. convection – requires medium, transport by mass motions in medium 

3. radiation – requires no medium, transport by electromagnetic waves (photons)

Major Internal Zones

Core – where energy produced 4H ( He 


Radiative zone – innermost, energy transported by photons


Convective zone – outermost, energy transported by convection, extends down to 30%Rsun

Major atmospheric Layers
1. Photosphere 

2. Chromosphere 

3. Corona 

4. Solar Wind 

The Photosphere 
· “light sphere”, base of solar atmosphere, “visible surface”

· T   (  5800 K  (from Wien’s law)

· granules
· Diameters ~ 700 km

· Convection cells – bright rising, dark sinking

· limb darkening
· opacity – ability to obscure light passing thru it 

The Chromosphere
· “color sphere”, where emission & absorption lines produced

· extends 10,000 km above photosphere

· reddish color due to H( emission seen during solar eclipse

· spicules – resemble flames or grass blades

The Corona
· visible during total solar eclipse

· extreme low density (near vacuum), high temp region (T ~ 1-2 million K)

· eventually merges into solar wind


· Forbidden lines

· Coronal loops & holes

The Solar Wind
· high velocity outflow charged particles (ions)

· Coronal ionized material escapes from Sun

· Extremely low density 

· Speeds accelerate as travel outward, reach 400 - 700 km/s at 1 AU

Solar Activity
Sunspots
· Umbra

· Penumbra

· magnetic polarity

Sunspot Cycle


· discovered by H. Schwabe 1830

· 11 yr cycle  (22 yr magnetic cycle)

· Maunder minimum (1645 - 1705)  Little Ice Age

Solar Rotation

· Differential rotation (because Sun is gaseous, not solid)

· 25 d at equator

· 30 d at high latitudes

Bipolar Magnetic Regions & Plages

· magnetograph – detects active regions

· faculae – brightenings, mark active regions in photosphere

· plages – bright regions, float in chromosphere, higher (, T than surrounding gas

· coronal streamers – active regions in corona

Prominences 
· quiescent & active (eruptive) prominences

· loop prominences – most active

Solar Flares

· outbursts which release large amounts both high energy particles & photons

· correlated w/ auroral activity on Earth
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Chapter 8  The Nature of Stars
Star Nomenclature  
Format 

<rank of brightness> <name of constellation star lies in>

· star rank of brightest in constellation – uses Greek letter ((, (, (, (, (, etc.) 

· name of constellation star lies in – uses Latin name in genitive form

Examples 

( Centauri – brightest * in constellation Centaurus

( Centauri – 2nd brightest * in constellation Centaurus 


( Centauri – 3rd  brightest * in constellation Centaurus etc.

Distances to Stars 
Trigonometric (Heliocentric) Parallax

Defn.  parallax of star  =  angle ((( subtended, as seen from star, by Earth’s orbit of radius 1 AU


Relation between distance d (in pc) and parallax (((:


d(pc)  =  1/(((
Note:  
1 pc  = 206265 AU =  3.26 ly

 Apparent Magnitude Scale for Stars
· apparent magnitude designated by lower case m

Early Magnitude Scale
· apparent mag. system first developed by Hipparchus & refined by Ptolemy

· grouped over 1000 stars visible to eye on scale 1 to 6:

1st mag stars – 
brightest 

2nd mag stars – next brightest

.

.



6th mag stars – just barely visible to eye

Modern Magnitude Scale
· in 1854, verified that mag 1 star ( 100x brighter than mag 6 star

· modern mag scale – defined so that difference (m = 5  (  factor 100 in brightness

· stars may be brighter than +1 ( negative mags (e.g., Sun has m = -26.8)

· also may be fainter than +6 (  stars viewed through telescopes  (e.g., m = +23.5)

Examples of Apparent Magnitudes 

Naked Eye Objects  


   mv
Sun ……………………………..
-26.8

Moon (full) ……………………..
-12.6

Venus (brightest) ……………….
  -4.4

Mars (brightest) …………………
  -2.8

Sirius ……………………………
  -1.5

Vega, ( Cen …………………….
   0.0

Antares ………………………….
 +1.0

Polaris …………………………..
 +2.0

Faintest naked eye stars …………
 +6.5   (limit of 0.5-cm eye)

Telescopic Objects 

Brightest quasar 3C 273  ………..
+12.8  (limit of 6-inch telescope)

Pluto ……………………………
+14.9  (limit of 12-inch telescope)

Faintest object observed …………
+24.5  (limit of 150-inch telescope)

Absolute Magnitude
· absolute magnitude designated by upper case M

· M gives intrinsic brightness of star

Defn:  absolute magnitude M of a star  =  apparent magnitude it would have if placed at standard distance 10 pc.

Relation between m, M, & d.  

Since brightness of star obeys inverse-square law: 



(  (  1/d2
Define:

( = brightness of star at distance d

L = brightness at standard distance D = 10 pc

Then,

L/(  =  (d/D)2  =  (d/10)2

Now, treat star at distance d and again at distance D as if it were two stars & apply mag eqn above:


m - M  =  2.5 log L/(  =  2.5 log (d/10)2  =  5 log d/10  =  5 log d  -  5 log 10  =  5 log d  - 5 

Apparent & Absolute Magnitudes of Bright Stars

	Object
	mv
	d (pc)
	Mv

	Sun
	-26.5
	4.8(10-6
	+4.7

	( Cen
	-0.1
	1.3
	+4.3

	Sirius
	-1.5
	2.7
	+1.4

	Vega
	0.0
	8.1
	+0.5

	Arcturus
	-0.1
	11
	-0.2

	Altair
	+1.0
	5.0
	+2.0

	Fomalhaut
	+1.2
	7.0
	+1.9

	Mizar 
	+2.1
	27
	0.0

	Spica
	+1.0
	80
	-3.4

	Aldebaran
	+1.0
	21
	-1.0

	Antares
	+1.0
	130
	-4.7

	Polaris
	+2.3
	240
	-4.6

	Deneb
	+1.3
	500
	-7.3

	Quasar 3C 273
	+12.8
	3.6(108
	-25


Stellar Temperatures
Wien’s law:  
(max  =  2.898 ( 10-3 / T  
(nm)

Stefan’s law: 
E  =  (T4

(W/m2)

Stellar Luminosities
Relation between L, R, T:  


L  =  (surface area) ( (energy emitted/ area /sec)  = A(E  =  (4(R2) ( ((T4)

Lsun  =  4(R2sun (Tsun4    
total luminosity of Sun  =  3.92 x 1026 J/s


L*  =  4(R2* (T*4

total luminosity of star

so 


L*/Lsun  =  (R*/Rsun)2 (T*/Tsun)4

*Note:  Luminosity is proportional to R2 and T4
Classifying Stellar Spectra
Harvard spectral classification scheme 

Spectral types:  O B A F G K M

early types: 
O B A



late types: 
G K M

Properties of Different Spectral Classes

	Class
	O
	B
	A
	F
	G
	K
	M

	Color
	blue
	blue
	blue-white
	white
	yellow
	orange
	red

	T (K)
	40,000
	18,000
	10,000
	7000
	5500
	4000
	3000

	Lines
	He II
	He I
	H
	H
	H, Ca II
	Ca, Fe, Si 
	TiO mol


*Note: 
Temperature correlated with spectral type

· A stars have strongest H lines

· O stars are hottest, M stars coolest

The Hertzsprung-Russell Diagram
· devised independently by E. Hertzsprung (1911) & HN Russell (1913)

· plots: Mv vs. Sp. 

· alternative HR plots:  L vs. T  or  Mv vs. B-V

Luminosity Classifications
· M-K (Morgan - Keenan) luminosity classification (1940s) 


I     
Supergiant


II   
Bright Giant


III  
Giant


IV  
Subgiant


V   
Dwarf  (main sequence)


VI  
Subdwarf

Classification criterion:  pressure effect (same as luminosity or surface gravity effect)

Example: star Capella (( Aur) has same surface temperature as Sun:


Sun  

Class G2 V 



Capella  
Class G2 III
R (  10 Rsun,  M ( 3 Rsun,  L  (  100 Lsun
Surface gravity g ( M/R2, so surface gravity of Capella is: 

gCapella  
=  3/102 gsun
=  0.03 gsun.  

Visible consequences:

· P and Ne also this much lower in Capella’s atmosphere than Sun 

· Capella’s atmosphere favors ionized elements than Sun

· Sp. lines sharper in Capella due to less pressure broadening

Proper Motions of Stars 

· position shifts in stars from photographs taken years apart

· measured in "/yr

Radial Velocities of Stars 

· found from Doppler effect

Example: Sound waves emitted by stationary & moving sirens

v  =  (((-()/(  c   =  (((/() c

Binary Stars
· over 50% (perhaps 80%) star systems are binary or multiple systems

· only direct means obtaining star masses

Classification of Binary Systems 
1. Apparent (optical) binary – two stars which appear close together because they lie along the same line of sight but are not physically associated.
2. Visual binary—gravitationally bound system that can be resolved into 2 stars at telescope.
3. Astrometric binary – only one star seen telescopically, but exhibits wavy proper motion in sky due to gravitational tug of companion too faint to be seen.
4. Spectroscopic binary – telescopically unresolved system whose duplicity is revealed by periodic oscillations of its spectral lines.
5. Spectrum binary – unresolved system whose duplicity is revealed by two distinctly different sets spectral lines (e.g., B + M classes)
6. Eclipsing  binary – system in which two stars eclipse one another, leading to periodic changes in apparent brightness of system.  Can also be visual, astrometric, spectroscopic
Determination of Stellar Masses from Visual Binaries
· measure apparent angles a((, ((( (in arcseconds)

a"  =  separation of two stars in seconds of arc (")

(((  =  parallax of system in seconds of arc (")

Then, true separation of two stars in AU is

a = a((/ (((
(AU)

By Kepler's 3rd law as extended by Newton, combined mass of two stars is

(M1 + M2)  =  a3 / P2   

Determination of individual masses requires knowledge relative distance each * from CM system.  Define:


a1  =  distance of star 1 from CM


a2  =  distance of star 2 from CM


M1a1  =  M2a2
where a  = a1 + a2  =  total distance separating the two stars 

Mass-Luminosity Relation for Main-Sequence Stars

L/Lsun  =  (M/Msun)4
*Note: applies only for medium- to high-mass main-sequence stars

M-L Relation in Words: 

The more massive a main-sequence star, the more luminous it is
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Chapter 9  The Lives of Stars



INTERSTELLAR MEDIUM
INTERSTELLAR DUST 

Dark Nebulae & the General Obscuration

· Dark nebulae – distinct opaque clouds obscuring light of stars behind them

· Interstellar cirrus –  wispy clouds of dust resembling terrestrial cirrus clouds

· General obscuration – caused by dust distributed more uniformly & thinly than dark nebulae

Interstellar Reddening
· short (’s scattered more effectively than long (’s (selective scattering) (

  IS reddening

· actually light is “de-blued”, not reddened

· reddening affects observed color index CI  (it increases it)

· similar effect causes red sunsets on Earth — debluing of sunlight in atmosphere

Reflection Nebulae 

· appear bluish due to scattered light from interstellar reddening

· same cause as interstellar reddening, just different perspective

· preferential scattering of short (’s of sunlight in Earth's atmosphere causes sky to be blue

The Nature of Interstellar Grains  

· must be deduced indirectly possibly silicate or graphite

· elongated, size of smoke particles

· formed in atmospheres of cool red giant stars

· serve as nuclei upon which molecules may form

INTERSTELLAR GAS
· amount IS gas  (  100x amt dust 

· yet gas ( transparent, absorbs only discrete (’s from UV radiation

· dust absorbs continuous radiation

· visible (’s not affected by IS gas because H gas cold  ( ground state ( absorption requires UV photons 

Emission Nebulae (HII Regions)
· Emission caused by fluorescence
· Stromgren sphere –  high-energy UV radiation from stars embedded in H gas ionizes gas out to radius RS 

· Equilibrium occurs when:

rate recombination (H II + e- ( H I)  =  rate photoionization (H I + ( ( H II) 

Examples of Emission Nebulae: 

· Lagoon Nebula in Sagittarius

· Orion Nebula

· Triffid Nebula in Sagittarius (+ contains reflection nebula)

Planetary Nebulae
· nebular forbidden lines – gas density higher than in HII, but low enough to allow forbidden transitions

Example: Ring Nebula in Lyra

Interstellar Radio Lines
· 21-cm neutral H

Interstellar Molecules
· H2, H2O, OH, CO, CO2, CH4, NH3, formaldehyde

· interstellar grains serve as nuclei for formation

THE LIVES OF STARS
STAR FORMATION
Giant Molecular Clouds (GMCs) 

· starting points of star formation

· composed primarily of H2
· density ( 200 molecules/cm3, T ( 10 K

· cloud may be up to 100 pc across

· smaller cometary globules (CGs) of fraction of pc across 

· gravitational contraction – source of energy for protostar

· Hayashi tracks – pre-main sequence tracks 

· high-luminosity phase 

· occurs when star radiates enormous amounts of gravitational energy before reaching main sequence
· resembles red giant, but not easily visible due to surrounding dust cloud
Mass Limits of Newly Formed Stars
· Lower limit  ~0.01 Msun – less than this, core T too low to ignite sufficient nuclear reactions to sustain main sequence phase

· Upper limit  ~100 Msun – more than this, core T produces intense radiation which pushes mass into space, thus serving as self-limiting control

Brown Dwarfs 

· masses 0.01 - 0.08 Msun 

· have masses just above lower limit for star, but nuclear reactions burn H only weakly for short time

Observationally Detectable Phases of Pre-Main Sequence Stars
· Cocoon nebula – emits IR radiation

· Bok globules – small dark knots or condensations which most likely will collapse into stars

· T Tauri stars – stars just prior to reaching MS & turning on nuclear reactions

MODES OF ENERGY TRANSPORT
· conduction  – not important in most stars

· convection – transports energy in outer portion of Sun ( convective zone

· radiation – transports energy in inner portion of Sun ( radiative zone

Major sources opacity in stellar interiors (gas ionized)

· electron scattering – scattering of photons by free e’s

· photoionization – absorption of photons resulting in ionization of elements

THERMONUCLEAR REACTIONS
Energy released by mass conversion to energy via nuclear processes: 


E  =  mc2
· reaction understood after 1938:
4H (4.0312 amu) (  He (4.0026 amu)    

· mass defect (m = 0.0286 amu  (  (E = 4.3 x 10-12 J.

· mass fraction  (m/m = 0.0071 = 0.71% of total mass of 4H converted to energy

Fusion Reaction Processes

· PP chain – dominates at core T < 20 x 106 K ( low-mass stars

· CNO cycle – dominates at high core T, requires C present  ( medium- to high-mass stars

PP Chain 


1H  +  1H     (  2H +  e+  +  (

(1.44 MeV)


2H  +  1H     (  3He  +  (  

(5.49 MeV)


3He  +  3He  (  4He  +  1H  +  1H 
(12.9 MeV)

*Note: particle neutrino ( produced in reaction, carries away small % energy

CNO cycle (  same basic conversion as PP but uses C as catalyst

12C  +  1H  (  13N  +  (

          13N  (  13C  +  e+  +  (
13C  +  1H  (  14N  +  (
14N  +  1H  (  15O  +  (
                15O  (  15N  +  e+  +  (
15N  +  1H  (  12C +  4He

Triple-Alpha Process (  1st stage He burning after MS, plays major role in stellar evolution
4He  +  4He  (  8Be  +  (
8Be  +  4He  (  12C  +  (
SOLAR NEUTRINO PROBLEM
· Raymond Davis – detection solar neutrinos in underground mine in SD

· neutrino counts less than expected, probably due to quixotic nature of (, not true deficiency

STELLAR EVOLUTION
Star evolution depends on two major factors:

· Mass – most important ( determines amount fuel & also core temp

· Chemical comp – second imp. (  determines (  in model eqns

General sequence of stellar evolution:

1. protostar  

2. pre-main sequence 

3. main sequence

4. post-main sequence

evolutionary track ( plot of star’s changing position on HR diagram 

The Births of Stars: Protostars & Pre-MS Stars
Star is born from grav. contraction of IS cloud gas & dust 

virial theorem – grav. PE  (  50% thermal E  +  50% radiative photons 

protostar – contracting cloud (in free fall initially) before hydrostatic equilib (HE) established 

pre-main sequence star – after HE established, but before ignition nuclear reactions

Solar Mass Protostellar Collapse
Early stages:

Assuming protostar composed of pure molecular hydrogen (H2)

m = 2mH  = 3.3 ( 10-27 kg

typical IS density 1010 m-3 

free-fall time for collapse: 

tff  =  6.64 x 104 (3.3 x 10-17)-1/2   (  1.16 x 1013 s   (  4 x 105 yr

Later stages:

· late in collapse, density & opacity become large, HE sets in ( pre-MS star

· T increases, & star shines by radiated photons, mostly IR

· when core T reaches  few x 106 K, nuclear reactions begin, contraction ends (
ZAMS star 

· ZAMS star has L = 1Lsun, but R ( 2Rsun
· from initial collapse to ZAMS takes ( 20 x 106 yr (both protostar & pre-MS stages)

Evolution On and Off the Main Sequence
· once on ZAMS, star spends 80% of total lifetime converting 4H ( He in core

· during MS lifetime, core builds up He ash & core T increases, R* increases slightly 

Calculation of MS lifetime of a Star

From basic notions, lifetime of * must be directly proportional to mass M & inversely proportional to how rapidly it burns mass, luminosity:


t  ( M/L

 From M-L relation for MS stars, taking rough average over all masses, 


L*/Lsun  (  (M*/Msun)3.3
Then, relative to Sun have


t*/tsun  (   (M*/Msun) / (L*/Lsun)  (  (M*/Msun) / (M*/Msun)3.3  (  (M*/Msun)-2.3 

In summary,

lifetime of star  (  1/(mass)2 

· Thus, star’s lifetime decreases as mass increases by  ( (mass)2
Evolution of a One Solar Mass Star

· main sequence – H-burning in core

· red giant branch – inert He core, H-burning in shell

· degenerate gas pressure (due to degenerate e’s)

· helium flash / horizontal branch – He-burning in core, H-burning in shell
· asymptotic giant branch – inert C/O core, H- & He burning shells
· thermal pulses 

· occur every few 103 yrs
· cause luminosity to increase 20-50%
· star pulsates on both short (days-months) & long (103 yr) time scales
· superwind – triggered by pulsations, strips star outer envelope, forms shell to become …
· planetary nebula –  discussed earlier
· white dwarf – Nuclear reactions cease, degeneracy throughout star, mostly 
Extremely Massive Stars  (50 - 100 Msun)

· strong stellar winds due to high radiation pressure & low surface g 

· stars lose over 50% of mass by end of MS lifetime

· post MS: star alternates between red & blue supergiant

· blue ( a nuclear fuel ignited

· red ( fuel depleted

· eventually blows up as supernova

Low-Mass Stars
· star needs 0.08 Msun to create high enough core T to sustain nuclear reactions 

· brown dwarf  (  M < 0.08 Msun  (never reaches ZAMS)

INTERPRETING H-R DIAGRAMS OF CLUSTERS
· star cluster contains members of approximately same age  

· most massive stars leave MS first

· after ~108 yr, cluster HR diagram shows:

· MS stars up to M ( 3 Msun  &  Mv ( 0 

· more massive *s lie to right of MS

turnoff point – yields time elapsed since stars first arrived on MS 
SYNTHESIS OF ELEMENTS IN STARS
*Important Note:  mass of star determines how many different elements can be synthesized by nuclear reactions

· Sun (low-mass star) can burn H & He only ( produce C/O 

· high mass stars (> 5 Msun) can produce elements heavier than O, Ne, Na

first dredge up – occurs when star becomes RG ( convective zone deepens to bring processed material from core to surface 

second dredge up – occurs for medium- high-mass stars
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Chapter 10  The Deaths of Stars
PULSATING STARS
Types

· Cepheids

· RR Lyrae

· W Virginis

· RV Tauri

· long-period Mira variables

Observations

· Cepheid variable stars – period changes in sp. type, T, L

· light curves & radial velocity curves reveal variability

· Instability strip – lies in HR diagram, Cepheids, RR Lyr stars found here

Period-Luminosity Relationship for Cepheids
· note difference for Pop I (( Cep) & Pop II (W Vir) stars

· avg luminosity L increases w/ increasing period P

· note that RR Lyrae stars have Mv ( 0.5, irrespective of P

PLANETARY NEBULAE
· PN named because appearance similar to planet

· represents phase between asymptotic gianet & WD

· lasts 10,000 - 50,000 yr

· nebular expansion speeds ( 20 km/s

· central star T very hot, 50,000 - 100,000 K

· Masses: 
central star:  
0.5 - 0.7 Msun  (same as WD masses)

nebula:  
0.1 - 0.5 Msun
· predecessor may be long-period Mira-type variables

POSSIBLE END FATES OF STARS
· determined by mass at time of “death”:

M* < 1.4 Msun 


( WD   (immediate precursor PN)

1.4 Msun < M* < 3.0 Msun  
(  NS   (immediate precursor SN)

3.0 Msun < M*  


(  BH   (immediate precursor SN)

White Dwarfs
Observations 

· first WD discovered by A. Clark in 1862 – Sirius B

· many WDs near to Sun, numerous like RDs

Physical Properties
· avg measured masses of WDs  M (  0.6 Msun
· very high densities 108 – 109 kg/m3

· internal T ( 106 – 107 K

· surface T ( 6000 – 31000  K

· R  ( 0.01 Rsun
· L ( 10-3 Lsun
· Mbol  (  +8 to +15

· chemical comp. mostly C, some residual He, very little H on surface
· nuclear reactions cease, E derived by remaining thermal energy of degenerate gas
Chandrasekhar limit – mass of a WD cannot exceed 1.4 Msun 
Pauli exclusion principle – no more than 2 e’s w/ opposite spins can occupy given volume at one time

Degenerate electron gas – star material uniform density,  behaves more like solid than gas

· P not proportional to T (  increasing T does not increase P, as in normal *s (hot *s are bigger)

· thus, radius of WD decreases w/ increasing mass – see below for derivation

· electron degeneracy creates pressure which supports *, instead of ordinary gas pressure

Brown Dwarfs
· masses in range 0.002 to 0.08 Msun 

· L  ( 4 x 10-5 Lsun, energy derived from slow grav. contraction

· burn H very weakly

· should be very old, also very common 

CATACLYSMIC & ERUPTIVE VARIABLES
· includes: novae, dwarf novae, supernovae

Novae
· from latin “new star”, Mv (  -6 to -9

· actually evolved star which suddenly brightens many magnitudes, then declines over weeks 

· Doppler expansion speed v ( 2000 km/s

· mass lost ( 10-5 Msun
· progenitor: WD + RG companion, material accretes & ignites sudden H-burning on surface of WD

· may be recurrent: P  ( 18 - 80 yr

· dwarf novae: P  ( 40 - 100 d

Supernovae
· Mv (  -16 to -20

· expansion speeds ( 10,000 km/s

· total E output ( 1044 J  (  total output Sun during 1010 yr lifetime

· 99% SN energy emitted as neutrinos
Classification (based on spectra)

Type I – evolved low- to medium mass stars  ( 1 Msun
· appear in both elliptical & spiral galaxies

· spectrum: H absent

· model: WD accretes matter from RG companion to push over Chandrasekhar limit 1.4 Msun, star core collapses into NS, outer layers ejected into space

Type II – evolved high-mass stars, M in range 10 - 100 Msun
· occur only in spiral arms of spiral galaxies

· spectrum: H present

· model: Massive star burns Fe in core (endothermic), core collapses into neutron star, outer layers blown out into space

The Crab Nebula: A Supernova Remnant  (discussed in film)
Nucleosynthesis in Supernovae

· r process – nuclei capture neutrons faster than beta decay ( builds up neutron-rich material

· s process – nuclei capture neutrons slower than beta decay ( builds up proton-rich material

Supernova 1987A
· occurred in LMC on  24 Feb 87

· discovered by Ian Shelton of U. Toronto

· Type II, progenitor blue SG

Neutron Stars
Formation

· at time of  “death” star must have mass > 1.4 Msun (but < 3.0 Msun, )

· pressure of degenerate e’s cannot support star against gravity & collapses further 

· e’s crushed into p’s to form n’s releasing neutrinos  p+  +  e-  (  n  +  (
· star becomes ball neutron gas, supported against gravity by neutron degeneracy
Physical Properties
· extreme high densities  1017 kg/m3

· R  ( 10-5 Rsun   (  10-3 RWD   (  10 km

· g   ( 1011 g(
· surface B field ( 108 T  (cf. ( 102 T for WD)

Pulsars – Rotating Neutron Stars
· discovery pulsars 1967 by J. Bell & A. Hewish

· shown to be rotating neutron stars( rotating lighthouse effect

· periods  10-3 to 4.0 s  (fastest called millisecond pulsars)

· radio observations show periods to be increasing ( spin slowing down ( E radiated away

Lighthouse model – rotating magnetic neutron star. Main components of model:

· neutron star – has extremely high (  & rapid rotation

· powerful dipolar B field transforms rotational E  (  electromagnetic E

Connection between Neutron Stars & Supernova – the Crab Nebula
· neutron stars/pulsars remnants of supernova explosions of massive stars



· supernova visible 1054 AD in constellation Taurus, recorded by Chinese

· telescopes in 19th & 20th centuries show large, expanding nebula (Crab) in this position

· Pulsar (neutron star) discovered in Crab Nebula in late 1960s

· Pulsar explains how Crab Nebula shines

· Total energy estimated radiated by pulsar due to spin down  ( 5 x 1031 W

· Easily explains amt energy emitted by Crab Nebula itself ( 1 x 1031 W

 Black Holes
· BH defined as region in space-time where gravity so strong that not even light can escape ( black

· formation of BH occurs naturally at end of life of massive star, w/ M > 3.0 Msun.

· theory shows neutron degeneracy not strong enough to halt collapse, so star continues to shrink to zero    

· volume & infinite density (  singularity  (laws physics break down)

Basic Physics of Black Holes

· simple model BH spherical object w/ surface gravity so strong that vesc > c. 

· Schwarzschild radius Rs  named after physicist K. Schwarzschild who worked out soln’ ca. 1920

Example

Black Hole Sizes for Familiar Objects 

· Sun  
Rs  = 3 km

· Earth 
Rs  = 1 cm

Black Holes in Binary Star Systems
· accretion disk 

· Cygnus X-1

Types of Black Holes

· "normal" -- result from evolution of a very massive star

· "mini" -- primordial, left over from creation of universe, masses similar to asteroids 

· "supermassive" -- primordial, reside at centers of galactic nuclei

