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Chapter 7. Atmospheres

In this section: we learnaboutone
of the fundamentalachievementof
physics namely the understanding
that temperaturemeasureghe
energy of the randommotions of
atoms This insight is fundamental
to understandingatmospheresnd,
in later chaptes stars

Figure 7.3. Ludwig Boltzmannwas
oneof the giants of physicsat the
transition from the nineteenthto
the twentieth century, whenthe
foundationsof modernphysics
werelaid. In Boltzmann'stime, not
all physicistsacceptedhat matter
wascomposeaf atoms. Many of
the ideasBoltzmann usedgo back
to Bernoulli, who arguedthat
pressurecouldbe causeddy the
random motion of small particles
andthat this would naturally
explainthe increaseof pressure
with temperature.But Boltzmann
put mathematicsto theseideas and
turned them into a testablephysical
theory. By doing this, Boltzmann
madea great steptoward
establishingthe reality of atoms.
Unfortunately, Boltzmann's story
is a gooddeal more tragic than that
of mostother physicists:in his
middle age ill and depressedat
leastpartly by the resistancehis
ideashad met amongolder
physicists he committedsuicide
He neverunderstoodthat he had
completelyconvertedthe younger
generationof physiciststo his point
of view, and he did not know that
his theorieswereactually on the
vergeof experimentalveri cation.
Image courtesyOsterreichische
Zentralbibliothek fiir Physik.

temperatureT, then at absolutetemperature2T andthe samepressureit will have
volume 2V.

Why there is a coldest temperature: the random nature of heat
Although the universalnature of the absolutezeroof temperaturehasbeenveri ed
overandoveragainin laboratory experimentsthere might besomethingunsatisfy-
ing aboutour approacho it sofar: we have no real explanation,no real understand-
ing of how this canbe A more satisfying explanationwasprovidedby Boltzmann,
whom we mentionedearlierin this chapter

Boltzmannwasthe principal founderandexponentof the branchof physicsthat
we now call statistical mechanics. (Other important contributions weremade in-
dependentlyby JamesClerk Maxwell —whom we will meetin Chapter1l5—andby
the American physicistWillard Gibbs 1839-1903) Boltzmannshowedthat all the
known propertiesof simple gases<ouldbe explainedif onetook the view that agas
wascomposedf atomsthat movedrandomly aboutinside a container frequently
colliding with eachother andwith the walls of the container He showedthat pres-
sure wasthe result of the forcesof all the small atomshitting the walls randomly.
To makehis calculationwork, he neededo makeonly onesimpleassumptionabout
the relationship betweenthe averagekinetic energy of anatomin the gas K aq
andthe absolutetemperature:

amv2 = ¥kT,

ag

K (7.3)

avg =
wherewe have usedEquation6.8on pageb4,the de nition of the kinetic energyfor
an atom of massm. The constantk is calledBoltzmann's constant andit hasthe
value

k=138 10%kgm?s?K 1,

Equation7.3is the quantitative form of the relation betweentemperatureand ki-
netic energy that | referredto at the beginning of this chapter We study Boltz-
mann's argumentin more detailin Investigation7.2on page78.

The ideathat kinetic energyshouldbe proportional to temperaturewasnot just
an arbitrary assumption.What Boltzmannshowedwasthat when alargecollection
of atomsmove and collide randomly, they tend to shareout their kinetic energy
equally:whenarapidly moving andaslowly moving atomcollide they usually both
bounceoff with speedsomewheren between. This is sosimilar to what happens
when hot and coldbodiesare placednto contact,that Boltzmanndrew what wasto
him anobviousconclusiontemperatureessentiallyis the kinetic energyof atypical
atom of the gas

This leads of coursg to a simple explanationof why bodiesin contacttend to
approachthe sametemperature:their atomsat the point of contacttend to share
energy andwhen they collidewith atomsbehindthem insidetheir respectivebod-
ies this sharingtendsto makeall energies— henceboth temperatures— the same
Moreover, andthis is whereour realinterestis in this section,Boltzmanngivesus
a natural explanationfor absolutezero: absolutezerois the temperatureat which
thereis no longer any randomkinetic energyinsidethe body. At absolutezero,all
the atomsare perfectly at rest with respectto eachother. The factthat this lowest
temperatureshouldbethe samefor all bodiesis obviousin this picture.

Why doesabsolutezeroleadto zerovolume? Rememberthat in Charles'law
the pressureis held constant,sothere is always somepressurefrom outsideon the

The use of angle brackets --- g is a conventionalnotation for a statistical average (also called
the mean) over a large number of random events. In this casethe averageis over random motions of
molecules.



