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- A anclu:si"on --- What is a star?

€ A shining (gaseous) object in space --- Planets, meteorites?

... that derives energy from nuclear fusion reactions at
the center ... thereby

v/ maintaining a long-term structural stability, and

v radiating from the surface

How long has the Sun shone? How long will it last?
How do we know these?
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Gas/dust in space Sun/Star .

Star aging/red giant

T E = » Stars form in
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25 H1E B #55%
Interstellar matter and
star formation



Interstellar Space is vastly, but not completely,
Medium  e™Ppty. KZEADREHZE AN

Air we breathe 10'° molecules/cc
Matter in space ~1 particle/cc

Gas plus dust (no liquid unless pressurized)

Mutual gravitational attraction — denser gas remains
transparent; dusty clouds become ever more opaque
blocking background stars or luminous gas

These dark clouds are dense (= 103 - 10*cm—3)and cold (~15 K)
— supporting pressure force < contracting gravity
— more compact and denser ;



The Milky Way galaxy contains 10% visible mass in ISM
(the rest in stars, planets, cosmic rays, magnetic field ...)
v Of which 90% in gas, 10% in solid
v" Of the gas, 90% in H (mostly atomic H°, the rest in ionized
H*, molecular H,, or H™...)

Cosmic
Composition

\

Mother nature via gravity makes
stars (107 K at the center) out of Dark energy

(very) cold IS molecular clouds.




Molecular Clouds in the Galactic Plane
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http://www.bu.edu/galacticring/outgoing/Press Release/



-Star-forming region toward Orion
gas (H) ionized/excited by
k star light, and radiates
1lae interlaced with reflection
nebulae and dark nebulae

‘Constellations: - - .
Fﬁglons ln th.gsky, g Surrc)undm

fhiioble,

NASA, ESA, and The Hubble Heritage Team (STScl/AURA) ¢ Hubble Space Telescope WFPC2 « STScl-PRC01-12

Star Shadows Remote Observatory



http://orion.pta.edu.pl/apodmain/apod/image/0602/horseregion_ssro_big.jpg
http://orion.pta.edu.pl/apodmain/apod/image/0602/horseregion_ssro_big.jpg
http://www.allthesky.com/constellations/orion/bigm.jpg
http://www.allthesky.com/constellations/orion/bigm.jpg

The “Hunter” seen in visible

light emitted by stars

(star surface 2000 K to 30,000 K;
Re. Wien's displacement law)

. CO gas (as H, tracer) observed at
radio wavelengths

/ (Ho ?pes a molecule emit/absorb?)
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Dark clouds in Ophiuchus http://www.robgendlerastropics.com/B72]MM.jpg

Barnard 72



http://www.robgendlerastropics.com/B72JMM.jpg
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http://dilbert.physast.uga.edu/~derek/ASTR1020/images/Barnard68_vis.jpg
http://dilbert.physast.uga.edu/~derek/ASTR1020/images/Barnard68_vis.jpg
http://dilbert.physast.uga.edu/~derek/ASTR1020/images/Barnard68_IR.jpg
http://dilbert.physast.uga.edu/~derek/ASTR1020/images/Barnard68_IR.jpg

A protostar enshrouded in a dense cloud

(a) A dark nebula (b) A hidden protostar within the dark nebula

Not visible in optical -.- but prominent in infrared

. or longer wavelengths
L1014 in Cygnus



| ’~In1t1ally, _the Cloud is optlcally thln (1 e., translucent)

. contraction — more collisional excitation & radiative deexcitation
—> but the radiation escapes (isothermal)
— Dynamical collapse

Eventually, the cloud becomes optically thick (opaque)
contraction — temperature increases (adiabatic contraction)

[f cloud is not massive enough, contraction — cloud heated
—s thermal pressure increases to halt the contraction

But if the cloud mass exceeds the Jeans (critical) mass u, « 737251/

—> contraction continues ... (the cloud fragments to form a cluster)
and if T = 10°K ...

Boom! A star iS ])(ll'll. Virial theorem



° 1 4
Thermonuclear reactions 4 "H— “He

Chain reactions

4 H nuclei (protons) fuse > 1 He nucleus

= Energy is released (y rays)
(1) Keeping the structure stable; VP < F,
(2) Radiating from the surface




Q: How could the fusion proceed between positively
charged nuclei?

A: Short-range strong nuclear (attractive) force overcoming
the repulsive Coulomb force
— Nuclear binding energy + complex elements

Q: How could the nuclei get close enough? En~keV; Ucou~ MeV;
A: High temperatures + QM tunneling effect

Between protons > 5 x 10° K (within 14 of solar radius)
Between 3He and “He; between '%C, N, '°0 and 'H .-

Stellar evolution = (con)sequences of nuclear reactions



Planets as byproducts of starbirth

Contraction )
Dark cloud —> Protosun + Disk 4+ Remnants
Rotation
Evaporation
10pc Cloud collapse

Young sun + Protoplanetary disk

oyr StarForge = = A :
@ . l\\‘-%}r . : .
©2000 Don wan‘l ograph ] g N :

Cgrains — Pebbles — Planetesimals — Planets>

0.01pc Protostellar jets



file:///F:/wchen/Text/Tex/Talks/astro_am.mpeg
file:///F:/wchen/Text/Tex/Talks/astro_am.mpeg

ERBNFH
Hydrostatic equilibrium



The Hertzprung-Russell (HR) Diagram (##ZER )

Stellar total luminosity

_ 2 4
(emitting power) v L=4mR*0T

v loglL & logT

Versus

Surface temperature v R 7 dwarfs to
C .

Both ‘external’ = glants

uantities; measurable =’ :

q 3 v’ MS: A mass
Z. sequence;
<

undergoing core
H fusion; stable
and long lasting

v L o« M37°

909% stars on the
main-sequence;
i.e., the hotter of

an ordinary star, o o
the brighter

Surface Temperature



L=41R*0cT*

L 2 - /vi ’“‘3
Stellar Luminosity | Total Surface area | Power emitted per area L A
2k 4
.o M8

Deciphering the HRD Bl
Main-Sequence Stars = core H fusion, highly T sensitive
0 More massive, size similar, but much brighter

v’ Massive MS stars-> Fusion much faster = £ 11
> Energy passing through 47 R?> > T1

v' Low-mass stars > Fusion much slower = ]| > T
= Upper-left (hot and bright) to lower-right (cool and faint) band

MS: a mass sequence Mass-luminosity relation £ oc M 3~>




Early Evolution

B A cloud core free-fall collapse
— inside-out collapse 7« 1/,/Gp
— aCCI‘etion EGraV - Ekin - Ethermal

— a protostars (warm, embedded) <
B Quasistatic contraction .., — Eyye =
— ionization of H, He, He™ :
— Tourface = const (4000 K)
— but radius drops, and so does
the brightness Hayashi tracks
B [t took the Sun ~30 Myr to “ignite”

H fusion (to reach the MS),
maintaining T rface = 5800 K
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Evolution on the MS

v Ideal gas P=nkyzT

Y
/| v MS 4H - He
11 i 1/2/./ Gyr Tl Jf : P \L
L v’ Core contraction = T 1

Nuclear reaction rate [ 11

O Sun on MS for ~5 Gyr K[E B & %% 5 8 24 415015 4
O Keeps brightening on the MS 3 fF #5453 % aint young sun paradox
O Total MS lifetime 10~12 Gyr B H50~70&&F £ 7 =4

O Core eventually exhausted of H; left with all He




ﬁl%ﬂfl (¥5K) #Fid How old is the Sun?

= A

O EEEwRBARGER
100{ T $ Stellar theory

ERETY 2’]50{ $ 5 Gyr now
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Earth, moon, asteroids
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Neutrino, hehoselsmology data
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The Present Sun 25%# = radius -
70% #£ ;& radius

s 1/4 ¥ @EUEHFA  70%F1E4)

107 & N N AV I N
K " F mmge MR EHKE
- Nuclear Radiative Convective
ot zone zone zone
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0.0 0.2 0.8 1.0

E[P‘E‘Eﬁm Radius from center
(UAKGFRBAEA)



12 3 HICHE ©
Steller Evolution & Death



Stellar Evolution

] More fuel? Yes - Balance
No = Contraction = Additional fuel Yes = Balance
No = ...

[d Possible balancing mechanism

v' Advanced fusion, e.g., He + He + He — Cif T = 10% K
C + He, O 4+ He, N 4+ He (multiples of 4; cosmic abundances)

v’ “Matter force”, e.g., electron degenerate pressure

[0 Massive stars =2 fusion rate TTT = hot and v. bright £ TT1
- lots of fuels, but used up quickly =2 7yg ! Lo M35

Low-mass stars = warm and faint = long-lived 7y 117

Tms X [fuel]/[consumption rate] o< M /L oc M~




O When core H exhausted (becomes He; ~109 of total H)
- Out of balance = core contracts, heated

The immediate outer layer, then insufficiently hot to burn H,
now manages to do so (extra energy) > H shell burning
-> The envelope expands and cools = A big, cool red giant ¢ %

[ If the core not massive enough, He never ignited
-> cools to become a black dwarf

[f He fusion starts (nuclear waste becomes fuels)
-> balance regained, but He in short supply and used up rapidly

More massive cores 2 ... C, N, O, §, ... Fe
When no more fusion whatsoever, core collapses

supported by P,
[fMiore S 1.4 M@ Chandrasekhar limit 4% X #& [ - a White dwarf ¢4 2
v" Or else, halted by Pg,, = aneutron star 5 £ ,~sxiovign= 710"

v" Or else - a spacetime singularity, a black hole 2
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Post-MS Evolution KBR i A sl

&\ Lizs All fusion ends; ZIW (i~ | FLEERSE
FEBLERS  ABAD envlope feced BBRBHIERS TR
— » Core C, O fusion;
ﬁ:’?&ﬂkg%g 1233{%‘%‘ shell He, H fusion
10,000 j= o - - - — - - == = e == —— ——
¥ 4
M LOO0O = ! ~
;F< : U core b fusion en 1224 5
7 | ore He fusion ends 1231%;? . B S 05 Mg - B He
{9 LIS |- 50 A = . B 05-23 Mg - BES  ARAEF
o 100 | BUFLETRMS WA Bk He —R Tl > A
DI \ . B 2 23 Mg > HENEEM He #
o
10p= | ZIETRRS 1204 £ 1% A
— e = K}Lnuﬁln\\ﬁ—(ﬂf
j,<\ \ SMBEITERS .%IEE o |
R L ‘ Core He fUSIOﬂ, ”ore e L’J’Slon starts;
m 1 \ shell H fusion 46 f.’%-ﬁ—c‘ EJIJ ji,[% ( I/QE ) ("He flash™)
o \ B s s o HINEIEL FRS
w*  0lE N HRE BIETERS oo son BT RS
Z?F 7&%*2&}}% none elsewhere Core H fusion ends;
0.01 2 shell H fusion
100,000 20,000 10,000 5,000 3,000

ERIRRKBZO9ZIN - INFB

LRI - A « 812 ZEaE K]

Core no more fusion; cools and faces



O Low-mass stars: core thermally pulsed and eventually
puffing the envelope out - a planetary nebula gy g%

R,
- N
- ] . .

[0 Massive stars: core highly comprese and oced,
exploding the envelope i35 % - )

— ISM enriched with “complex elements” for
next-generation stars; producing nuclei heavier than Fe

We owe ourselves and the complexity of the world to stars;
we are all thelr ofispring, from stardust back to stardust ...
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Stars made In coldest space; energy engines and element factories

MEHEHEH RS  WAMBTE shinefor Myr to100s Gyr
B R AESd (AFFH) EEWE TR JE sustaining earthlings
B MEELEGURBEMNERRE#EE R

SO we evolve W|th cosmic timescales

BEMIREXTHEAFLWTFH (HAESRT)

so we comprehend the cosmos




“The most incomprehensible thing about the Universe is
that it is comprehensible.” - Albert Einstein
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