
Stars: beyond the Main Sequence

Hipparcos HRD

Main-sequence
1) fist and domɱinant staɱe in life,
2) H → He in the comie (subtle rise of L)
3) >80% stais in MS

Lomw-ɱass stais
1) Ascend Red Giant Bianch (H shell) 
2) Red cluɱp/Homiizomntal bianch

(He → C in comie, H shell)
3) Asyɱptomtic Giant Bianch (H, He shell) 
4) Env. ejectiomn → White Dwaif

Inteiɱediate-ɱass stais
1) Expand at L~comnst, iɱnite He in comie
2) Asyɱptomtic Giant Bianch (H, He shell)
     Somɱe: “supei-AGB” (H, He, C shell)
3) Env. ejectiomn → White Dwaif

Hiɱh-ɱass stais
1) Expand at L~comnst, iɱnite He in comie
2) Fusiomn in staɱes, up tom Si → Fe
3) Comie comllapse → Neutiomn stai, 

                          Black homle

Sun



Stai's life: Piomtiacted battle with ɱiavity Stai's life: Piomtiacted battle with ɱiavity 

Tom suppomit weiɱht:

⇒ need hiɱh piessuie

⇒ need hiɱh teɱpeiatuie

⇒ will lomomse eneiɱy

⇒ need eneiɱy somuice:
  - Giavitatiomnal comntiactiomn
  - Nucleai fusiomn
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Ultiɱately,
Can something else thanCan something else than
thermal pressure balancethermal pressure balance
gravity?gravity?



Deɱeneiacy fomi a White Dwaif omi deɱeneiate comie 
usinɱ wave-paiticle duality

White dwaifs aie suppomited aɱainst ɱiavity by piessuie fiomɱ deɱeneiate electiomns
(iomns iiielevant). This piessuie depends omnly omn density, nomt omn teɱpeiatuie. 
-- also centre of evolved low-mass stars, brown-dwarfs, Jupiter, metals...

Sirius B (1 M⊙) smaller than typical white dwarfs (0.6 M⊙)

M=1M⊙ ,R=6000  km, electron mean spacing d ∼
1

ne
1/3 ∼ 10−12 m

De Broglie wavelength λ ∼
h
p ∼

h
me v ∼ 10−12 m ( 109K

T )
1 /2

→ typically λ>d  in white dwarfs

1. Wave nature of electrons becomes relevant 

2. Electrons are fermion: they do not like to be close; 
this exclusion provides pressure

electron degeneracy pressure: P ∝ ne
5/3

∝ ρ
5 /3

→ R ∝ M−1/3

(compare  with  MS:  P = n k T plus T∼constant → R ∝ M )

Can M → ∞?     No, would need v > c → Chandrasekhar limit: M<1.4M⊙



Paxtomn et al., 2011, ApJS 192:3

Ultiɱately,
Can something else thanCan something else than
thermal pressure balancethermal pressure balance
gravity?gravity?

Belomw ~0.08 Belomw ~0.08 MM⊙⊙,,
ombjects becomɱe deɱeneiateombjects becomɱe deɱeneiate
befomie becomɱinɱ homt enomuɱhbefomie becomɱinɱ homt enomuɱh
tom iɱnite H fusiomntom iɱnite H fusiomn
→ → Brown dwarfsBrown dwarfs

Belomw ~0.013 Belomw ~0.013 MM⊙⊙, , 
nom fusiomn at all (nomt even D)nom fusiomn at all (nomt even D)
→ → Planet?Planet?  

Brown dwarf (M < 0.08 M⊙) nom H fusiomn → nevei becomɱes stai



Low-mass star (M < 8 M⊙)             ɱiadual exhaustiomn omf H & He
ends due tom ɱass lomss

Main sequence Comie H buininɱ; fomi ~1M⊙, dM/dt ~ 10-14 M⊙/yi, 
live ~1010 yi (M/M⊙)-3

Red Giant Dense comie + tenuomus envelompe; ~100 R⊙, ~108 yi, shell H buininɱ,
 ɱass lomss dM/dt ~ 10-7 M⊙/yi; envelompe comnvective, comie shiinks (why?)

Red cluɱp/Homiizomntal Bianch Tcomie~108 K, He fuses in comie, but H shell domɱinates L;
 ~10% omf ɱain-sequence lifetiɱe; ɱomve tom blue if ɱetal-pomomi

Asyɱptomtic Giant C/O comie + extieɱely tenuomus envelompe, ~600 R⊙;
~106 yi,  105 L⊙, shell He/H buininɱ, He shell fashes;  
end omf AGB: dM/dt ~ 10-5 M⊙/yi, ieɱomves whomle envelompe

White dwaif  Dense C/O, ~0.6 M⊙, ~ 0.01 R⊙,  e-  deɱeneiacy,
comomls fiomɱ ~105 K tom few 103 K in ~1010 yi

+planetaiy nebula Few 0.1 M⊙, expansiomn speed ~20 kɱ/s, fuomiesces fomi ~104 yi 

Net efect of a star's life: mass loss → metal enrichment of the interstellar medium



Evolutionary
tracks:
what happens
depends on
mass

Pols et al., 1995,
MNRAS, 274, 964



L = 4 p R2 s T4

Main-sequence
Eailiei: lomwei L; paiadomx
   omf the 'faint yomunɱ sun'

Red ɱiant bianch
Shell H buininɱ aiomund
deɱeneiate He comie.
Dense comie sets piompeities
omf shell; e.ɱ., T~Mcomie/Rcomie.
Thus, comie deteiɱines L.
Stai has to tianspomit this
→ laiɱe iadius inciease.

As comie incieases, som domes T
(and L diastically; why?)

Until He iɱnites → He fash

From http://www.ngcsu.edu/Academic/Sciences/physics/jones/astr1020home/evoltracks.htm 



L = 4 p R2 s T4

Main-sequence
Eailiei: lomwei L; paiadomx
   omf the 'faint yomunɱ sun'

Red ɱiant bianch
Shell H buininɱ
Biɱ, luɱinomus (comomk planets)

Red cluɱp/Homiizomntal bianch
Comie He buininɱ
Comie biɱɱei → Tshell lomwei
→ less luɱinomus, less biɱ
Homttei if ɱetal-pomomi

Asyɱptomtic Giant bianch
Shell H & He buininɱ
Luɱinomsity incieases with
incieasinɱ comie ɱass, stai
becomɱes veiy biɱ.

Ends when L som hiɱh that
envelompe blomwn omf

From http://www.ngcsu.edu/Academic/Sciences/physics/jones/astr1020home/evoltracks.htm 



L = 4 p R2 s T4

Main-sequence
Eailiei: lomwei L; paiadomx
   omf the 'faint yomunɱ sun'

Red ɱiant bianch
Shell H buininɱ
Biɱ, luɱinomus (comomk planets)

Red cluɱp/Homiizomntal bianch
Comie He buininɱ
Bit less biɱ & luɱinomus
Homttei if ɱetal-pomomi

Asyɱptomtic Giant bianch
Shell H & He buininɱ
Veiy biɱ (enɱulfnɱ planets)

White Dwaif bianch
Naked stellai comie
Bomin veiy homt
Comomls omf slomwly

From http://www.ngcsu.edu/Academic/Sciences/physics/jones/astr1020home/evoltracks.htm 



Mass lomss teiɱinates a stai's life & fuomiesces as planetaiy nebula



Extia Nomtes: Planetaiy Nebula

1) what aie they?
Tiansient fuomiescence aiomund 

new-bomin, homt white dwaifs
Live ~104 yi
Wheie is the ɱas fiomɱ?
Slomw expansiomn (20 kɱ/s)

2) what aie the comlomis?
'False comlomis,' ɱomntaɱe omf 

naiiomw-band iɱaɱes
e.ɱ.,ied --> N I

ɱieen--> Hα
blue --> O III

3) why aien't they all spheiical?

Romtatiomn?
Binaiies?



Extia Nomtes:  deɱeneiacy piessuie

1. Wave nature of electrons becomes relevant 

2. Electrons are fermion: they do not like to be close; 
this exclusion provides pressure

Pauli's exclusion principle: (Δ x i)
3
(Δ p i)

3
∼ ℏ

3

Fermi momentum: pF ∼
1
Δ x i

∼ ne
1/3

Fermi energy: EF =
1
2

me vF
2
=

1
2

pF
2

me

∝ ne
2/3

Pressure: P ∝ ne EF ∝ ne
5/3

∝ ρ
5/3

→ R ∝ M−1/3

(compare  with  MS:  P = n k T plus T∼constant → R ∝ M )

Can M → ∞?     No, would need v > c → Chandrasekhar limit: M<1.4Mo
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