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Nuclear fusion 1n stars
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In addition to the proton-proton chain (see previous lecture):

CNO Cycle
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* High-mass main-
sequence stars fuse
H to He at a higher
rate using carbon,
nitrogen, and
oxygen as catalysts.

 Net result the same:
4 protons 1n; one
helium nucleus out.



Fusing 'H into “He

* Proton-proton chain
— more effective in low mass stars (lower T)

M < 1.9Mgyn
 CNO cycle
— more effective in high mass stars (higher T)
M > 1.5Mgyn

Sun 1s about 90% proton-proton; 10% CNO cycle.



Main Sequence Stars

* Obey scaling relations

B1V
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» Mass-Radius relation | N
— more massive stars are
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* Mass-Luminosity relation 1hy,
Lifetime 10" yrs
— more massive stars are .
brighter (LJ.::I:??D “yrs

Main-sequence stars (to scale)



Mass-Luminosity Relation
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Mass-Luminosity Relation

L oc M*

* more massive stars much brighter

* use their fuel much faster
— Mass: fuel supply (E = mc?)
— Luminosity: rate of fuel usage

Mass 1s finite - the stars don’t shine forever!



Mass and Lifetime

energy(mc?)

l1feti
1 fetime power (L)

M « fuel

T X —

L « rate of fuel use



M
Mass and Lifetime: t A

Mass-Luminosity Relation. L x M*

So as mass increases, the main sequence lifetime decreases.



Mass and Lifetime

Sun’s life expectancy: 10 billion years

Life expectancy of a 10 M, , star:

10 times as much fuel,
but uses 1t 10,000 times faster

energy(mc?)

lifett
1 fetime power (L)

10 Msun
104 Loyn

lifetime(10 Mgyp) = < ) 10 billion years ~ 10 million years



For Main-Sequence Stars:
High-mass:

B1V
MM,
Lifetime 107 yrs

High luminosity

Short-lived
Large radius

Blue

AlV
Sirius 2Mg,,
Lifetime 10° yrs

Low-mass:

G2V . .
Qs i, Low luminosity

Lifetime 10" yrs

Long-lived
M5.5V .
. Proxima ., Small radius
3 Sun

Centauri
Red

Lifetime 10 yrs
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Hydrostatic Equilibrium

o out
in balance Gravity

n

Pressure and gravity Pressure I

Stars attempt to maintain equilibrium
by striking a balance between the
gravity of their enormous mass and
the pressure produced by the energy
of fusion reactions.

A main sequence star 1s in equilibrium
as Hydrogen burning supports it

against gravitational collapse.

What happens as the hydrogen runs out?



Off the Main Sequence

 Stellar properties depend on both mass and age:
those that have finished fusing H to He 1n their
cores are no longer on the main sequence.

 All stars become larger and redder after
exhausting their core hydrogen: giants and
supergiants.

* Most stars end up small and dim after fusion has
ceased: white dwarfs.



B1V
1M,
Lifetime 107 yrs

AlvV
2Mg,,
Lifetime 10° yrs

G2V
1MSun
Lifetime 10" yrs

M5.5V
0.12Mg,, i
Lifetime 10" yrs

Main-sequence stars (to scale)

Relative Sizes of Stars
from White Dwarfs to Supergiants
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Much of this learned from studying Star Clusters

Physically associated groups of stars
All the same age, the same distance away

Open cluster Globular cluster



housand loosely packed stars
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gravity
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Measuring the age of a
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luminosity (solar units)
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luminosity (solar units)
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Detailed
modeling of
the oldest
globular
clusters
reveals that
they are
about 13

billion years
old.




The life stages of a low-mass star




Life Track After Main Sequence

* (Observations of star
clusters show that a
star becomes larger,
redder, and more
luminous after 1ts
time on the main
sequence 1S over.

At the end of their
main sequence life
time - when
hydrogen 1n the core
1s exhausted - stars

ascend the red giant
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After hydrogen fuel 1s spent

* Without further fusion,
the core contracts. H
main- sequence st begins fusing to He in

. a shell around the core.
main sequence star

* As the core contracts,
temperature increases,
nuclear reaction rates
increase (1n the shell),
and the Luminosity
Increases.

star expanding
into red giant

red giant




