
G r av i t y i n t h e Su n :
keeping the heat on

W e have seenhow the Sun's gravity holdsthe planetsin their orbits. The In this chapter: we learn how the
Sunholdsitself up. The key is
anotherdiscoveryof Einstein,that
light actuallycomesin packets
calledphotons. Theseform a gas
that helpssupportthe Sun. Photons
moverandomly in the Sun, taking
millions of years to getout. We
computethe structureof the Sun,
andlearnwhy stars andplanetsare
round, while asteroidsandcomets
arelumpy. Finally westudy the
vibrationsof the Sun,which reveal
the detailsof the Sun's interior to
astronomers.

Sun'sgravity alsoholdsitself together. Likeall stars,theSunisaseething
cauldron,its centerahugecontinuoushydrogenbombtrying to blow it-

self apart,restrainedonly by the immenseforceof its own gravity. In this chapter,
we will seehow the Sun hasmanagedto maintain an impressivelysteadybalance
for billions of years. In the courseof our study, wewill learnabouthow light carries
energyandwewill build acomputermodelof the Sun.

Su n b u r n sh ow s t h at l i gh t com es i n p ack et s, cal l ed p h ot on s
TheSunglowssobrightly becauseit is hot. Wecaninfer just how hot it is from its

In this section: to understand
stars, andin particular the Sun,we
�r st learn aboutphotons:packetsof
light whoseenergyis proportional
to their frequency. The simple
phenomenonof sunburn illustrates
the way photonsbehave. The idea
of a photonwas�r st introducedby
Einstein.

color. Thecolorandtemperatureof theSunarerelatedto eachother in just thesame
way asfor hot objectson the Earth. For example, watch the burner of an electric
stoveasit getshotter; it changesin color from blackto red. It won't get any hotter
than red-hot. But if you watchobjectsin areally hot �re , suchasablacksmithuses,
you will seethem changefrom red to ablueishwhite asthey heatup.

As the temperatureof an objectincreases, the radiation it emits moves
towardshorterwavelengths, i.e. from red towardblue.

This changein color comesabout in the following way. We saw in Chapter7 that
in hotter objectsthe moleculesandatomsmovefaster. This meansthat when they
collideandemit radiation, the radiation usually hashigher energy. Now, it is a re-
markablefact,which we will explorehere, that higher-energy radiationhasshorter
wavelength:blue light is more energeticthan red. It follows from thesetwo obser-
vationsthat hotter objectstend to bebluer. � The imagebeneaththe text on

this pageis apictureof the Sun
takenby the soho spacecrafton 14
September1999, through a special
�lter. It showsasuperprominence,
the largeloopof hot gasstreaming
out of the Sun. When sucha
prominencemovestowardsthe
Earth it candisrupt communication
andelectricity supplies, andcause
aurora.TheSun is a turbulent,
violent ball of gasthat is only kept
togetherby the strong forceof its
self-gravity. Imagecourtesy
nasa/esa.

That light carries energy is obvious to everyone: the warmth of sunlight is
causedby the conversion of the energy carried by the light into thermal energy
(randomkinetic energy) in our bodies. The fact that light of a certaincolor carries
a speci�camount of energyis a deeperproperty of physics, but it canbeillustrated
with anequallycommonplaceevent:getting sunburned.

On aclearhot day, if you havesensitiveskin, it doesnot takelong to getagood
red sunburn. But if you apply a blockingsunscreenlotion, you canremain in the
samesunlight for hours without a burn. The lotion actslike a “�lter” that pre-
ventslight of wavelengthshorter than acertainultraviolet wavelengthfrom reach-
ing your skin. No matter how muchlight of other colorsreachesthe skin,no matter
how much energy in total the sunlight transfers to your skin, if it doesnot have a
short enoughwavelengthit will not do the damage. Thereis clearly somethingdif-
ferent aboutthe longer wavelengthsof light. We will seethat the differenceis that
the longer wavelengthsof light do not carry enoughenergyto setoff the chemical
reactionsin the skin that leadto sunburn.

The relation betweenthe energyand the wavelengthof electromagneticradia-
tion wasdiscoveredby Einstein. It waspart of his explanationof the photoelectric
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effect, which is ametallicversionof sunburn. It hadbeenobservedthat light falling
on certainmetalscanejectelectrons, but only if the light hasa short enoughwave-
length. This threshold wavelength dependedupon the metal. As the wavelength
of the light decreasedfurther, the electronscameout with more and more kinetic
energy.

Einstein proposedthat light actually comesin discretepackets, which we now
call photons or quanta. Eachphoton carriesa �xed amount of energy that can
be transferredto an electronor other particle if the photon collideswith it. This
energycanthen beconvertedinto kinetic energyof the electron.Einsteinsuggested
that the energy of a photon is determinedentirely by its wavelength: the shorter
the wavelength, the more energy. He then proposedthat eachmetal haswhat is
effectively an “escapespeed”causedby the attraction of molecular forcesinside
the metal, so that if the kinetic energy given to an electronby a photon were too
small, it would not attain this speedandwould thereforenot beejected. Oncethe� Physicistscall the minimum

energyfor escapethe work function
of the metal.

wavelengthof the photonwasshort enoughto givethe electronits escapespeed,the
electronwould useup a certainamount of its kinetic energyescaping, andthe rest
would turn up askinetic energyof the ejectedelectron. This is analogousto what
happenswhenspacecraftescapefrom the Earth.

This neatly explainedall the experimentson the photoelectriceffect,but it was
neverthelessarevolutionary stepin physics. Physicistshadbeenusedto thinking of
light asawave. A waterwave'senergydependson its height, not its wavelength:we
avoidswimming in theseaif thewavesarelarge, not if they havevery short spacing!
The ideathat light wavescarriedenergy in discreteamounts, which dependedon
the wavelength,meant that scientistshadto start thinking about light asif it were
aparticle. This took somegetting usedto.

But the experimentalevidencein favor of Einstein's proposalis over-
whelming, andthis so-calledwave–particleduality of light is something
that modernphysicshascometo embrace, evenif it is a little hardto vi-
sualizein concreteterms. It is a fundamentalaspectof quantumtheory.
Light behaveslike awavein somerespects, for examplewhenit refracts
or interferes, and like a particle in other respects, suchasby carrying
�xed amountsof energy.

We shall more often refer to photonsin the rest of this book than to light waves.
Photonsmakeahostof astronomicalfactseasierto understand.

The relation betweenwavelengthandenergythat Einsteinproposedis remark-
ablebecauseEinstein did not needto introducea new constantof Nature to make
the theory �t the observations:heonly neededto useonesthat werealreadyknown
to beimportant for the physicsof light: the speedof light, c, andPlanck's constant
h. Planck's constanthadonly recently beenintroducedby Max Planckto describe
the spectrumof the radiation emitted by hot bodies. We have alreadyencountered
it in Chapter7, where we saw how it plays a fundamentalrole in the uncertainty
principle. We shall introduceits importancefor light here, but defera discussionof
Planck'soriginal usefor it until westudy the colorsof starsin generalin Chapter10.

Einstein showedthat the energy carriedby a photon of wavelength �
is inversely proportional to � , the constantof proportionality being h� TheGreekletter � , pronounced

“lambda”, is standardphysics
notation for the wavelengthof a

wave.

times the speedof light c:

energyE of aphoton = hc/ � . (8.1)

This relation is describedmore fully in Investigation8.1.


