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Irreversibility is

generally the norm,

not the exception,

to the way ordinary

matter behaves,

and there are

certain directions

of change that we

know instinctively

are allowed and

certain others that

we know are not.
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Plus »ca change ...

For the king of Corinth who was condem ned forever
to rolla large rock repeatedly up a hillonly to have
it rolldown again when he had reached the sum m it,
itwould have been naturalto conclude thatthe m ore
thingschangethem orethey stay thesam e.Butoutside
thepagesofGreek myth,theworld doesn'tquitework
thisway.M oreoften than not,them orethingschange
the m ore they becom e di®erent. A balloon ¯lled with
a coloured gas,forinstance,willrelease itscontentsto
theairin a room assoon asitsm outh isopened orits
skin punctured,butan em pty balloon in thesam eroom
with justthesam eam ountofcoloured gaswillnever¯ll
up with the gason itsown. Irreversibility isgenerally
thenorm ,nottheexception,tothewayordinarym atter
behaves,and therearecertain directionsofchangethat
weknow instinctivelyareallowedandcertainothersthat
weknow arenot.W hy should thatbe? Afterall,trans-
form ationsbetween di®erentkindsofm atterultim ately
involve nothing m ore than the rearrangem entofatom s
and m olecules,and thatrequiresjustthesam eexpendi-
tureofwork in onedirection asitdoesin another.W e
know thisbecausethetotalsupply ofenergy in theUni-
verseis¯xed and unchanging,soifsom eofitisused up
atpointA,exactly thesam eam ountwillbereturned at
pointB.Neverthless,em ptying a balloon iseasy,¯lling
itup ishard.M ererespectfortheconstancy ofenergy
isapparently notenough to preventnature'spreference
forcertain directionsofchangeoverothers.W hatthen
is?

The answer lies in the properties of a quantity that
though wellknown is often not wellunderstood. W e
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shallnow try tolearn whatthatquantity isand whatit
tellsusaboutthedirection ofnaturalchange.

D ē nitions

Ifwe're interested notso much in de°ating balloonsas
in any kind ofphysicalprocess,weneed a m oregeneral
set ofterm s to describe the changes it m ay undergo.
It's convenient therefore to refer to any object whose
behaviorwe'reinterested in asa system and everything
else as its surroundings,the two being separated by a
boundary,whichwe'llunderstand tom ean abarrierthat
lim itsthedegreeofcontactbetween them .

System and surroundings generally have physicalat-
tributesthatwecan perceiveorthatcan bem adeper-
ceptible by certain m ethodsofm easurem ent. A listof
these attributes (or properties) tells us what state the
system or surroundings is in. It's often a m atter of
judgem ent how big this listhasto be before we know
enough to identify thestateunambiguously.

In the exam pleofthe in°ated balloon,we can think of
thecoloured gas(brom ine,say)asthesystem ,theskin
oftheballoon astheboundary and theroom asthesur-
roundings.System and surroundingsboth havedē nite
physicalattributesthatwhen catalogued providea pre-
cise description ofeach. For the system ,it would be
enough to say thatitwasm adeup ofthegasbrom ine,
thatthegaswasata certain tem peratureand pressure,
and thatitweighed so m any gram s.Thatlim ited infor-
m ation would beenough forsom eoneelsein som eother
part ofthe world to faithfully recreate the conditions
thatdē nethe kindsofchangeswe'reseeking to m oni-
tor. M orever,by m aking the room big enough,and by
sealing ito® from alltheotherroom sin thehouse,we
can essentially guarantee thateverything thathappens
beforeand afterwehavepunctured theballoon happens
wholly within the con¯nes ofthe room ,and nowhere
else.In e®ect,system and surroundingsin thisinstance

System and

surroundings

generally have

physical attributes

that we can

perceive or that

can be made

perceptible by

certain methods of

measurement. A

list of these

attributes (or

properties) tells us

what state the

system or

surroundings is in.
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The number of

microstates that

correspond to or

are consistent with

a given macrostate

is usually called

the degeneracy or

the multiplicity of

the macrostate.

constituteacom positesystem thatisclosedwith respect
totherestoftheuniverse.Thecom positesystem isin a
certain stateX beforetheskin oftheballoon isopened,
and it'sin a certain stateY thereafter.

Expressed in these term s,the problem ofwhy a ¯lled
balloon spontaneously de°atesisreally the problem of
why a closed com posite system is driven to a dē nite
new equilibrium statewhen an internalconstraintisre-
m oved.

M icroscopic vs. M acroscopic

But we're no closer to solving the problem . It turns
outthatto m akefurtherprogress,weneed to say m ore
about the system at the m icroscopic level. It's not
enough todescribethesystem solelyin term sofproper-
tieslike tem perature and pressure and volum e,even if
thatdescription happensto be com pleteatthem acro-
scopiclevel.Butwhatconstitutesam icroscopicdescrip-
tion ofthe system ? The technicalanswer is its phase
space,but it's sim pler to think about this question in
term sofanalogies.

Consider,forexam ple,a setof3 dice.Each diehasbe-
tween 1and 6pipson itsfaces.W hen thedicearerolled
together,the system of3 dicecan besaid to producea
dē nitem icrostatein which the¯rstdieshows,say,a5,
thesecond showsa3and thethird showsa6.Thereare
clearlyatotalof6£6£6suchm icrostates.Som eofthose
m icrostatesm aybeofgreatersignī cancethan othersin
certain gam esofchance.Ifthediceshowedatotalcount
of,say10,forexam ple,aplayerm ightwin acertain sum
ofm oney. There are obviously farfewer ofthese spe-
cialthrowsthan the216combinationsthatarepossible.
The specialthrows(where the totalnumberofpipsis
predeterm ined)can bethoughtofasm acrostatesofthe
system ;they represent a bulk property ofthe system
in thatthey are unconcerned with which die haswhat
numberofpipson itsfacesolongasthetotalworksout
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Table 1. The states of a sys-
tem of 3 dice. Microstates
are shown in the first col-
umn; they are the detailed
dice configurations show-
ing the number of pips on
each die. Macrostates are
shown in the second col-
umn; they correspond to
the total of the three dice in
the first column.The degen-
eracy of a given macrostate
is shown in the third col-
umn. The probability of
throwing a given total is
shown in the fourth column.

tobesom edē nitenum ber.Thism eans,ofcourse,that
while there isjustthe single m acrostate corresponding
to the total10,there are quite a few m icrostatesthat
could produce it. 6,3,1 isone;4,4,2 isanother;and
2,5,3 isa third. Thenumberofm icrostatesthatcor-
respond to orareconsistentwith a given m acrostateis
usually called the degeneracy orthe m ultiplicity ofthe
m acrostate. Table 1 liststhe m icrostatesthatproduce
them acrostates3,4and5,alongwiththecorresponding
degeneracies.

It's no surprise that these m acrostates don't allhave
thesam edegeneracy.Thatm eansthatany given throw
of the set of 3 dice is m ore likely to lead to certain
m acrostatesthan theyaretoothers.Thisnotion oflike-
lihood can bem adem orepreciseby dē ning theproba-
bilityofproducingagiven m acrostate,p(x),astheratio
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ofthedegeneracyofthatstate-(x)tothetotalnumber
ofpossiblem icrostates-(total).Thus,forinstance,

p(10)=
-(10)

-(total)
=

27

216
=
1

8
: (1)

Sim ilarly,p(14)= 5=72,andsoonforanyotherm acrostate
ofthesystem .Table1 also liststheprobabilitiesofob-
serving them acrostates3,4 and 5.

Interacting System s

W hathasallthisto do with naturalprocesses? Atthe
m om ent,not m uch,but the dice are m eant to repre-
sentthe particlesthatm ake up a realchunk ofm atter
(such asbrom ine gas,forexam ple),the 6 numberson
their faces are m eant to represent the internalenergy
states that these particles can be in,and the totalof
thethreenumbersism eanttorepresenttheenergy that
a bulk sam ple ofthe gas m ight have. The analogy is
actually not allthat far-fetched,butit's by no m eans
perfect. Any bulk sam ple ofrealm atterwillobviously
have farm ore than 3 constituentparticles(itwilltyp-
ically have on the order of1023), and these particles
willhave much m ore than 6 internalstates (in¯nitely
m ore,forallpracticalpurposesbecauseofthedi®erent
electronic,vibrationaland rotationalquantum num bers
each particle m ay assum e.) M oreover,it's seldom the
case that the state ofthe system as a whole can be
specī ed m erely by specifying theinternalenergy state
ofeach particle.Thatcan only bedonewhen theparti-
clesareindependent.W hen they'renot,them icrostates
have to be specī ed di®erently,butthe di®erencesare
only a m atterofdetail,and they don'treally a®ectthe
argum entoritsconclusions.

Sowe'llcontinuetopretend that3dicewith 6indepen-
dentinternalstatesare a satisfactory representation of
a bulk sam ple ofm atter,in this case brom ine. Along
thesam elines,and afterfurthersuspension ofdisbelief,
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we'llrepresent the surroundings (the air in the room )
by a setof3 m oredice.W e'llcallthesetwo system sB
and R (forballoon and room ).Them acrostatesofboth
B and R rangefrom 3 to 18 (therebeing 63 m icrostates
thatgive rise to them ).Ifwecombined thetwo setsof
dicetoform alargersystem containing6dice,thecorre-
sponding m acrostateswould then liebetween 6 and 36,
and would beproduced by66 = 63£ 63 m icrostates.It's
convenientto think ofB and R asa com posite system
because it'sa sim ple m atterto bring togetherthe two
containersthatheld them separately before,justasthe
¯lled balloon and theroom form acom positesystem be-
cause the two can be broughttogetherby opening the
m outh oftheballoon.Butrem em berthatthecom posite
system ofballoon and room wasclosed;ifthecom posite
system form ed by B and R isto besim ilarly closed,the
totalface count ofthe dice before and after they are
m ixed m ust be the sam e. For dē niteness,therefore,
let'ssuppose thatthistotalis21,and thatbeforem ix-
ing,B isin them acrostate3and R isin them acrostate
18. This choice ofparam eters is m eant to re°ect the
disparity in energy between thecontentsofthein°ated
balloon and thoseoftheroom ,theroom accounting for
m ostoftheavailableenergy.

Itdoesn'tm atteratthispointjusthow the dicefound
them selves in these two m acrostates;it's enough that
things can be so arranged. Ofgreaterinterestiswhat
happensthereafter,when thetwo setsofdicearecom -
bined and then rolled together. M ost throws willnot
produceatotalof21,butwheneverany does,werecord
the totalfrom the three dice thatcam e from B,which
we m ay suppose have previously been coloured blue to
distinguish them from theR dice,which havesim ilarly
been coloured red.

Aswerollthedice,and jotdown totals,wewilldiscover
thatcertain m acrostatesofB com eup m oreoften than
others.That'sclearly becausethedegeneraciesofsuch
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states are larger. It's not di± cult to determ ine these
degeneracies beforehand,and they are shown in Table
2. From the table it'sa sim ple m atterto calculate the
likelihood ofthe appearance ofcertain states. As be-
fore,itissim ply theratiooffavourableoutcom estothe
totalofallpossible outcom es. These probabilities are
also listed in Table2.W hatisim m ediately apparentis
thathaving started outin them acrostatewith a count
of3,B isquiteunlikely to stay thereafterm ixing with
the room (red) dice. There are so m any m ore states
thatcorrespond to ǹot-3'thattheoddsofoneofthose
statesshowing up are so m uch higher. The state that
m ostlikelyappearsin athrow istheonewith thegreat-
estdegeneracy,whichin thepresentexam pleisthestate
in which theB dicehavea totalof10 and theR dicea
totalof11,orviceversa.Thesearethestatesthatnot
onlyhavethegreatestdegeneracy,theyarealsotheones
thatin som e senseexhibitthegreatestdegree of s̀har-
ing'ofthe initial ènergies'in B and R;R wasinitially
energy-rich and B energy-poor,butwhen thetwo inter-
act,they tend tosharethatenergy m oreorlessequally.
Theseobservationsaresum m arized in thegraph shown

        Macrostate          Degeneracy Probability

3 1 2.31 ´ 10–4

4 9 2.08 ´ 10–3

5 36 8.31 ´ 10–3

6 100 0.023
7 225 0.052
8 441 0.10
9 625 0.14
10 729 0.17
11 729 0.17
12 625 0.14
13 441 0.10
14 225 0.052
15 100 0.023
16 36 8.31 ´ 10–3

17 9 2.08 ´ 10–3

18 1 2.31 ´ 10–4

Table  2. The states of a
system of 3 blue (B) dice in
a composite system of 3
blue and 3 red (R) dice in
which the total of the 6 dice
is always 21. The first col-
umn shows the macro-
states of B, the second their
degeneracies, and the third
their probabilities.
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in Figure1,which illustrateshow theinitialstatesofB
and R,overthecourseofm any throws,willtend to be
seen m ostoften around thestateofgreatestdegeneracy.

The graph in Figure 1 showsa fairly broad m axim um ,
which tellsusthatthereareactually quiteafew m acro-
states in the vicinity ofthe true m aximum that have
quite large degeneracies them selves. How would this
picture change ifthegam ewereplayed notwith 6 dice
butwith,say,ten dice,¯ve red and ¯ve blue? To ¯nd
out,we can im agine,asbefore,thatthe system starts
out in a state where the blue and red dice have fairly
disparate totals. Let'sassum e,therefore,thatthe 5 B
dice each showsa 1,and the 5 R dice each showsa 6,
fora grand totalof35 when thedicearem ixed and all
thepipsareadded together.Sincethesystem isclosed,
thetotalsofsubsequentthrowsofthedicearerecorded
only ifthey happen to be 35. After m any throws,it
willbecom e quite apparentthatonly very rarely (and
m ay benotatallifwequickly tireofthegam e)willwe
eversee the B and R dice in the all-1 and all-6 states
they werein atthebeginning.Table3,which showsthe
numberofm icrostatesthatcorrespondtoagivenB total
when theoverallcountis35,tellsuswhy.Therearejust
so m any m ore m icrostatesthatare notall-1 thattheir
chancesofbeing observed areso much greater,exactly
thesituation wefound forthesystem of3red and 3blue
dicewhen thetotalfacecountwas21.Butnow thereare
even m ore m icrostatesthataredistinctfrom theinitial
con¯guration thatit'seven m oreunlikely than wasthe
casewith 6 dicethattheuniquestarting statewillever
reappearduringthecourseofthegam e.Them icrostates
thatarelikely tobeseenarethosethathavecom parable
totalson the B and R dice. The im plication,again,is
thattheinitialstatetendstoevolvetowardsacondition
ofm axim alsharing ofthe available ènergy'ofthe two
setsofdice.

W e could continue in thisfashion to look atotherstill

Figure 1. A graphical de-
piction of the data in Table
2. The numbers in the first
column of  Table 2 are
shown on the x-axis (as the
‘energy’ of  B), and the num-
bers in the second column
are shown on the y-axis.

The initial state

tends to evolve

towards a

condition of

maximal sharing of

the available

‘energy’ of the two

sets of dice.
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M acrostate D egeneracy Probability

5 1 2.28£ 10¡ 7

6 25 5.69£ 10¡ 6

7 225 5.12£ 10¡ 5

8 1225 2.79£ 10¡ 4

9 4900 1.11£ 10¡ 3

10 15876 3.61£ 10¡ 3

11 42025 9.56£ 10¡ 3

12 93025 0.0212
13 176400 0.0401
14 291600 0.0663
15 423801 0.0964
16 540225 0.123
17 608400 0.138
18 608400 0.138
19 540225 0.123
20 423801 0.0964
21 291600 0.0663
22 176400 0.0401
23 93025 0.0212
24 42025 9.56£ 10¡ 3

25 15876 3.61£ 10¡ 3

26 4900 1.11£ 10¡ 3

27 1225 2.79£ 10¡ 4

28 225 5.12£ 10¡ 5

29 25 5.69£ 10¡ 6

30 1 2.28£ 10¡ 7

Table 3. The states of a
system of 5 blue dice in a
composite system of 5 blue
and 5 red dice in which the
total is 35. The three col-
umns in this table have the
same meaning as the cor-
responding columns in
Table 2.

largersystem s,(system sthathad on the orderof1023

dice,forinstance),and in allthesecaseswewould ¯nd
thatthenew equilibrium statethatacom positesystem
tendstoevolvetointheabsenceofaninternalconstraint
istheonewith thelargestdegeneracy and thegreatest
degree ofspreading and sharing ofthe energy. Indeed,
with 1023 dice,the graph ofenergy versus degeneracy
analogoustoFigure1would beasinglesharp spikewith
nextto no thicknessatall,re°ecting thenear-certainty
ofany initialstateeventually ending up { undercondi-
tionsofconstanttotalenergy { in oneoftheclusterof
stateswith thelargestdegeneracies.
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A Second Law ofN ature

Theaboverem arksarecertainly trueofthedicein our
im aginary gam e ofchance,butthere isno reason why
theyshouldn'tbetrueofgasparticles,forinstance,orof
m oleculesin a liquid,orofany oftheotherconstituent
elem entsofthem atteraround us.Theseelem entsm ay
bemuch sm aller(by far)than dice,and they m ay have
m orecom plicated internalstates,and they m ay notall
beindependentofeach other,butaswe'vesaid before,
theseareonly pointsofdetail:thebasicargum entstays
the sam e. So we can alm ost certainly assertthatany
closed com positesystem thatchangesitsstateafterthe
rem ovalofan internalconstraintendsup in thestateof
greatestdegeneracy.(W em aynotknow how tocompute
thisdegeneracy,butthatdoesn'treally m atter.) Since
the Universe representstheultim ate closed system (by
dē nition there'snothing beyond it),we can enunciate
thisprinciplesom ewhatm orepithily asthe m ultiplicity
ofthe Universe increases. M ultiplicitiesin generalare
huge num bers,however,and in actualcalculations,it
would be m oreconvenientifthenumbersweresm aller;
one way to ensure this is to use the logarithm ofthe
multiplicity asthem easureoftheextentofdegeneracy.1

Thisquantity,whenm ultipliedbyasuitableproportion-
ality constantk,hasa specialnam e: entropy. M athe-
m atically,thedē nition ofentropy reads

S = kln- ; (2)

wherek istheproportionality constantthatgivesS the
unitsthatm akeit c̀om patible'with certain otherprop-
ertiesofthesystem ,likeitsenergy and tem perature.In
term softheentropy,then,ourputativelaw ofnatureis
thestatem entthat

Theentropy oftheUniverseincreases

So here¯nally istheexplanation ofnature'spreference
forcertain directionsofchange:sheselectsthosedirec-
tions that produce an overallincrease in the entropy.

So we can almost

certainly assert

that any closed

composite system

that changes its

state after the

removal of an

internal constraint

ends up in the

state of greatest

degeneracy.
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The ¯lled balloon that spontaneously de°ates does so
because there are so m any m ore states in which the
m oleculesofbrom ineareinterspersed m oreorlessuni-
form lyam ongstthem oleculesofairthantherearestates
in which thebrom ineiscon¯ned to a sm allpartofthe
room .Theselatterstatesaren'tforbidden;theyaresim -
ply overwhelm ingly im probable.

Entropy isoften said tobeam easureofdisorder,which
is a fairly usefulway ofthinking about this quantity,
butitcan be m isleading,because disorderisoften un-
derstood to referto spatialdisorder. Consider,forex-
am ple,two equalvolum esofthesam egasattwo di®er-
enttem peratures.W hich would you say hasthegreater
entropy? Theidea ofentropy asdisorderdoesn'treally
helpheresinceinbothsam plesofgasthem oleculesseem
torush around equally chaotically,with neitherexhibit-
ing any obviously greaterdegreeofspatialrandom ness.
Buttheinterpretation ofentropyastheextentofdegen-
eracytellsusatoncethatthegasathighertem perature
hasthegreaterentropy because ithasm ore waysthan
theothergasofdistributingthetherm alenergyavailable
toitam ongsttheinternalenergystatesofitsm olecules.
On the basis ofthe disorder interpretation,one m ight
also be tem pted to conclude that a beaker ofcrushed
icehasm oreentropy than a beakerofthesam eam ount
ofliquid water,butofcourseonewould bewrong.The
greaterdisorderofthecrushed iceisonly apparent;itis
thefargreaterdegeneracy { f̀reedom ',looselyspeaking,
ratherthan disorder{ ofthe liquid thatisthe crucial
elem entin theanalysis.On theotherhand,ifnothingis
really im m unefrom theoperation ofthelaw ofentropy
increase,aswenow believe,why would iceeverform in
the¯rstplace,crushed orotherwise? Thereason isthat
itistheentropy changeofthesystem and surroundings
thatm ustalwaysincrease,notthatofjustone orthe
other. Ifentropy decreasesatP,ithasto increase at
Q,and by a su± cient am ount that the net change in

Entropy is often

said to be a

measure of

disorder, which is a

fairly useful way of

thinking about this

quantity, but it can

be misleading,

because disorder

is often understood

to refer to spatial

disorder.

The reason is that

it is the entropy

change of the

system and

surroundings that

must always

increase, not that

of just one or the

other.
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“One quantum notion that mystifies the novice is the ‘wave-

particle duality.’  Does light consist of a beam particles or is

it a wave phenomenon? the question is hundreds of years

old.  Newton thought light was probably a stream of par-

ticles.  Maxwell seemed to answer the problem decisively by

showing light to be an electromagnetic wave.  Yet Einstein

in 1905, demonstrated that under some circumstances light

behaves as if it were a beam of discrete particles, which are

now called photons.”

Sheldon L Glashow

Higgins Professor of Physics at Harvard University

Nobel Laureate, 1979

theentropy ispositive.(Orzero,forperfectly reversible
processes.) Keeping track ofthe entropy changesthat
occurin both system and surroundingscan som etim es
be di± cult,(especially ifthe surroundings encom pass
just about everything in the Universe),so itwould be
far m ore convenient ifthere were a way to reach the
sam e conclusionsaboutthedirection ofnaturalchange
from an exam ination ofthe system alone. Asitturns
out,thereis,butthatisanotherstory...

N otes

M uch ofthem aterialin thisarticlehasbeen taken from
Therm odynam icsand an Introduction toTherm ostatis-
ticsbyH B Callenandfrom AnIntroductiontoTherm al
Physicsby D Schroeder.
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