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How long do stars stay on the Main Sequence?

 Stars spend most of their lives on the
Main Sequence and fuse H to He

0,10 21012

. . . 0,50 21011
 Lifetime depends on birth mass: 075 2. 1010
. Enuclear M A g=2 ot 1-10%
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— larger mass results in shorter €0 34106

lifetime on MS

Lifetime on Main Sequence as a function of mass
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Low Mass Evolution for M > 8 M

* Hydrogen in the core is exhausted
— energy production via pp cycle stops

* T high enough for H shell burning
— Helium core grows
— HRD: star moves to right (cooler T)

* When reaching the Chandrasekhar limit the
He-core contracts

— the envelope expands and the star cools down
— Sub Giant Branch (SGB)




Low Mass Evolution for M > 8 M

« T~5000 K: opacity of the envelope increase
— Convection sets in

— Luminosity increases dramatically

Post-AGB

S upe\‘w \nd

PN formation

First He shell flash —

e Core continues to collapse
— L and P in shell increases

— outer layers become convective

Logyo (L/L;)

emp Aym-did

e Staris not longer in hydrostatic equilibrium
— envelope expands and cools down

 HRD: star moves up the Red Giant Branch (RGB)

To white dwarf phase

-— Log((7,)
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When does Helium ignition start?

* End of RGB: T_,,. is high enough for triple-a process @\ @\
s

— core must be degenerate for high densities \

<
E

* Nuclear runaway: Helium flash Y —
— energy removes electron degeneracy @ Neuton
. ] helium fpsing into
* He core burning and H shell burning earbonin core

e Star starts to fuse He to Cin its core
— Lifetime as red giant ~ 10% of MS lifetime

hydrogen-burning
shell

Credit: Pearson Education Inc.
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Late Burning Phase for M < 8 M

* Core runs out of He, it stops producing energy
— begins to collapse again

Ly=1940L,
T, =5770K

* Inert C core, He and H shell burning

e Star moves up the Asymptotic Giant Branch (AGB)

* Shell burning occurs not simultaneously
— changing thermal pulses
— outer layers of the star are ejected

* Mass loss increases, until the entire envelope is ejected




Final Stage for Low Mass Stars with M < 8 M,

e Star is not massive enough to ignite C core

* Ejected shells with hot exposed cores
— planetary nebula phase

* C/O white dwarf remains

* Some stars at the higher end of this phase can burn C

— O Ne Mg white dwarfs Main Sequence 9-10°
Subgiant 3-10°
Red giant 1-10°

AGB evolution ~5-.10°

PN ~1-10°

WD cooling > 8-10°
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White Dwarf Stars in M4

HST - WFPC2

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



High Mass Evolution for M > ~8 M

* Collapsing He core reaches T for triple-a process
— He burning begins when core is not-degenerate (lower density)
— no helium flash

* He burning stops when core is converted to Cand O
— core begins to collapse and He burning shell ignites outside the core

* This pattern of core ignition and shell ignition continues
— lead to a ,,onion-skin® layering of nuclei nonlburring hydrogen

hydrogen fusion

helium fusion
Heating up inert carbon fusion
\ iron core
ﬁ
urnig
/ oxygen fusion
Core neon fusion
exhausted
~silicon fusion Credit: Pearson Education Inc.

magnesium fusion



Later Burning Phases

* Heavier elements are built up until Fe core is formed
— The core is surrounded by a series of shells at lower T and lower p

* Nucleosynthesis of elements above He is less efficient
— the reactions occur at greater rates so radiation pressure can balance gravity

o Required

8 Temperature
g [K]
g Hydrogen (MS) 4107 10 - 10° 7 -10°
2 ° Helium 2-108 2-10° 5-10°
S 4
£l Carbon 6108 2000 600
5 .| Neon 1,2 -10° 0,7 1
g 1 Oxygen 1,5-10° 2,6 0,5

o lH’

o

30 60 9 120 150 180 210 240 270 Silicon 2,7 - 10° 5.102 3.10°3

Number of nucleons in nucleus



* Fe-core reaches 1,4 M (Chandrasekhar-limit)
— degeneracy pressure can no longer resist its

own gravity

Core Collapse!

* Collapse begins

— Temperature rises, but Fe can‘t fuse

* Fe nuclei breaks down because of

photodesintegration

* Inverse B-decay occurs, requires 1,3 MeV for

each reaction

p+e —-on-t+v,

" « ‘He nuceli
Neutrons, @
© "o,
“ %
Energetic ®.
photon '
. o
"
' "

Credit: Swinburne Uni\./ersity of Technology

56Fe+)/—>13 *He + 4n
*He +y - 2p + 2n




Supernova

e Core collapses from under the rest of the star
— outer layers start to fall inwards and hit surface of core

e Quter layers , bounce” of and are again ejected out
— creates shock wave which pushes back the envelope

* shock wave smashes outward through the star—v ~ 0,1c
— explosive nuclear fusion takes place behind the shock (r-process)
— shock heats and expands the layers of the star

* The light increases as the surface area of the ball of gas increases



Neutron Star or Black Hole?
NS with M < 3 M 5:

* Neutron degeneracy sets in — resists gravitational pressure

* Whole core is like one giant atomic nucleus
— Neutron star has been born

NS with M > 3 M

* Mass of NS reaches Tolman—Oppenheimer—Volkoff limit
— corresponding to the Chandrasekhar mass

* neutron degeneracy pressure is unable to balance self-gravity

* Upper limit is less than ~ 3 M
— above this limit, NS will collapse to a black hole

Credit: EHT Collaboration



EVOLUTION OF STARS

Planetary Nebula

Small Star Red Giant

White Dwarf
- ‘ .
-8 Mg
par .3 : Red Supergiant
‘ Large Star
'
Stellar Cloud
with

Protostars

IMAGES NOT TO SCALE ~ Black Hole
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Main Sequence Mass-Luminosity Relation

* For MS stars a direct relationship between mass M and luminosity L is observed

=" A L~ M“
End of % /\

'z—, il Main Sequence %75 st L ¥ M 1.6
,j' o 2<  Main Se equence
%,
o ' 3.1
z f L~M 100 1,6
10 3,1
P ‘/ 'v\ 1 4,1

o L~M 47 ] 0,1 2,7

'. IM : (; .‘_). L (‘) S ()4!') e | === 14:‘) - g
Log Mass [Solar Units Credit: Ay20
L~M27 |

* it is possible to estimate the mass of a star by the observed luminosity



Main Sequence Mass-Radius Relation

I ' | ' |
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-1.0 -0.5 0.0 0.5
log M
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* fairly tight for stars with M < 0.9 M, but
large at higher mass because of stellar
evolution on the Main Sequence

R o« M“%

0,2 - 1;4 019
1,4 — 30 0,6

* Mass-Radius Relation implies that
p— X M1—3a

— stars are less dense with increasing mass



Comparison of Luminosity and Radius to the
Lifetime of the Sun

The Sun’s Radius

The Sun’s Luminosity 100 =
10,000 g helium  planetary nebula . present radius planetary nebula
) - flash s - of Earth’s orbit
w - 3 - === ——=————= ” pnttatt et il | Ed—
*Z‘ L] 2 - helium/
© E thermal |5 E flash
) i pulses e 10[ _ . thermal
% 100 = wanEien 15 6 l, c?ntractlon / ' pulses
O - . % of protostar
E - |contraction white dwarf 0 ’
< 10 g|of protostar = E
g7 E ) s leaves main
O - = L
£ 1L sl “leaves main s 1 . L
=) E now sequence E transition to
B & now white dwarf
L b L 8 LU SR 5 p gt i f L l'"''""I"1111111111111||ll,l|l
0 5 10 12,1 12.2 12.3 123650 12.3655 0 5 10121 12.2 12.3 12,3650 12.3655
the Sun’s age (billions of years) the Sun’s age (billions of years)

a Changes in the Sun’s luminosity over time. b Changes in the Sun’s radius over time.



Comparison of Stellar Evolution for Low and
Intermediate Mass Stars

: Evolution of a 5 M= star
Evolution of a 1 M« star
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Stellar Evolution for High Mass Stars

1 I

6.5 S~

6.0} 85 M. ,

3.5 Ye=0

MODELS WITH
MASS LOSS AND

4.5-—1

4.0 | { | 1 |

5.2 5.0 . 48 46 : 44 4.2 4.0 8 3.6
Credit: Maeder & Meynet (1987, A&A 182, 2433 log Teff

The shaded regions correspond to long-lived evolution phases on the Main Sequence and during He core burning




Helium Flash for M < 2 M@

e stars undergo He core flash instead of regular

He burning | »
— cores of low mass stars are more dense
than of those high mass stars 5

ol Surface

-3

* Contracted Core is so dense that it cannot be
described as an ideal gas
— degenerate gas, in which Pis only depending L. _ o |
onpbutnotonT Time (in 107y)

* When triple-a process starts He ignites as thermonuclear runaway
— rising T does not raise P and does not cause an expansion of the burning zone



Helium Flash for M < 2 M,

* mechanism of hydrostatic burning is not ! -
wqumg anymore and He burning proceeds 0000 I e =
quickly to high T N Horzontal N _ flash
O:;, \bran\ J}g QO Re
. . _ 100 "3% L
* Very high T lift the degeneracy of the gasand £ - s, S et
its equation-of-state becomes T dependent 5 - \Q"@/v% o/ 10Ro
. @ ™,
again very suddenly > 1T N 758> Subgiant
§ N \branch
g ™~ 8
. . . 3 0
* This causes an explosive expansion of the 0.01 3 = | Ro
outer core, also ejecting the outer layers of the ™~ L
star as a planetary nebula 0.0001 - 0.1 Ro
- | | |
— mass loss because of He flash o — p— p—

Surface temperature (K)



Later Burning Phases for M > ~8 M

* C/O core has shrunk — core temperature increases
— C burning ignites at T~6 - 108 K

20 4
Ne + “He
ey 12¢c 5 { }

“3Na + p

* Neon burning follows (not O!) at T~1,2 - 10° K
— photodegradation occurs for the first time and leads to the formation of
heavier nuclei

“ONe +y - °0 + *He
“ONe + *He — 24Mg +y



Later Burning Phases for M > ~8 M,

* O burning occurs when tempature reaches T~1,5 - 10° K

°0 + °0 - “°si+ “*He
« *He nuclei build up heavier nuclei by successive capture reactions
28Gj — 325 4 Y
*He +<{ 325 - 3%Ar +vy ;andsoon...

AT —» *0Ca + Y

hydrogen fusion

* Advanced burning phases lead to a
,onion-skin“ layering of nuclei

* Inert Fe/Ni core has formed



M/M@ SIGNIFICANCE

NO 2D FUSION (= "PLANET")
o0s
‘ 2D FUSION (BROWN DWARF)
1
0.085 * e B ~ NO MAGNETIC
‘ 'H BURNING, PP-CHAINS N ’ ACTIVITY
/7 | DYNAMO, MAGNETIC
COMPLETE MIXING p. ACTIVITY
0.30
CORE ENVELOPE RGs
s — T=Thubble He WDs
RADIATIVE ., CONVECTIVE ‘
’ PP ’uem\su ’ CORE ENVELOPE
1.50 _
* CNO *NOH:PLASH‘
c T P CARBON WDs
MAKE CLUMP OR NO WINDS SEEN IN UV,
AGB STARS ’ SOFT X-RAY
5.0
NOCLUMPOR AGB STAR POWERFUL HOT WINDS
DURING CORE HE BURNING ‘ N!
__________________________________________ Zepysion U0 ME
8.0 ’mmuvm.wo-
) SUPERNOVAE, NEUTRON STARS
‘ i s VERY UNCERTAIN, FUNCTION OF M, COMPOSITION, ROTATION, ETC.

~25 ‘ BLACK HOLES




