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Schematic Hertzsprung-Russell Diagram
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The Herztspung-RusselDiagram (HRD) was
Independentlyinventedby Herztspung (1911)
and Russell(1913)

They plotted stars' absoluteluminosity
(magnitude) versustheir temperature (colar).
Hence,thesediagramsare alsoknown as
cola-magnitudediagrams(CMD's)

They obtainedan empiricalresult{more than 20
yeas would be requiredto fully explainit.




The H-R diagramis a fundamentalempirical
result about the propertiesof stars, much like the
periodic table of the elementswas for chemistry:

chemicalelementsgrouped by similar
properties

previouslyunnoticedgroup properties
emerged

thearetical explanationhad to wait for many
decadegquantum mechanics)




(ool | [xow] | (eax]
45 8 S G~ 1 R ] 1 LT
n_u_._.ﬂ.._ O8O SO RO [T D LT TT DT DT | aET

TET h..-._”._” BHTT [+TTT i LOT 90T mﬂm SEEER TR TOEEITE T&

m.E...Hmﬂﬂmumﬂ-ﬂmmm“ A

¥ioOWe OVE OV VE

SH FTIATIA A VAT VI

|
VIA
HT

LT T BT T ET

Mendeleev(in 1869)groupedthe 65 known ele-
ments accordingto their valencyand atomic weight



The nal explanationcame50 yeas later with the
developmentof Quantum Mechanics:

atoms react with one another by shaing the
electronsin their outer shell

di erent atoms havedi erent numbers of
electronsin their outer shell

the massof an atom is determinedby the
number of neutronsand protons in its nucleus

Astronomy was in much the samestate at this
time. ..




Lord Kelvin had appliedthe laws of gravitation,
hydrostatics,and ideal gasesto deducethat the
Sun must be about 10 million degreesn its
center. But he had di cult y identifying the
energysourceof the Sun:

chemicalreactionshavetoo little energy
enoughfor  2000yeas

gravitational contraction of Sun could
provide 50 million yeas worth of energy

From geology scientistsbelievedthe Earth was at
leasta hundredmillion yeas old, so gravitational
contraction was alreadyon shakyground.




Backto H-R diagram(circa 1912)...

Most stars lie on the \Main Sequence".Sincethe
only known sourceof energyfor stars was
gravitational contraction, it was thought that the
Main Sequenceimply refresenteddi erent
evolutionay stagesof stars:

whenstars form they havehigh luminosiy
and are hot sothey are in the upper left of
the H-R diagram

they evolveby contracting, and in the
processbecomecooler and lessluminous,
movingtoward the lower right-hand carner

Thus, \early-type" stars are on the left (hotter),
while \late-t ype" stars are on the right (cooler).

Although the theary hasdied, this terminologyis
still in usetoday!




Enter 20th century physics.
Rutherfad's discoveryof the nucleus(1911)
Gamav discoveredtunnelling" e ect
Bethe and Critch eld descriled the pp chain

Weizaclker and Bethe (independently)
discoveredhe CNO cycle

Finally there was a way that hydrogen,the most
abundantelementin the universe,could be
turned into helium, with a resultinghugerelease
of energy

| stars could shine!




Understanding how and why
stars occupy certain positions on
the H-R diagram is essertially
the story of understanding

physics in a stellar context




The key points are:

stars support themselvesagainstgravity
becausethey are hot in their centers

the heat comesfrom the energyreleasedn
thermonuclea reactions

the energydi uses from the care to the
surfaceand is emitted into space

this con guration is stablesolong asthereis
an energysourcein the stella care




How doesfusionwork?

temperaturesmust be very high
(10 million degrees) sincethe particles
repel eachother electrically

the reactionrates are very sensitiveto the
temperature(/ T4;T?29)

the energyreleaseds great enoughthat the
Sun can shinefor billions of yeas




di erent positions along the Main Sequence
correspond to di erent massesof stars, not
to di erent ewlutionary status.

since more massiwe stars are hotter in their
cores,they produce much more energy:.

a 10 Mg, star is about 7000times as lumi-
nous asthe Sun

more massiwe stars have much shorter life-
times: a 10 Mg, star has a lifetime about
1/700th that of the Sun



this meansthat high-massstars are the rst
to exhausttheir fuel and leavethe Main
Sequence

if onelooks at a cluster of stars which were

all formed at the sametime, the high-mass
stars will havealreadyevolvedo the Main
Sequence

this can be usedto date the ageof the
cluster...




Clustersa very usefulbecausethe stars in them
are:

coeval (formed at nealy the sametime)

the samedistancefrom us

formed from the samecomposition of
material

This makesit easierto useevolutionay models
for them to determinethe ageof the clusterand
the starsin it




Evolution of a Sun-lik e star o the
Main Sequence



Why do stars evolve o of the
Main-Sequence?

depletedhydrogenin the care

care shrinks,becomeshotter (but not yet hot
enoughto fusehelium)

the hot core causeghe outer layersto pu
outward
{ radiusincreases
{ surfacetemperaturedecreases
{ hydrogenfusionnow occursin a shell
surroundingthe heliumcore

| the star hasbecomea \red giant"




The care continuesto contract and get hotter
until the central temperaturereaches
100 million degrees

fusion of heliumthen beginsvia the
\triple-alpha process"

He+ He+ He! C




This continuesuntil all the heliumin the care is
exhausted.

Now thereis a branchingdependingupon
whetherthe star is low-massor high-mass:

for low-massstars, their care temperatures
neverrise high enoughto fuse Carbon into
heavierelements( 600 million K needed)




for high-massstars, their core temperatures
rise high enoughto burn many di erent
elements:

element

temperature

burning time

C
Ne
O
Si

600 million K
1.2 billion K
1.5 billion K
2.7 billion K

600 yeas
1 yea
6 months

1 day




Stars heavierthan 8 M getto the point of
trying to fuseiron (Fe) in their cares

Unfartunately (?), Fe fusionabsabs energy
rather releasest

| no energysupport in core

| core collapsedn lessthan 1 second
...and then bouncesand expladesas a
supernoval




Sucha supernovaexplosionoften leavesbehinda
remnant:

a black hole

a neutron star

Black holesin isolationare virtually undetectable

Neutron stars would be aswell, exceptsomeof
them emit pulses(\pulsars")




