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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.

Binny ¥ Cherayil

P lus sa change ...

For the king of Corinth who was condem ned forever
to roll a large rodk repeatedly up a hill only to have
it roll down again when he had reached the summ it,
i would have been natural to conclide that the m ore
things change the m ore they stay the sam e. But outside
the pages of G reek myth, the world doesn 't quite work
thisway. M ore often than not, the m ore things change
the m ore they becom e diferent. A balbon ~lked with
a coloured gas, for nstance, will release its contents to
the air n a room as soon as itsm outh is opened or its
ki punctured, but an em pty balloon i the sam e room
w ith just the sam e am ount of coloured gasw illnever ~11
up wih the gas on its own. Treversbility is generally
the nomm , not the exception, to the way ordary m atter
behaves, and there are certain directions of change that
weknow stnctwvely are allowed and certan others that
we know arenot. W hy should that be? A frer all, trans-
form ations betw een dfPerent kinds of m atter ultin ately
Twolve nothing m ore than the rearrangem ent of atom s
and m okecules, and that requires just the sam e expendi-
ture of work 1n one direction as it does n another. W e
know thisbecause the total supply of energy n the Uni-
verse is “xed and unchanging, so if som e of it isused up
atpolnt A , exactly the sam e am ount w illbe retumed at
point B . Neverthless, em ptyilng a balloon is easy, ~ lling
it up ishard. M ere respect for the constancy of energy
is apparently not enough to prevent nature's preference
for certain directions of change over others. W hat then
is?

The answer lies In the properties of a quantity that
though well known is offen not well understood. W e
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challnow try to leam what that quantity isand what it
tells us about the direction of natural change.

D e nitions

If we're Interested not so mudch In de®ating balloons as
n any kind of physical process, we need a m ore general
et of tem s to describe the changes i m ay undergo.
Tt's convenient therefore to refer to any cbject whose
behavior were Interested In as a system and everything
ele as its surroundings, the two being separated by a

boundary, which weTlunderstand to m ean a barrier that
Iin its the degree of contact between them .

System and surroundings generally have physical at-
trbutes that we can perceive or that can be m ade per-
ceptible by certain m ethods of m easurem ent. A list of
these attrbutes (or properties) tells us what state the
gystem or surroundings is n. It's offten a matter of
Judgem ent how big this list has to be before we know
enough to dentify the state unam biguously.

In the exam ple of the n°ated balloon, we can think of
the coloured gas (brom Ine, say) as the system , the skin
of the balloon as the boundary and the roon as the sur-
roundings. System and surroundings both have de nie
physical attributes that when catalogued provide a pre-
cise description of each. For the system , it would be
enough to say that it wasm ade up of the gas brom ine,
that the gaswas at a certain tem perature and pressure,
and that it weighed so m any gram s. T hat lin ited infor-
m ation would be enough for som eone else In som e other
part of the world to faithfully recreate the conditions
that de ne the kinds of changes we're geeking to m oni-
tor. M orever, by m aking the room big enocugh, and by
sealing it o® from all the other room s in the house, we
can essentially guarantee that everything that happens
before and after we have punctured the balloon happens
wholly wihin the con™nes of the room , and now here
elee. Tn e®ect, system and surroundings i this instance

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.

constitute a com posite system  that is closed w ith respect
to the rest of the universe. The com posite system isin a
certain state X before the skin of the balloon is opened,
and it'sin a certain state Y thereafter.

Expressed I these tem s, the problem of why a ~Iked
balloon goontanecusly defates is really the problem of
why a closed com posite system is driven to a de nie
new equilbriim state when an mtemal constraint is re-
m oved.

M icroscopic vs. M acroscopic

But we're no closer to solving the problem . It tums
out that to m ake further progress, we need to say m ore
about the system at the microswopic kvel. It's not
enough to describe the system sokly In term s of proper-
ties ke tem perature and pressure and volum e, even if
that description happens to be com plete at the m acro-
saopic kevel. But what constitutesa m icroscopic descrip-
tion of the system ? The technical answer is its phase
soace, but it's smplr to think about this question n
term s of analogies.

Consider, for exam ple, a sest of 3 dice. Each die has be-
tween 1 and 6 pipson itsfaces. W hen the dice are rolled
together, the system of 3 dice can be s21d to produce a
de nie m icrostate n which the "rst die shows, say, a 5,
the second show sa 3 and the third showsa 6. There are
clearly a totalof6£ 6£ 6 such m icrostates. Som e of those
m icrostatesm ay be of greater signi cance than others in
certain gam esof chance. If the dice showed a totalcount
of, say 10, forexam ple, a playerm ight w In a certain sum

of m oney. There are coviously far fewer of these spe-
cial throw s than the 216 com binations that are possble.
The special throws Where the total num ber of pips is
predeterm ned) can be thought of asm acrostates of the
system ; they represent a buk property of the system

In that they are unconcemed w ith which die has what
num ber of pipson is face =0 long as the totalworks out
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to be som e de" nite num ber. Thism eans, of course, that
whik there is just the single m acrostate corresponding
to the total 10, there are quite a few m icrostates that
could produce i. 6, 3, 1 isone; 4, 4, 2 is another; and
2,5, 3 isa third. The number of m icrostates that cor-
regoond to or are consistent w ith a given m acrostate is
usually called the degeneracy or the m ultplicity of the
m acrostate. Tablk 1 lists the m icrostates that produce
them acrostates 3, 4 and 5, along w ith the corregponding
degeneracies.

Tt's no surprise that these m acrostates don't all have
the sam e degeneracy. T hat m eans that any given throw
of the set of 3 dice is more lkely to lead to certan
m acrostates than they are to others. T hisnotion of Iike-
lihood can be m ade m ore precise by de ning the proba-
bility of producing a given m acrostate, p x), as the ratio

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
thefirstcolumn.The degen-
eracy ofagiven macrostate
is shown in the third col-
umn. The probability of
throwing a given total is
shownin the fourth column.

E EJ E 3 1 1/216

ol [o] [¢]

o] E:l [o] 4 3 3/216=1/72
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of the degeneracy of that state - &) to the totalnum ber
of possible m icrostates - (total) . Thus, for nstance,

- (10) 27
- ol 216

® |-

p(10) = 1)

Sim ilarly, p (14) = 5=72, and o on forany otherm acrostate
of the systam . Tabk 1 also lists the probabilities of ob-
serving the m acrostates 3, 4 and 5.

Interacting System s

W hat has all this to do w ith natural processes? At the
m om ent, not much, but the dice are m eant to repre-
gent the particles that m ake up a real chunk of m atter
(such as brom ne gas, for exam ple), the 6 numbers on
their faces are m eant to represent the ntemal energy
sates that these particles can be in, and the total of
the three num bers ism eant to represent the energy that
a buk smple of the gas m ght have. The analogy is
actually not all that farfetched, but it's by no m eans
perfect. Any buk sam ple of realm atter w ill cbviously
have far m ore than 3 constituent particles (i will typ-
ically have on the order of 10**), and these particles
w il have much more than 6 ntemal states (I niely
m ore, for all practical purposes because of the diferent
electronic, vbrational and rotational quantum num bers
each particle may assume. M oreover, it's sedom the
case that the state of the system as a whole can be
eci ed m erely by specifying the mtemal energy state
of each particlke. That can only be done when the parti-
clesare independent. W hen they 're not, them icrostates
have to be speci ed diPerently, but the di®erences are
only a m atter of detail, and they don 't really a®ect the
argum ent or is conclisions.

So we'll continue to pretend that 3 dice w ith 6 Indepen-
dent intemal states are a satisfactory representation of
a buk sample of m atter, In this case brom ne. A ong
the sam e Ines, and after further suspension of disbelief,
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we'll represent the surroundings (the air in the room )

by a sst of 3 more dice. W eTlcall these two system s B

and R (forballoon and room ). T he m acrostates ofboth
B and R range from 3 to 18 (there being 6° m icrostates
that give rise to them ). Ifwe combined the two sets of
dice to form a larger system containing 6 dice, the corre-
goonding m acrostates would then lie between 6 and 36,
and would be produced by 6° = 6° £ 6° m icrostates. k's
convenient to think of B and R as a com posite system

because it's a sin ple m atter to bring together the two
contaners that held them separately before, just as the
" Iled baTloon and the room form a com posite system be-
cause the two can be brought together by opening the
m outh oftheballoon . But ram em ber that the com posite
system ofballoon and room was closad; if the com posite
system form ed by B and R is to be gim flarly cloged, the
total face count of the dice before and after they are
m ixed must be the same. For de niteness, therefore,
let's suppose that this total is 21, and that before m ix-
g, B is them acrostate 3 and R is In the m acrostate
18. This choie of param eters is m eant to r=Cect the
disparity in energy between the contents of the n°ated
balloon and those of the room , the room acoounting for
m ost of the available energy.

Tt doem 't m atter at this point just how the dice found
them selves In these two m acrostates; i's enough that
things can be =0 arranged. O f greater nterest is what
happens thereafter, when the two sets of dice are com -
bned and then rolled together. M ost throws will not
produce a totalof 21, but whenever any does, we record
the total from the three dice that came from B, which
we may suppose have previously been coloured blue to
distinguich them from the R dice, which have sm ibrly
been coloured red.

A swe rllthe dice, and jot down totals, we w illdiscover
that certatn m acrostates of B com e up m ore often than
others. That's clearly because the degeneracies of such
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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.

Macrostate Degeneracy Probability

1 2.31 ~ 10
9 2.08 1073
36 8.31 1073
100 0.023

225 0.052

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 1073
17 9 2.08 1073
18 1 2.31 ~ 10

0NN LN B~ W

states are larger. It's not di+x cult to detemm ne these
degeneracies beforehand, and they are shown in Tabk
2. From the tablk it'sa sinplk m atter to calaulate the
Iikelhood of the appearance of certain states. As be-
fore, it is sim ply the ratio of avourablk cutoom es to the
total of all possible cutcom es. These probabilities are
also listed In Tabk 2. W hat is in m ediately apparent is
that having started out in the m acrostate w ith a count
of 3, B is quite unlkely to stay there afterm xing with
the room (red) dice. There are <0 many m ore states
that cormregpond to hot-3' that the odds of one of those
states show Ing up are <0 much higher. The state that
m ost lkely appears In a throw is the one w ith the great-
est degeneracy, which in the present exam ple is the state
I which the B dice have a totalof 10 and theR dice a
totalof 11, or vice versa. These are the states that not
only have the greatest degeneracy, they are also the ones
that In som e sense exhbit the greatest degree of char-
ng' of the nitbl energies' n B and R ;R was nidally
energy-rich and B energy-poor, but when the two nter-
act, they tend to share that energy m ore or kss equally.
T hese dbservations are sum m arized I the graph shown
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n Figure 1, which illustrateshow the mmitial states of B
and R, over the course of m any throw s, will tend to be
seen m ost often around the state of greatest degeneracy.

The graph In Figure 1 shows a fairly broad m axinmum ,
which tells us that there are actually quite a few m acro-
states In the vichity of the true maxmum that have
quite large degeneracies them selves. How would this
picture change if the gam e were played not w ith 6 dice
but wih, say, ten dice, "ve red and “ve blue? To "nd
out, we can Im aghe, as before, that the system starts
out In a state where the blue and red dice have fairly
disparate totals. Let's assum e, therefore, that the 5 B

dice each shows a 1, and the 5 R dice each shows a 6,
for a grand totalof 35 when the dice are m ixed and all
the pips are added together. Since the systam is closed,
the totals of subsequent throw s of the dice are recorded
only if they happen to be 35. After many throws, it
w ill beoom e quite apparent that only very rarely @nd
m ay be not at all if we quidkly tire ofthe gam e) willwe
ever see the B and R dice In the all-l and all-6 states
they were In at the begihning. Tabk 3, which show s the
num berofm icrostates that correspond to a given B total
when the overall count is 35, tellsuswhy. T here are just
SO m any m ore m icrostates that are not all-1 that their
chances of being doserved are so0 much greater, exactly
the situation we found forthe system of 3 r=d and 3 blue
dicewhen the totalface countwas?21. Butnow thereare
even m ore m icrostates that are distinct from the mitial
con guration that it's even m ore unlkely than was the
case w ith 6 dice that the unigue starting state w ill ever
reappearduring the course of thegam e. Them icrostates
that are lkely to be seen are those that have com parable
totals on the B and R dice. The inplication, agaln, is
that the mnitial state tends to evolve towards a condition
of m axin al sharing of the avaikbbk energy' of the two
sets of dice.

W e could continue In this fashion to look at other still

600 -
400

200

0 II_ ‘Il
15 18

3 6 9 12

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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Table 3. The states of a
system of 5 blue dice in a
composite system of 5blue
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.

M acrostate D egeneracy P robability
5 1 228£ 107
6 25 5.69f£ 107 °
7 225 5.12f£ 107 °
8 1225 2.79£ 10'*
9 4900 1.11£10°°
10 15876 361£10'°
11 42025 9.56£ 10" °
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" °
25 15876 361£10'°
26 4900 1.11f£ 10°°
27 1225 2.79£ 10" *
28 225 5.12f£ 107 °
29 25 5.69f£ 107 °
30 1 228£ 107

larger system s, (system s that had on the order of 10*

dice, for instance), and m all these cases we would nd
that the new equilbrium state that a com posite system

tends to evolve to In the absence of an ntemalconstraint
is the one w ith the largest degeneracy and the greatest
degree of spreading and sharing of the energy. Indeed,
with 10** dice, the graph of energy versus degeneracy
analogous to Figure 1 would be a sihglk sharp gpke w ith
next to no thidmess at all, re®ectihg the near-certainty
of any nitial state eventually ending up { under condi-
tions of constant total energy { in one of the cluster of
states w ith the largest degeneracies.
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A Second Law ofN ature

T he above ram arks are certainly true of the dice n our
In aghary gam e of chancoe, but there is no reason why
they shouldn 't be true of gasparticles, for nstance, orof
m olecules . a liquid, or of any of the other constituent
elem ents of the m atter around us. These elem entsm ay
bemudc an aller by far) than dice, and they m ay have
m ore com plicated ntemal states, and they m ay not all
be ndependent of each other, but as weve said before,
these are only points of detail: the basic argum ent stays
the same. So we can aln ost certainly assert that any
closed com posgite system that changes its state after the
rem ovalof an Intemal constraint endsup I the state of
greatest degeneracy. W em ay not know how to com pute
this degeneracy, but that doem 't really m atter.) Since
the Universe represents the ultin ate closed system oy
de nition there's nothing beyond it), we can enunciate
this principle som ew hat m ore pithily as the m ulbdplicity
of the Universe Increases. M ultiplicities in general are
huge numbers, however, and In actual calculations, it
would be m ore convenient if the num bers were an aller;
cne way to ensure this is to use the logarithm of the
m ultiplicity as the m easure of the extent of degeneracy!

T hisquantity, when m ultiplied by a suitable proportion-
ality constant k, has a special nam e: entropy. M athe-
m atically, the de nition of entropy reads

S=kh- ; )

where k is the proportionality constant that gives S the
units that m ake it ‘com patble' w ith certain other prop-
erties of the system , lke isenergy and tem perature. Tn
term s of the entropy, then, curputative law ofnature is
the statem ent that

T he entropy of the Universe Increases

So here "nally is the explanation of nature's preference
for certain directions of change: she selects those direc-
tions that produce an overall ncrease M the entxopy.

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.

! Convenience isn’t the sole
criterion —in fact, itreally isn‘ta
criterion at all - for introducing
the logarithm at this stage; the
real reason has to do with the
mathematical property that the
log of the product of two num-
bers is the sum of the logs of
those numbers.
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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.

The "Iled balloon that spontanecusly de®ates does so
because there are 0 many more states n which the
m olecules of brom ne are nterspersed m ore or less uni-
form ¥ am ongst them oleculesofairthan there are states
I which the brom lne is con ned to a an all part of the
room . Thege Iatter states aren 't forbidden ; they are sin -
ply overwhelm ingly i prcbable.

Entropy is often said to be a m easure of disorder, which
is a arly usefil way of thinking about this quantity,
but it can be m iglading, because disorder is often un-
derstood to refer to spatial disorder. Consider, for ex-
am ple, two equal volum es of the sam e gas at two di®er-
ent tem peratures. W hich would you say has the greater
entropy? The dea of entropy as disorder doesm 't really
help here since n both sam plesofgasthem olecules seam

to rush around equally chaotically, w ith neither exhioit-
ing any cbviously greater degree of spatial random ness.
But the interpretation of entropy as the extent of degen-
eracy tellsus at once that the gas at higher tem perature
has the greater entropy because i has m ore ways than
the othergasofdistrbuting the themm alenergy avaikbble
to it am ongst the ntemal energy states of itsm olecules.
On the basis of the disorder nterpretation, one m ight
also be tampted to conclude that a beaker of crushed
ice hasm ore entropy than a beaker of the sam e am ount
of liquid water, but of course one would be wrong. The
greater disorder of the crushed ice is only apparent; it is
the far greater degeneracy { freedom ', oosely speaking,
rather than disorder { of the liquid that is the crucial
elem ent 1 the analysis. On the otherhand, ifnothing is
really mmmune from the operation of the law of entropy
ncrease, aswe now believe, why would ioe ever form 1
the "rst place, crushed or otherw ise? T he reason is that
it is the entropy change of the system and surroundings
that must always ncrease, not that of just one or the
other. If entropy decreases at P, it has to lncrease at
Q, and by a su+ cient am ount that the net change in
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the entropy ispositive. (O r zero, for perfectly reversible
processes.) Kesping tradk of the entropy changes that
occur In both system and surroundings can som etin es
be di+ culk, (especially if the suroundings encom pass
just about everything in the Universe), o it would be
far m ore convenient if there were a way to reach the
sam e conclusions about the direction of natural change
from an exam mation of the system alone. As it tums
out, there is, but that is another story...
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now called photons.”

]' fl “‘3 “One quantum notion that mystifies the novice is the ‘wave-
__/ particle duality.” Does light consist of a beam particles or is
| M 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
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