The Past Histories of Molecules

The philosophical foundations of thermodynamics and statistical mechanics can seem a
bewildering labyrinth. You fall in by innocently wondering why microscopic systems
trace out patterns consistent with macroscopic thermodynamics. The next thing you
know, you're then wandering around an intricate structure of paths each corresponding to
a different research program in statistical mechanics. Boltzmann, Gibbs, Krylov,
Khinchin, Jaynes, Lanford and others all offer ways out. But the paths are different and
never seem to converge. The hedge of the maze is too high for you to gain a peek at the
overall landscape. You're left wondering whether the paths' respective advocates are
even answering the same question. Confusion ensues.

The philosophical foundations of statistical mechanics contrast with, say, the foundations
of quantum mechanics. In quantum mechanics there is marked difference of opinion
about the best solution to the measurement problem. Is it Bohr's, Wigner's, Bohm's,
Ghirardi's, or Everett's? The answers differ, yet all participants more or less agree on the
problem. In foundations of statistical mechanics, however, the various programs differ
even over the questions. What are fundamental questions of statistical mechanics?
Recovering thermodynamics from mechanical considerations?  Justifying certain
inferences? Explaining why certain techniques — e.g., Gibbs' phase averaging — work?

Amidst this chaos, it is important for those new to the topic to bear in mind that there are
some big and deep issues in common dispute among the different programs in statistical
mechanics. These questions are not always explicitly discussed, but they loom large in
the background. What I hope to do in this essay is bring some of these issues to the
foreground.

Foremost among these issues is the conflict between what we might call Static and
Dynamic Conditional Probabilities. The Static Conditional Probabilities are provided by
statistical mechanics; the Dynamic ones given by classical or quantum mechanics. In
what follows, I'll read some of the great episodes in the foundations of statistical
mechanics as instances or foreshadowings of this conflict. Then we'll tackle the conflict
itself. Should the Static Probabilities "track" the microscopic dynamics? This is the
question behind the famous Reversibility Paradox. This Paradox, I'll argue, is a crucial
juncture for the interpretation of statistical mechanics. Different responses to it shape
one's view of statistical mechanics itself, and in particular, whether it is to be conceived
as a special or fundamental science.



1. The Desideratum: A Mechanical Theory of Heat

Scientists devised kinetic theory and then statistical mechanics with the hope of providing
a so-called 'dynamical' or 'mechanical’ theory of heat. At its most general, the idea is to
account for thermal phenomena not with new entities or forces, but rather, as Clausius
puts it, with a new type of motion. The motion is that of particles governed by
Newtonian mechanics or some variant thereof, e.g., Hamiltonian mechanics. The idea
that heat, temperature and other thermal phenomena are "nought but molecules in
motion" (Maxwell, quoted in Harman 2001) existed for hundreds and perhaps thousands
of years. Galileo and Gassendi each spoke approvingly of such a possibility, and Newton
could even offer a kind of mechanical explanation of Boyle's gas law. Until the middle
of the nineteenth century, however, no very sophisticated or powerful mechanical theory
existed. Although there were early forerunners (e.g., Bernoulli 1738, Herapath 1820), it
wasn't until the work of Clausius, Maxwell, and Boltzmann that kinetic theory and then
statistical mechanics really blossomed.

Prior to this time caloric theory and the wave theory of heat dominated thought about
thermal phenomena. Caloric theory was part of a history of treating heat, light, and
electricity as separate from the world of Newtonian point particles. Heat was identified
with caloric, one of the so-called "imponderable" fluids. It was a kind of fine mist of
mutually repulsive elements that surrounded Newtonian particles. Mathematically
sophisticated and empirically successful -- it could account for all the known gas laws of
the day -- the theory survived long after problems with it emerged. Pressure on the
theory and the similarity between light and heat eventually led to the wave theory of heat.
This theory, which promised to unify imponderable fluids, viewed heat as a kind of
vibration in the ether.

Despite some notable exceptionsz, the second half of the nineteenth century witnessed an

" What transpired in the history of statistical mechanics has been told, and told well, many times
before, so I refer the reader elsewhere for more detail: especially Brush 1976, 2003, Garber,
Brush and Everitt 1995 and Harman 2001, for commentary and in some cases the original papers.

2 Tronically, the same experiments that damaged caloric beyond repair (Joule's demonstrating
energy conservation) led to a stress on the importance of energy, which eventually led to another
(less serious) competitor to the mechanical theory of heat. As the conservation of energy was
extended to thermal interactions, some grew so impressed with energy and the ability to write so
much of physics in terms of energy that they proposed elevating energy to the level of
fundamental natural property. In the middle of the century Rankine and others proposed a kind of
energy physics that they called Energetics. This theory was not understood as precluding
mechanistic understanding of thermal phenomena. Later, however, a theory that did explicitly
see itself as a rival to mechanism achieved some prominence (though nothing on the level of
caloric theory) in the 1880's and 1890's, especially in Germany. Led by Helm and Ostvald, these
Energists coupled their theory to a kind of scientific instrumentalism, as they simultaneously
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increasing enthusiasm for the mechanical worldview, both with respect to thermal and
non-thermal (e.g., electric) phenomena. Kinetic theory possessed a seemingly endless
supply of empirical and theoretical virtues. Because the theory's theoretical virtues were
so apparent — it provided a unified explanation of a tremendous amount of otherwise
disparate phenomena — and because molecules were not convincingly observed until the
early twentieth century, one might think the theoretical virtues trumped the empirical
ones. That may be correct. Yet it would be deeply erroneous to suggest that the hope of
new predictions didn't play a serious role in the generation of the theory. Virtually all the
papers I've seen in kinetic theory, and even the earliest ones, made new predictions: (e.g.)
Herapath 1820 (wrongly) on the temperature of water formed from combining two
volumes of it at different temperatures, Maxwell 1860 (rightly) on the viscosity and
density of a gas being independent. More broadly, when one considers, for instance, the
number of assumptions about gases going into any calculation of the speed of sound, or
features of dispersion, one sees indirect observational tests of kinetic theory all over.

While duly acknowledging the role of new predictions in the development of the theory,
the point I want to emphasize is that the enthusiasm for mechanical explanation played at
least as great a role in the development of the theory. Kinetic theory implied so much for
so many disparate physical realms that it seemed a kind of magic key for unlocking the
secrets of nature. Thus in the second half of the nineteenth century one finds many
remarks such as Helmholtz's:

If motion, however is the basic change underlying all interactions in the world,
then all elementary forces are moving forces. The final goal of the sciences is
thus to find all the movements and driving forces supplying the foundation of all
other change. In other words, the final goal of the sciences is to reduce
[everything] to mechanics. (1869; quoted in Liitzen, 31)

Or still later, similar thoughts by Hertz:

All physicists agree that the problem of physics consists in tracing the phenomena
of physics back to the simple laws of mechanics. (Hertz 1894; quoted in Liitzen
30)

Although Maxwell and Boltzmann both possessed subtle thoughts on mechanism and the
use of analogies, there is no doubt that they were both firmly committed to this mechanist
program. Physicists weren't satisfied unless they could derive, at least in a rough way,
thermal, electric, magnetic, and so on, phenomena from the principles of mechanics.

dismissed as unnecessary any mechanical "pictures" underpinning thermal phenomena. Although
championed by Mach in the twentieth century, the theory probably reached its zenith of
popularity in 1895.



Some, in their enthusiasm, claimed they understood nothing else:

I never satisfy myself until I can make a mechanical model of a thing. If I can
make a mechanical model I can understand it. As long as I cannot make a
mechanical model all the way through I cannot understand; and that is why I
cannot get the electromagnetic theory [of light]" Thompson 1884, 132, 6, 270-1.

The desire for a dynamical theory of heat led to an expectation of mechanical
explanations, explanations of a phenomenon as consistent with and following from
mechanical principles.

2. Kinetic Theory: The Introduction of Probability

Against this background we can now appreciate what the founders of kinetic theory and
statistical mechanics were trying to do. In the middle of the nineteenth century, Kronig
1856 and Clausius 1857 developed Bernoulli's 1738 prescient mathematical model for a
gas. They found that they could not trace the phenomena of thermodynamics back to
mechanics without the introduction of probabilistic notions. To get a flavor for what they
did, here is a simplified example.’

Consider an ideal gas consisting of N particles each of mass m confined to a cube with
sides of length /. What is the pressure P exerted on each face (4=I") of the cube?
Pressure is the force per unit area, and classical mechanics tells us that force is
momentum mV per unit time dt. So to determine the pressure we simply need to find
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Now for convenience Clausius makes a clearly unrealistic assumption. He assumes that
all the particles are divided into six beams moving in each of the six coordinate
directions, each moving with velocity v. One-sixth of the N particles are traveling toward
a given face. Assuming collisions are perfectly elastic, each particle hits the wall with
incoming +mV and leaves with outgoing —mV; hence by conservation of momentum the
wall must absorb 2mv. How many particles can hit the wall per unit time? The answer
depends on how many there are (N), how fast they’re going (V), and how long we're
allowing (0¢), all divided by the length of a wall. When we multiply this fraction by the
above formula for pressure, remembering to also multiply by 1/6", we arrive at

® See Thompson 1972 for more detail on the theory sketched here.
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Canceling out terms and rearranging, we get

= 2(levz)l'g’.
3\2

Noticing that ° is the volume V and assuming Nmv?/2 is the total kinetic energy, we
obtain Boyle's (Guy-Lussac's) famous law: PV =2E/3. Voila! The thermodynamical

has been derived from the mechanical.

This model has no explicit probabilities in it, but that is really an illusion. Clausius fully
realized that the values of microscopic properties would be fluctuating, but for the sake of
calculational expediency, he frequently replaces the value of interest with the value of the
average. Thus the claim of six independent beams moving in each of the six directions
should be understood as shorthand for a claim about the average velocities, which is a
hint of the 'equiprobability’ assumptions to come.

Later Clausius explicitly introduced probability in his work on the mean free path of
molecules. The mean free path is the average distance traveled before encountering
another molecule. Clausius estimated this in response to the criticism of kinetic theory to
the effect that diffusion happens too slowly for kinetic theory to be correct. Clausius
showed that expected collisions would slow the relaxation appropriately. However,
while Clausius introduced probabilistic concerns, he never concentrated on them nor is
their use very sophisticated.

Not soon thereafter, Maxwell takes kinetic theory significantly forward by concentrating
on probabilistic concerns in his great paper of 1860. Unlike his contemporaries, he did
not assume that in the long run all the molecules in a system would go to the same speed.
Collisions won't generally "even out" the velocities: some faster molecules would get
boosted faster, some slower ones made even slower. To model the system with such
freedom, he introduces the crucial notion of the distribution or density function

f(v,)dv, =  the probability that the ith velocity component is between v; and

vitdv;, where i=1,2,3 labels the coordinate axes.



Here is f(v) is independent of position because the system is spatially uniform and
independent of time because Maxwell is concentrating on equilibrium, i.e., unchanging,
systems.

This paper's great achievement is Maxwell's derivation of his eponymous equilibrium
distribution. What is the most probable distribution of velocities in a gas that will leave it
in thermal equilibrium? Apart from those already mentioned, Maxwell makes three
assumptions. First, the integral over the distribution function is normalized, so f(v,t)
takes values between 0 and 1 and the density can be understood as a probability density.
Second, he holds that the velocity distributions in the three spatial directions are mutually
independent. And third, the velocity distribution is isotropic. With these conditions in
place, Maxwell derived that the most probable function is (in contemporary terms)

f(v) ocvze‘3m"2/2kT (1)

where k is a constant and 7 is the temperature. The distribution describes a normal
distribution, a bell-shaped curve peaking around the average value and declining on
either side. This distribution implies that the energy is equally distributed among the
degrees of freedom of the system. Though the stress is elsewhere in the paper, Maxwell
derives Boyle's law, but this time PV is explicitly set as proportional to the average total
kinetic energy. Here we see clearly the idea of the thermodynamic laws emerging with
statistical but not exact validity.

This result foreshadows the trouble to come with the newly introduced probability. First,
what interpretation of probability is Maxwell using? In describing the distribution he
clearly has a relative frequency interpretation in mind; but as Uffink 2007 remarks, the
second two assumptions above seem more in line with an a priori classical view of
probability. In fact, historians trace Maxwell's derivation to a review article in
probability theory by Hershel, wherein the same assumptions are explicitly motivated by
indifference, the hallmark of the classical approach (see Brush 1976). Second, ignoring
the interpretation of probability, what mechanical justification is there for Maxwell's
second and third assumptions? Why believe, for instance, that the orthogonal velocity
components of particles are probabilistically independent?

Admitting that the 1860 derivation is "precarious", Maxwell 1867 provides a new
derivation of (1). This time Maxwell seeks the analytical conditions on a distribution
function that will maintain equilibrium. Consider an elastic collision between a pair of
particles. Maxwell assumes that the incoming pre-collision velocities v, and Vv, and
outgoing post-collision velocities V,' and V,' satisfy a condition now known as "detailed
balance":



F(v) f(v)) = f(v) f(v2)

for all vy, v2. He then shows that detailed balance is necessary for f to remain stationary,
and argues (less convincingly) that it is also sufficient.

Detailed balance is one of the more prominent assumptions of probabilistic independence
used to ground kinetic theory/statistical mechanics. It and variants on this principle are
still commonly used today. Notice that although we speak of "incoming" and "outgoing"
velocities, fis independent of time, making it a static principle. The question we'll face is
whether such static principles are compatible with the underlying mechanics.

Maxwell spent a great deal of time reflecting on the introduction of probability into
physics. For him, as well as for Thompson and others, it was justified by our ignorance
of the true trajectories at the micro-level. Yet for all his clarity on the matter, to my
knowledge he never asked whether these probabilities might conflict with the mechanics.
He did of course acknowledge, as can happen with any probabilistic system, that low
probability events could happen. His "Demon" who selectively reversed molecules'
velocities so as to thwart the Second Law is a spectacular example of this recognition.
That was conflict with thermodynamics. But the question of compatibility between
dynamics and his assumption of probabilistic independence among velocities never arose.
The problem isn't merely that we're ignorant of the exact micro-trajectories and hence
don't know whether the incoming and outgoing velocities are probabilistically
independent. It's that we know from mechanics that they're not! If two molecules collide
—either in the past or the future since the mechanics is time-symmetric—then the velocity
of the one depends on the velocity of the other. If a moving molecule hits a stationary
one (according to, say, the center of mass frame), then how fast the formerly still one is
going hangs on how fast the one who hit it was going. Surely the molecules' velocities
are not probabilistically independent of one another in a system with collisions, at least
according to most understandings of 'probabilistic independence’'.

While describing his work in a book review, Maxwell in 1867 writes

I carefully abstain from asking the molecules which enter [the volume under
consideration] where they last started from. I only count them and register their
mean velocities, avoiding all personal enquires which would only get me in
trouble. (Garber, Brush and Everitt 1995, document 15)

While discretion is undoubtedly a virtue, is it compatible with a thoroughgoing
mechanics?



3. The Reckoning: Boltzmann, Zermelo and Loschmidt

The above question might fairly be raised against virtually any probability posit used in
statistical physics. For years they weren't asked. The use of probability in physics was
too new. However, the justification of such posits reaches a head in the most famous
controversy in the foundations of the subject, the debates between Boltzmann and his
contemporaries Burbury, Culverwell, Loschmidt and Zermelo. We can think of these
debates as various physicists implicitly "calling out" the most prominent statistical
mechanic of the time on his use of a probability posit. This reckoning was bound to
happen at some time or other, but it happened when it did and to whom it did no doubt as
a result of the increasing ambition and success of the theory. Using similar static
probability posits, Boltzmann was able to produce astonishing results.

Unlike Maxwell, Boltzmann didn't want to assume that a system is in equilibrium.
Systems in equilibrium first passed through non-equilibrium. This fact is encoded —
arguably — in the centerpiece of classical thermodynamics, the Second Law of
Thermodynamics. According to this law, the entropy of closed systems will never
decrease with time. A mechanical understanding of this great law would be a tremendous
advance. Boltzmann, wanting to describe such processes mechanically, sought to show
that for an arbitrary non-equilibrium distribution function f{(X,v,f), this function would
approach equilibrium, and once there, stay there.

Boltzmann (1872) began with a gas of N perfectly elastic spherical molecules and
assumed only binary collisions take place. Effectively this is to assume the system is
dilute. Then he makes a long list of less benign propositions, as Uffink 2007 makes
clear. The most infamous of these is the Stosszahlansatz, or 'Hypothesis of Molecular
Chaos." The postulate states that

fPv,v,,t) = (v, ) f(v,,1)

where /2 is the distribution function for pairs of molecules (remember that only binary
collisions are allowed). In words it says that the number of pairs of molecules at time ¢
with velocities in d3V1 around Vv; and d3V2 around V; is equal to the product of f(vl,t)d3v1
and f{V2,0)d V.

With this posit Boltzmann (literally) is able to work miracles. In particular, he uses the
Stosszahlansatz to derive his famous transport equation, the Boltzmann equation. The
Boltzmann equation is one of the most important equations in physics, yet there is no
danger of it appearing on T-shirts like E=mc*: the equation is not especially simple and
analytically solving it is commonly described as hopeless. The equation describes the rate
of change of the distribution function over time as a result of collisions. Although it can



look messy to those unfamiliar with it, at bottom it is simply measuring the number of
molecules with speeds in the volume v+d°v minus the number leaving it:

.

% = In(d’v) #Out(d’v)

Filling in these numbers requires many hypotheses about collisions, but the basic idea is
simple. For our purposes, we can write the Boltzmann equation (for a spatially
homogenous system) as

"fl aZ
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where a is the diameter of the molecule and Q the angle element of the scattered
molecule. Examining this equation, notice that if "detailed balance" (eq. 1) holds, then
the rhs goes to zero. Since df/dt=0 is identified with equilibrium, detailed balance is
sufficient for equilibrium. But is it necessary too? To answer this Boltzmann proves the
notorious H-Theorem.

Define the H-function as
H(t) = [ d¥vi(v,t)log f (v.t)

where we assume f{V,t) is a solution of the Boltzmann equation. Boltzmann's derivation
proceeds by taking the temporal derivative of this function and substituting in for the rate
of change of f{v,t). He then discovers that H is always non-increasing:

g
dt

Furthermore, equality holds just when detailed balance holds. We learn that detailed
balance is a necessary and sufficient condition for equilibrium.

Two more facts make this result especially suggestive. First, a corollary of the H-
theorem is that the only stationary solution of the Boltzmann equation with the rhs equal
to zero is (1), the distribution Maxwell found for equilibrium. Second, if we define the
kinetic entropy, Sk, as Sk=-kVH and assume Maxwell, Clausius and others got the



molecular basis of temperature right, then this kinetic Sk is the same function of V, T and
N as the entropy found in phenomenological thermodynamics.

Putting all these new facts and suggestions together, it appears that we have a proof, from
mostly mechanical assumptions, of perhaps the most significant piece of
thermodynamics, the transition from non-equilibrium to equilibrium. Take any non-
equilibrium low entropy distribution f{X,v,t) that is a solution to Boltzmann's equation,
then in the limit of time this distribution is the equilibrium Maxwellian distribution.
Although this argument doesn't accomplish everything a mechanist would want -- and
investigation proves the result is severely limited -- I think it should be admitted that this
is one of the most impressive arguments in the history of physics. It brings together a
simply tremendous amount of previous work in kinetic theory in a unified package that
arguably explains the centerpiece of thermodynamics.

A result this big attracts scrutiny. Before long, the statistical postulate at the heart of
Boltzmann's argument became the subject of a great controversy that continues to this
day. In retrospect, we might say Clausius' and Maxwell's assumptions merited such
attention too. However, with probability newly injected into physics, its interpretation
inconsistently applied, and the whole field awash in simplifying assumptions, conflict
between the statistical postulate and the dynamics was probably hard to see.

Not so with Boltzmann's result. As his contemporaries remarked, the H-theorem seems
to prove what one a priori knows can't be proved from a purely classical mechanical
basis.! Classical mechanics has at least two features that are incompatible with
Boltzmann's conclusion: it is quasi-periodic and time-reversal invariant. Poincaré
showed in his recurrence theorem that mechanical systems are quasi-periodic. That is, a
mechanical system in a finite volume with finite energy will return arbitrarily close to any
given initial state in a finite time. The theory is also time reversal invariant. For every
microstate X=(0[1,p1,02,P2...0n,Pn) there exists another time-reversed microstate X'=(q.-
P1, J2, -P2..On,-Pn) in which the velocities of all the particles in the system have been
flipped. Thus for any trajectory a system may travel, there is also a time-reversed 'mirror
image' trajectory in which the motion is run backwards. Any given sequence of states
can be run backward as well as forward. Given these mechanical features, how could
Boltzmann have proved what he claimed? Kelvin and later Loschmidt and Burbury
asked how the monotonic increase of entropy might be compatible with the time reversal
invariance of the theory. Wouldn't the mechanically reversed sequence, with velocities
flipped, also be an allowed solution? Presumably entropy decreases in such a
circumstance. Zermelo pointed out that Poincaré's recurrence theorem implied that the
H-function itself was quasi-periodic. As such, it couldn't remain in a Maxwellian
equilibrium state. Contrary to the Second Law, on the way 'back' to an initial non-

* For the most detailed discussion of the critique from Boltzmann's contemporaries and also many
references, see Brown and Myrvold.
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equilibrium state its value must increase with time and hence the value of entropy
decrease with time! Little effort was needed to realize that the Stosszahlansatz was the
culprit responsible for these non-mechanical conclusions.

Boltzmann responded to these charges by saying his H-theorem has been misread, that he
never thought the Second Law was a corollary of mechanics. Instead, he said, he always
thought of his proof emerging from an application of the probability calculus to
mechanics. There is a lot to say regarding whether he and his critics were entirely fair
with one another. That's not our topic. Instead we want to investigate the clash between
the statistical postulate and the dynamics. Rather than tackle that immediately, it's better
if we delve into that question in the context of more recent theories.

4. Statistical Mechanics

There is no hard and fast line between kinetic theory and statistical mechanics. Typically
one thinks of the difference as between whether probabilities are being used with respect
to the state of the entire system (statistical mechanics) or to aspects, like collision angles,
of a single system (kinetic theory).

Today in statistical mechanics one finds a divide between Gibbsian formulations, which
are actually what are used by practicing physicists, and descendants of a Boltzmannian
theory, which surfaces primarily in foundational discussions. In the foundations of the
subject, there are disputes between these two camps as well as internecine battles within
each. Here I can't do justice to all the intricacies that arise. Fortunately, the topic I want
to discuss crosscuts Gibbsian and Boltzmannian lines to a certain extent. We can make
due with only a cursory introduction to each, and then get on with the main arguments.
Let's begin with some concepts and terminology both approaches have in common.

We can describe the exact microscopic description of an unconstrained classical
Hamiltonian system by a point in an abstract space. Let I be a 6 N-dimensional abstract
space spanned by the possible locations and momenta of each particle, then a point X &€
I, where X=(qi,p1, 92,P2...0n,Pn), details all the positions and momenta of all the
particles in the system at a given time. X's movement through time is determined by the
particular Hamiltonian, H(X), and Hamilton's equations of motion. Since energy is
conserved, this evolution is restricted to a 6N-1 dimensional hypersurface of I, which
we'll dub I.

Both approaches place a measure over this energy hypersurface. A measure is a device
that, in the present case, allows one to speak of sets of infinite numbers as having "sizes."
On the real number line, there are as many numbers between 1 and 2 as between 1 and
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3—a continuous infinity—yet intuitively the second interval is larger. Measures let us
say this. When a particular one called Lebesgue measure is adapted to the unit interval, it
assigns values via |b — a|, for real numbers a and b. In this sense the set of numbers [1,2]
is half as large as the set of numbers [1,3]. We face similar problems in defining N-
dimensional volumes to regions of phase space. Because position and momentum take
on real number values, every region in phase space has an infinite number of microstates
in it. To speak of sizes, volumes, and so forth, we need to impose a measure on phase
space. A very natural one is Liouville measure u, a measure that weighs points in an
intuitively uniform manner. Liouville measure is just the Lebesque measure used above
when adapted to the canonical representation of I"in terms of positions and momenta.

An important feature of u and the Hamiltonian dynamics can now be stated: the
dynamics is measure-preserving. If 4, stands for the time development of the points in
region A4 after time ¢, then a theorem known as Liouville's theorem implies that

H(A) = H(A).

As the set 4 changes with time, its "size" nevertheless remains invariant. It's this theorem
that underlies Poincaré's recurrence theorem used above by Zermelo.

4.1 Boltzmann

The modern Boltzmannian picture is based, somewhat loosely, on the "geometrical"
picture first offered in Boltzmann 1877 and elsewhere. The idea begins with the notion
of a macrostate. A macrostate M in thermodynamics is a state that has certain values of
pressure, volume, temperature, and so on. Many microstates X € I'g give rise to each
macrostate, of course. Using the resources described above, we can consider volumes
uw(M(X)) of I'zthat correspond to the set of all X's that would realize macrostate M. The
set of all such volumes partitions I%.

The Boltzmannian now identifies equilibrium as the macrostate corresponding to the
largest (or among the largest, see Lavis 2005) macrostate in phase space. This
identification is grounded in Boltzmann's famous "combinatorial argument." Here
Boltzmann showed that for a dilute gas, the macrostate with the largest proportion of
volume —that is, the greatest "number" of microstates compatible with it — is the one
whose distribution function corresponds to a local Maxwellian. Recall that the Maxwell
distribution is the equilibrium distribution.

This result suggests a new "geometrical" interpretation of entropy. Define the Boltzmann
entropy of a system X realizing M as
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S, = klogu(T,, (X))

where k is Boltzmann's constant. The macrostate with the largest volume, i.e., the highest
entropy, is by definition the equilibrium macrostate. Notice that this entropy, unlike the
classical thermodynamic entropy, is defined in and out of equilibrium. In equilibrium, it
will take the same value as the Gibbs fine-grained entropy (defined below) if N is large.
Outside equilibrium, the entropy can take different values and will exist so long as a well-
defined macrostate does.

Earlier we saw that Boltzmann devised a theory of the movement from non-equilibrium
to equilibrium. In the case of the dilute gas, he is able show that the Boltzmann entropy
inherits all these nice features. That is, he is able to show that when N is large, Sz is
essentially equivalent to Sk, which in turn was already plausibly identified with the
thermodynamic entropy. Endowing the measure with probabilistic significance, it
follows that:

Boltzmann's Principle: If at some time 7, the Sp(?y) of a system is low relative to
the entropy of the equilibrium state, then for later times > ¢, so long as t-#) is
small compared to the recurrence time of the system, it is highly probable that

SB(l) >SB(Z‘0).

Systems are more likely to travel from small regions of phase space to larger ones; that is,

(Il X))> (T heo(X))-

We can connect this result with the earlier Boltzmann as follows.> The Boltzmann
equation describes the evolution of the distribution function f{x,v) over a certain span of
time, and this evolution is one toward equilibrium. But we learn from the reversibility
and recurrence paradoxes that not every microstate will do so. Relative to the measure,
however, most of them will. So let I'y C I'g be the set of all particle configurations X that
have distance 8, 6>0, from f{x,v). A typical point X € I’y is one whose solution (a curve
t— X(t)) for some reasonable span of time stays close to the solution of the Boltzmann
equation (a curve t— fi(x,v)). An atypical point X € Iy is one that departs from the
solution to the Boltzmann equation. The claim is then that measure-theoretically, most
non-equilibrium points X € I’y are typical. The expectation — proven only in limited
cases--is that the weight of good points grows as N increases. The Boltzmannian wants
to understand this as providing warrant for the belief that the microstate underlying any
nonequilibrium macrostate ones observes is almost certainly one subsequently heading

®> For a general discussion, see Goldstein 2002 and references therein. For the specific
formulation here, see Spohn 1991, 151.
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toward equilibrium. The desired conclusion hangs on highly nontrivial claims, in
particular, the claim that the solution to Hamilton's equations of motion for typical points
follows the solution to the Boltzmann equation.

4. 2 Gibbs

The biggest difference between Boltzmann and Gibbs is that Boltzmann defines
equilibrium and entropy in terms of individual systems whereas Gibbs does not. Gibbs
1902 instead works with ensembles of systems. The ensemble is a fictitious collection of
the continuous infinity of microstates that yield the same macroscopic state. Gibbsian
statistical mechanics works by imposing a density function p(q,p.f) on the ensemble and
then calculating various functions of this density. These functions will correspond to the
observables.

Gibbs wants to interpret the density as a probability density, so the function p is
normalized. Using this probability density one calculates what are called phase or
ensemble averages. These are expectation values of functions f{X) on phase space:

()= BrX)"(X)d#,.

Gibbs claims that every experimentally observable function corresponds to some phase
average — with the crucial exceptions of entropy, temperature and the chemical potential.
The so-called 'fine-grained entropy', from which temperature is derived, is instead given

by

So(") =#k UG log(")d$. (2)
The temperature and chemical potential are then recovered from the above ingredients.

The framework we have described is empty until we specify a precise probability
distribution. Which one do we choose? There are, after all, an infinite number of them.
Gibbs primarily wants to recover equilibrium thermodynamics, and like Maxwell before
him, understands unchanging macroscopic properties as the hallmark of equilibrium. He
therefore insists that the probability distribution be stationary, i.e., dp/0t=0. However,
every distribution that is a function of the Hamiltonian is stationary; stationarity doesn't
single one ensemble out. What singles out the relevant distribution, according to Gibbs,
are the constraints on the system and other desirable features. If we keep the energy and
particle number constant, then Gibbs looks for the distribution that maximizes the fine-
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grained entropy. This distribution, called the microcanonical probability measure, or
microcanonical ensemble, is the measure uniform on I'r and zero elsewhere:

"(X) =RAH(X)S E)

Here  is a Dirac delta function and R a renormalization constant. One can see that it is a
stationary measure by observing that it depends on X only via H(X), yet H(X) is a
constant of the motion. For systems with different constraints there are different
distributions, most famously, the canonical ensemble (a system in contact with a heat

bath) and grand canonical ensemble (an "open" system in which particle number is not
fixed).

Whichever ensemble is chosen, the probability of finding the microstate in some
particular region A4 of I'g is given by

P(A)= [ p(X,1)dT, (3).

This claim is a central feature of the Gibbsian approach.

5. The Clash Between Static and Dynamic Probabilities

We now arrive at the central problem of this paper. The difficulty is more or less the
same worry we've voiced about Maxwell and the earlier Boltzmann. Are the static
probability posits compatible with the underlying mechanics? In the present case, notice
that both Gibbsian and Boltzmannian frameworks are committed to a static probability
rule:

(SP) If a system is in macrostate M at ¢, and X is a microstate that corresponds
to M, then the probability that X lies in a subset A of I'g is », where 7 is a
real number between 0 and 1, inclusive.

For the Boltzmannian, the probability that the actual microstate lies in A is given by
WA)/W(Tg). Supplemented with an argument that macrostates closer to equilibrium
occupy a greater proportion W(I'g), the Boltzmannian can then try to explain the increase
in entropy as the result of an improbable-to-probable transition. For the Gibbsian, as we
have just witnessed, the probability that the actual microstate lies in some region A is
calculated with the microcanonical ensemble (if the system is isolated; a different
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ensemble if not). This ensemble is a probability measure imposed on the microstates
themselves; via this measure one can calculate SP via equation (3). The theories differ
over scope, the Boltzmannian applying his framework to equilibrium and non-
equilibrium, the Gibbsian to only equilibrium. Yet they are equally committed to SP.

When one reflects on SP one sees it is actually quite remarkable. Merely on the basis of
knowing the macrostate of a system, the Gibbsian and Boltzmannian immediately know
the probability of the corresponding microstates (strictly, the probability of regions of
microstates). When one steps back and considers matters from a purely microscopic and
mechanical perspective, this ability to know the probability of microstates based on such
limited information at one time seems almost miraculous. It's as if I reliably know the
probability you're in the kitchen based merely on the restriction that you're in the house.
Surely, one might think, the probability instead hangs on the time of day, when you last
ate, how tired you are, what your favorite television show is, and so on. Miracle or not,
statistical mechanics proceeds quite successfully with the continual invocation of SP.

The exact microdynamics for the system, by contrast, does take the past history of the
system into account. Indeed, it takes everything that bears on the probability of some
system evolving into some microstate into account. Instead of providing static
probabilities, the exact microdynamics dictates that systems evolve with specific
transition probabilities. Transition probabilities stipulate the chances of a system evolving
to a later or earlier state given the present state. In a deterministic theory, like classical
mechanics, all these chances are one or zero; in an indeterministic theory, like many
versions of quantum mechanics, the chances can be between one and zero.

The question, at its most general level, is whether a marriage can be arranged between the
transition chances provided by mechanics and statistical mechanics' SP. Can the two be
consistently combined? By 'consistently combined' we don't mean specifying the same
exact probability to every event at every time. SP is coarse-grained and the transition
probabilities comparatively fine-grained, so they typically won't specify the same
numerical value — most obviously when the microevolution is deterministic. [ mean
something looser, namely, whether SP is probabilistically disconfirmed, on its own terms,
by consistently supposing that the ensemble of systems it operates on always evolves
according to the dynamics.

As a purely logical exercise, it's easy to produce examples with static and transition
chances in harmony. It can happen. For a trivial example consider a Bernoulli process,
which is a discrete time stochastic process consisting of a finite or infinite sequence of
independent random variables taking on one of two possible values (e.g., heads or tails).
Coin flips are the canonical example of Bernoulli processes. The neat thing about
Bernoulli processes is that the probability that a variable will take on a particular value,
e.g., heads, is constant for all variables in the sequence. Bernoulli processes are memory-
less: the static probability (e.g., chance of heads on flip n) is independent of what
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transpires in the past and future. Trivially, the dynamic transition probabilities match the
static probabilities. For a much less trivial example, note with Albert 2000 that the Born
probability distribution from quantum mechanics turns out to be a static probability rule
that is perfectly consistent with the underlying deterministic dynamics of the Bohm
interpretation. The task is not impossible, even if, intuitively, we require a kind of
delicate contrivance between the two to maintain consistency.

5.1 The Reversibility Paradox

The Reversibility Paradox, which we met earlier in objections to Boltzmann's H-theorem,
can also be expressed against the modern Boltzmann and Gibbsian theories. We can
think of it as an illustration of the charge that SP chances do not fit with the classical
mechanical transition probabilities.

In terms of the Boltzmannian picture, the "old" reversibility objection can be put as
follows. Nowhere in our theory did the direction of time play a role; since the physics is
time-symmetric, the reasoning can be reversed so that entropy increase toward the past is
most probable too. In particular, make the following assumptions (Earman 2006): (i) the
microscopic dynamics is time-reversible, (ii) the measure of a region in phase space is
equal to the measure of the time-reversed region: (for all 4, w(4) = w(4"), and (iii) for all
macrostates M, if w(M) is the volume corresponding to M, then the region w(M")
corresponds to M'. The first two assumptions follow from the Hamiltonian mechanics
we're using; the third simply from the Boltzmannian framework. With these assumptions
in place it is possible to prove that P(M(t,)/M(to)) is equal to P(M'(-t,)/M(t,)), where
ti>to>-t;. Therefore, if it's likely that initial Boltzmann entropy Sz(M(ty)) rises after ¢, — o
to Sp(M(11)), it is also likely that many seconds before the entropy Sz(M'(-t1)) was higher
than at ¢.

To this problem the modern Boltzmannian answers: the framework is, as it must be, time
symmetric, but time asymmetric input will yield time asymmetric output. Add the time
asymmetric assumption that the initial state of the system has low Boltzmann entropy.
Then if low enough, we can expect time asymmetric increase in entropy. Problem
solved. Eventually there will be recurrence (for systems with bound phase spaces), but
calculations suggest that it will be a very, very long time before this occurs for any
macroscopic system. If it happens, that is a prediction of the theory. We only want to
recover thermodynamics from mechanics when thermodynamics actually
(approximately) holds.

The above answer is fine, so far as it goes. If I start out with a system at time 7, that is a
freshly poured cup of coffee, immerse it in room temperature, then — if all the
assumptions hold up — most likely the coffee cup will relax to room temperature by time
t1. Success! However, let's think about this more carefully. If I repeat this procedure at
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time ¢, I will again place a uniform probability distribution over all the microstates
compatible with the macrostate at t;. Because the dynamics is time-reversible, I can
evolve this probability distribution backwards and make a prediction for #. That
prediction would be that only a small proportion of the earlier microstates should be
further from equilibrium than closer to equilibrium (because according to the
reapplication of SP at #; only a small proportion of the microstates are atypical ones). So
this derived probability distribution at #, conflicts with the originally assumed probability
distribution at #p. The original one weighted the low entropy states heavily whereas the
'second' one weighted the higher entropy states heavily. This is a flat-out contradiction.
Yet all we did to create this inconsistency is use the very procedure that works so well,
but this time jumping back a time step fully in accord with the dynamical laws.

The Gibbsian faces essentially the same difficulty, although it's exacerbated by a few
extra factors special to Gibbs. Consider a gas in equilibrium at t, in an isolated chamber
of volume V, with one wall connected to a piston. Let the moveable wall out a way so
the chamber is now of volume V', where V'=2V. After some time t the gas is relaxed to a
new equilibrium. The Gibbsian will describe the gas at time ty with the microcanonical
ensemble po; and later at t; she will describe it with a new ensemble p;. Naturally, since
the distributions are with respect to different volumes, po = p;. Gibbsians calculate the
entropy change by finding the difference in the Sg's associated with each ensemble. Our
question is: Is there any way of getting from one distribution to the other via mechanics?
We can of course evolve py forward or backward in time via Hamilton's equations to
check. Yet we already know what will happen: nothing. The microcanonical distribution
is invariant under Hamiltonian flow.> Hence there is no way po could have evolved to p;.
But that gets everything wrong. In a sense, it's twice as bad as for Boltzmann — at least
Boltzmann gets the forward evolution right! Here, by contrast, if we evolve po forward
in time we again get po=p1, which is wrong (po weights heavily the gas being in one half
the chamber, even at t;); or if we evolve p; backward in time we get p; = po, which is also
wrong (p; weights heavily regions inaccessible to the gas at that time). Since we can't get
from one empirically correct distribution to another via the dynamics, it seems the
standard procedure is not justifiable from a mechanistic perspective. As Sklar 1994

complains, it is "not fair to choose a new ensemble description of the system at a later
time" (54).

Phrased in terms of Gibbs entropy, this problem is known as the 'paradox of the fine-
grained entropy'. Because p is stationary, the fine-grained entropy cannot change with
time, as one quickly sees by taking the derivative of (2). Gibbs himself seems to have

® I'm assuming a time-independent Hamiltonian, which is justified because we are trying to

account for thermodynamics holding in isolated systems, i.e., where conservation of energy
holds. Strictly speaking, if one used time-varying Hamiltonians the microcanonical distribution
could change with time. And even more strictly speaking, perhaps we should use these since
thermodynamically isolated doesn't mean mechanically isolated. While that is true, pursuing this
point here would be an unnecessary distraction.

18



thought one could divorce the equilibrium from non-equilibrium theory. When
considering the non-equilibrium context he advocated the use of a new entropy, the so-
called 'coarse-grained entropy'. The coarse-grained entropy, unlike Sg, can change with
time. I haven't space to discuss this move here.” Suffice to say, apart from its other
difficulties, one can repeat the reversibility paradox for this entropy too. One might also
question the idea of divorcing equilibrium from non-equilibrium theory. While some
divorces are amicable, this one seems downright hostile: Gibbsian equilibrium theory
can't just ignore non-equilibrium, it needs it to not exist.

Stepping back, we see that SP conflicts with the dynamics in one of two ways it could.
There are two possible conflicts, one corresponding to each direction of time, but we're
assuming a solution to one of them. First, SP might not be compatible with the dynamics
in the forward direction of time. Since SP works so well in this direction, however, we
turn a blind eye to this question. We implicitly assume that the dynamics will cooperate.
Some mixing-like behavior is assumed to be operative, but it's important to note that we
haven't shown this. Second, and worse, SP works dismally in the past direction. For any
system in equilibrium at any time, it's always possible that it reached that state through a
myriad of different past macroscopic histories. The system may have always been in
equilibrium, just that moment settled down to equilibrium, or relaxed to equilibrium
twenty minutes ago. Guidance about the past history based on SP can't get this right.®

At this point, one can start looking at different programs in the foundations of statistical
mechanics. One might examine attempts to single out the Lebesgue probability measure
as exceedingly special, attempts to derive this measure from more fundamental physics,
or attempts to weaken one's commitment to this measure by showing that many other
measures also would work. As Sklar 2007 emphasizes, each of these different
approaches (and there are more still!) yield a very different understanding of SP.

Nevertheless, in this paper I want to continue our focus on the Reversibility Paradox and
the compatibility of SP with the underlying mechanics. I see this issue as a crucial
juncture in the foundations of the subject. The different paths leading from distinct
answers produce theories that are radically dissimilar, theories with different research
questions, and theories that are radically at odds when it comes to the wishes of the
founding fathers of statistical mechanics. Bringing this out is what I hope to do in the
sequel.

” For discussion of the coarse-grained entropy, see Callender 1999 and Sklar 1994.

® This is a point Schrodinger 1950 emphasizes and that Davey 2008 uses to ground his claim that
no justification for any probability posit like SP can ever be had. As we'll see, one response to
Davey is to push back SP to the beginning of the universe, thereby eliminating the past histories
that stymie the justification of SP. That move will bring additional worries, however.
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6. From Local to Global

What I want to do now is show that answering this problem while keeping the original
motivations of the mechanists somewhat intact calls for moving the theory in a
dramatically "global" direction. Until now, we have spoken of SP as being applied to
coffee cups, boxes of gas, and so on, i.e., small relatively isolated systems. However,
Boltzmann ended up applying his theory to the universe at large, treating the entire
universe as one isolated system:

"That the mixture was not complete from the start, but rather that the world began
in a very unlikely state, this must be counted amongst the fundamental hypotheses
of the whole theory" 9

Some commentators on Boltzmann are positively beside themselves over this move,
viewing it almost as a sign of Boltzmann's impending madness."° Although I'll point out
problems with a global treatment of the theory, it does no good to ignore the serious
pressures to go global, insofar as one insists that SP mesh with the mechanical viewpoint.
The choice over how far to extend the Reversibility Paradox is tantamount to the question
of whether statistical mechanics is a special or fundamental science, a local or global
theory.

The most straightforward way to avoid the Reversibility Paradox is to imagine imposing
the initial probability distribution when the system begins. No worries about bad
retrodictions present themselves if the system doesn't exist at those times. The trouble-
making past is eliminated. Of course, if the "first" state is one of high entropy, this
maneuver won't do us any good. So we need to additionally suppose that the "first" state
is one of extremely low entropy. This recipe — cut off the past, impose the probabilities
on this first state — is clearly an effective way of solving the problem.

Moreover, thinking in terms of coffee cups, ice cubes, and laboratory set-ups, this
assumption is perfectly natural. All of these systems do in fact begin their "lives"
initially in low entropy. Until they become energetically open on a macroscopic scale,

o Incidentally, note the remainder of the quote in the context of the dispute about whether the low
entropy past itself demands explanation: "...and we can say that the reason for it is as little known
as that for why the universe is and it is not otherwise." See Callender 2004 for a defense of this
Boltzmannian line.

"% Torretti 2007 in particular seems disturbed by the entire Boltzmannian project, but nothing
more so than the shift to the universe at large: (e.g.) "A few lines further on Boltzmann adds:
“Perhaps this reduction of the second law to the realm of probability makes its application to the
entire universe appear dubious”. This apparent concession to ordinary intelligence is countered at
once by the following remark..." (fn. 30, 748, my emphasis).

20



SP works wonderfully for such systems. We could also imagine specifying very
precisely the degree of energetic isolation necessary for a system to count as beginning its
life. The proposal, then, is that we impose SP at (roughly) the first moment low entropy
macroscopic systems become suitably isolated.

This position is more or less Reichenbach's 1956 "branch system" hypothesis.11 The
"branches" are the energetically isolated sub-systems of the universe to which the
statistical postulate is applied. Davies 1974, the physicist, as well as a slew of
contemporary philosophers, have advocated it. It's easy to see the appeal: it solves the
Reversibility Paradox with a modest cost.

However, it's hardly clear that this solution is compatible with the underlying dynamics.
Albert 2000 has made some forceful objections to the branch view, to which Frigg 2008
and Winsberg 2004a have each replied. Albert raises many problems quickly, the first
few of which center on the vagueness of the whole branching theory. When does a
branch come into life? Frigg and Winsberg respond that this vagueness is benign. As
mentioned, one can imagine various well-defined recipes for defining macroscopically
energetically isolated systems. In my view, while vagueness can ultimately be a worry,
it's not the main threat to branches. The real action lay in Albert's warning that

"serious questions would remain as to the logical consistency of all these
statistical-hypotheses-applied-to-individual branch-systems with one another, and
with the earlier histories of the branch systems those branch systems branched off
from" (89)

Forget the first "one another" worry and concentrate on the second "earlier histories"
concern. This concern is essentially that branching hasn't solved the Reversibility
Paradox. Just as it's "not fair" to use the dynamics in one temporal direction and ignore it
in the other, it doesn't seem fair to ignore the past histories of coffee cups, boxes of gas,
and so on. True, we human beings using natural languages don't call the pre-formation
stages of the coffee cup "a cup of coffee", but so what? The microstate is still there, it
still evolves according to the dynamics, and the dynamics is still time-reversible. All of
these features together suggest that we can legitimately backward time evolve that static
probability distribution. When we do, their prior histories will create havoc, as we know
from the Reversibility Paradox.

Put another way, branches, lives and cups of coffee aren't part of the vocabulary of

" Reichenbach thought he could also get the time-asymmetry of thermodynamics from the
branching. Sklar 1994 points out many of the problems with this argument. Contemporary
branchers, like Winsberg, want to disassociate branching from this argument. In language we'll
use later, they acknowledge that branching will need lots of "mini" Past Hypotheses.
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microphysics. Are ensembles of microstates, just because they evolve into regions of
phase space associated with human beings calling them "cups of coffee", now supposed
to scramble and distribute themselves uniformly?

In response to this worry, Winsberg looks squarely at the grand project and abandons it,
so far as I can tell. He writes

Where does the branch-systems proposal get the temerity, then, to flagrantly
disregard the clear and present authority of the microlaws and simply stipulate that
the microconditions (or, at least, the probability distribution of a set of possible
microconditions) just are such and such, as an objective, empirical and contingent
fact about the world. But this worry, like all worries, has a presupposition. ... If the
worry is about the authority of the microlaws, the proponent of the framework
conception can simply reply that it is a mistake to think that the microlaws need
offer us a complete description of the universe. (2004a, 715-716)

Echoing Winsberg, Frigg points out that if one doesn't view the mechanical laws as
universal, then this objection has no force.

That of course is certainly correct. Yet what is the resulting picture? It’s essentially a
branching view of the underlying mechanics too. When the branch systems develop, then
they start operating according to classical mechanics, statistical mechanics, and
thermodynamics all at once. Before that...? The past mechanical histories of particles
have been eliminated. What occasioned the start of all these laws? On this view, you
can't ask.

If one was worried about the vagueness and relativity of the branch proposal before, one
really worries now. Now when the brancher states that the coffee cup is a branch with
respect to the house, the house with respect to the earth, and the Earth with respect to the
solar system (pretending that each is approximately energetically isolated), we really
have headaches. If we admit that, say, the Earth is evolving classical mechanically — and
surely Newton was onto something — then aren't all the parts of the earth also evolving
classical mechanically, whether or not they are branch systems? But then can't we talk
about the prior mechanical history of the coffee cup?

The contemporary brancher appears to solve the Reversibility Paradox by throwing the
baby out with the bathwater. We have lots of evidence for the existence of both Static
and Dynamic Probabilities. How can we have both? The contemporary brancher
answers that we can have both only by rejecting the basic assumption of the project, that
systems are always evolving according to mechanics. Maybe one's big-picture views in
philosophy of science will countenance such a pick-and-choose approach to the laws of
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nature. We can't tackle this question here. But what's certainly the case is that we've
now abandoned the project of Clausius, Maxwell and Bolztmann (and probably even
Reichenbach, the founder of branching). To the extent that this project is worthwhile,
then, we have reason to keep working. Later we will see a return of the branching
picture, but one perhaps not as radical as the contemporary one envisioned here.

In light of the above problems, it's easy to see that avoiding the reversibility paradox
seems to demand a global solution. Impose the SP on your coffee cup, then we need to
worry about it's pre-formation stages as a lump of clay in a factory. Put it on the clump
of clay, then we need to worry about its state when the clay was part of a riverbed, and so
on. Same goes for my coffee cup, made from the same factory, divided from the same
lump of clay. The logic of the explanation leads inexorably to the earliest and spatially
greatest in extent state mechanically connected to anything we now judge an instance of
thermodynamics at work. Boltzmann's lunge for a global understanding of statistical
mechanics was not a spectacular lapse of judgment; it was instead a natural product of
logical consistency and the demand for a mechanical explanation of why SP works.

In the standard model of cosmology, the earliest and widest state of the universe is
associated with the Big Bang. The resulting picture is to impose SP on an early state of
the universe while simultaneously claiming that that state is one of especially low
entropy. This claim, that the entropy of the extremely early universe was very low, is
dubbed the "Past Hypothesis" by Albert 2000. 12

We have gained consistency with the mechanics by pushing SP back to the beginning of
the universe. That doesn't tell us what to use now, however. For the global state of the
universe now, Albert advises us to abandon the original SP — that holds only at the Big
Bang — and modify it for use at later times. The modification goes as follows. Let the
Past State (the state the Past Hypothesis stipulates) be at time #. The new measure for
some later time ¢, where >, is the old SP except changed by conditionalizing on both
the current macrostate and the Past State. That is, consider all the microstates at time ¢
compatible with the current macrostate and the Past State macrostate. These microstates
form a set, a proper subset of the set of microstates compatible with the current
macrostate. Intuitively put, these are the microstates compatible with the current
macrostate that don't give us reversibility headaches. Put the uniform (Lebesgue)
measure on this restricted set. Then the chances that any microstate is in region A4 is
determined the usual way, i.e., by the proportion of the measure of 4 with respect to the
measure of this restricted set. Let's call this new probability measure SP*.

2 How early should the Past Hypothesis be imposed? Strictly speaking, since time is a
continuum, there is no first moment of time. But the earlier it's placed, the better. The
Reversibility Paradox threatens, of course. If imposed just when the universe begins its third
second of existence, for instance, then for all the reasons mentioned, the theory predicts two
seconds of anti-thermodynamic behavior. For this reason, it should be imposed on that moment
of time by which we're confident the world is thermodynamic.
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Stepping back from the details, we seem to have achieved our goal. We wanted to know
how SP could be compatible with the dynamics. The answer is twofold: one, push back
the static probabilities to the beginning of the universe, and two, replace the static
probabilities used at later times with a new static probability, SP*, one that makes
essentially the same probabilistic predictions for the future as the old static probability
(presumably, since there is no "Future Hypothesis").

7 Problems with Going Global

Extending the SP backward and outward undeniably has many benefits, but it also brings
with it some costs. One common objection is that it's not clear what a probability
distribution over the state of the whole universe even means (Torretti 2007). Barring far-
fetched scenarios wherein our universe is selected from a giant urn of universes, what
could it mean for an entire world history to be probable or improbable? My own view
about this objection is that it shouldn't ultimately be decisive. If one grants that the above
theory constitutes a good physical explanation of entropy increase, then it's the job of
philosophers of probability to devise a notion of probability suitable to this theory. It
would be remiss to abandon the theory just because philosophers and others haven't yet
produced such a notion. Furthermore, there are plenty of theories of chance that would
fill the role of providing an objective notion of probability without requiring an absurd
ensemble of universes (e.g., Loewer 2004). None of these theories are perfect, but some
are promising and work on them is ongoing. More worrisome to me are what I'll call the
Subsystem, Definability and Imperialism concerns — and their entanglement.

Beginning with the first, we began talking about relatively isolated sub-systems of the
universe and then moved to the universe as a whole: can we go back again to talk of
subsystems?  After all, our empirical experience is with the thermodynamics of
subsystems of the universe. If we only recover an explanation compatible with
mechanics that applies to the whole world, then this is a Pyrrhic victory. What follows
for isolated subsystems from the fact that the global entropy is likely to increase? To me,
this question is among the most pressing facing the Globalist solution.

The worry isn't that the odd cup of coffee might not go to equilibrium. That is precisely
what we expect if the above theory works and the universe lasts long enough. This
pseudo-problem actually assumes the theory works for most thermodynamic terrestrial
subsystems. The real worry is that it doesn't. Strictly speaking, it's compatible with the
global increase of entropy that just less than "half" of the subsystems of the universe (or
better, all the systems corresponding to just less than "half" the volume of the total phase
space) decrease their entropy with time, contrary to the Second Law. It's also compatible
with the global increase that all those local entropy decreases took place on Earth for its
entire history. What good does the average increase of global entropy do?
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Certain physical considerations can also be marshaled in support of skepticism. Notice
that in terrestrial systems, where gravity is approximately uniform, entropy increasing
systems tend to expand through their available volumes. When faced with the smooth
early state of the universe, however, which suggests an initially high entropy, people
immediately remark that because gravity is attractive, we should expect low entropy
states to be spread out in the configuration sector of phase space. None of this talk is at
all rigorous, either classically (see Callender 2008) or relativistically (see Earman 2006).
Never mind. Suppose it's roughly correct. Then the Past Hypothesis's entropy seems to
be low "primarily because of the gravitational contribution, whereas that contribution is
irrelevant for the kinds of subsystems of interest to us" (Earman, 419). The low entropy
is driving the rise of structure in the cosmos, the creation of clusters, galaxies, stars and
so on. Compared to that the cooling of the coffee in my cup is small beans. As Earman
points out, we can't expect the entropy rise in the gravitational degrees of freedom to help
with entropy increase in the non-gravitational degrees of freedom, for the time scales are
all wrong. The stars, for instance, are effectively "fixed" during the lifetime of my
morning coffee. The gravitational case appears to be precisely the sort of nightmare case
imagined just above wherein it doesn't matter to the global entropy increase if locally,
here on Earth, entropy never increased in small isolated systems. The entropy increase
occasioned by the rise of galactic structure swamps anything that happens here on our
little planet.

In reply, the Boltzmannian must cross one's fingers and hope that the dynamics is kind.
Recall that any sub-system corresponds, in phase space, to a lower-dimensional subspace
of the original phase space. The hope must be that when we project the original
approximately uniform distribution onto this subspace and renormalize we again find a
distribution that is approximately uniform. Pictorially, imagine a plane and a thoroughly
fibrillated set of points on this plane, a set so fibrillated that it corresponds to an
approximately uniform measure. Now draw a line at random through this plane and color
in the points on the line that intersect the fibrillated set. Are these colored points
themselves approximately uniformly distributed? That is what the Boltzmannian needs
for local thermodynamic systems, except with vastly many higher dimensions originally
and much greater dimensional gaps between the phase space and subspaces.

How are we to evaluate this reply? Based on experience with many types of systems,
some physicists don't balk at the thought of such fibrillation. They see it in some of the
systems they deal with and in the absence of constraints ask why things shouldn't be so
flibrillated. The unhappy truth, however, is that we simply have no idea how to evaluate
this claim in general.

My own attitude is to note this assumption as a large one and move on. No good will
come of "intuitions" one way or the other on a topic in which we're largely in the dark.
That's not to say indirect arguments can't be mustered. Suppose we have great
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confidence in the mechanics, the thermodynamics, and in this Boltzmannian story being
the only way to reconcile the two. Then we would have an indirect argument that the
dynamics must be thus-and-so to support claims in which we have great confidence. Yet
that's a far cry from any direct evidence for the specific dynamical claim under
consideration.

The second problem of going Global is whether the Past Hypothesis is actually definable.
This has always been a worry for empiricists like Reichenbach and Grunbaum 1963, who
have been skeptical that an entropy of the entire universe (especially if open) makes
sense. The worry has renewed life in the recent paper of Earman 2006. Let's not worry
about cosmic inflation periods, the baryogenesis that allegedly led to the dominance of
matter over anti-matter, the spontaneous symmetry breaking that purportedly led to our
forces, and so on. Stick with the less speculative physics found at, say, 10" seconds into
the universe's history. Forget about dark energy and dark matter. Putting all that to one
side, for confirmation of Boltzmann's insight one still needs to understand the Boltzmann
entropy in generally relativistic spacetimes. That is highly nontrivial. Worse, when
Earman tries to define the Boltzmann framework in the limited cases wherein one has
measures over solution spaces, the Boltzmann theory collapses into nonsense.

I can think of two responses available to the Globalist. First, one might advocate rolling
up one's sleeves and finding a way to write the Past Hypothesis in terms of the most
fundamental physics. That Earman found it impossible in the physics that is known
about some ideal systems is a long way from a no-go theorem implying it's impossible.
Second, one could imagine placing the probability distribution on states that are
approximately classical. Wait until the universe cools down, flattens out, etc., and can be
described with physics that sustains the Boltzmann apparatus. The downside of this
approach is that it's not exactly clear how to conceive of those earlier non-classical states.
They evolved to the later ones. If they evolved via time-reversible physics, then the
Reversibility Objection beckons. What do we say about the probability distribution
during the earlier time periods?

The third problem is Imperialism. To be fair, it's controversial whether this is a vice or a
virtue. The issue is this: the probability measure over initial microstates will give us
probabilities over an awful lot more than claims in thermodynamics. Thermodynamics
tells us, abstractly speaking, that macrostates of a certain type, say A, reliably tend to co-
exist with or evolve into macrostates of another type, say B. Boltzmann explains this by
asserting that most of the microstates compatible with A are also in B or evolve into B,
respectively. But there are lots of other sciences that claim one type of macrostate is
regularly preceded by another type. The current theory will provide a probability for
these claims too. And in fact, there are all sorts of counterfactual-supporting
generalizations, whether enshrined in what we'd call a science or not, that also make such
claims. As Albert 2000 notices, the probability measure will make likely (or unlikely)
the proposition that spatulas tend to be located in kitchens. On this view, all regularities
turn out to be probabilistic corollaries of physics plus this probability distribution.
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Science becomes unified in a way Newton and Einstein never dared to dream. This is
because the chances, on this view, are right there with the quarks, gluons, and whatever
else is part of the fundamental inventory of the world.

The reaction by some to this imperialism is: great! Loewer 2008, for instance, uses these
consequences to great effect in the explanation of the special sciences. Others, for
instance, Leeds 2003, and Callender and Cohen 2008, by contrast, are shocked by the
ambition of the theory. One doesn't have to subscribe to Cartwright's 1999 views in
philosophy of science — that causal generalizations typically hold only in tightly
circumscribed nearly ideal experimental scenarios -- to feel that the reach of the theory
outstrips the evidence here. Even in statistical mechanics there are those who question
the reach of the Boltzmannian picture. Schrodinger 1952 long ago rejected it, for
instance, because it works only for reasonably dilute systems. Though it can be extended
a bit (see Goldstein and Lebowitz 2004), there is a serious question over how much of
thermodynamics is recovered by Boltzmann and SP*. Outside of thermodynamics there
is simply not a shred of evidence that SP* is underlying non-thermodynamic regularities.
True, we place uniform probabilities over many possibilities in daily life and in the
special sciences. Will the coin land heads or tails? Where will the balanced pencil land
when I release the tip? Some special sciences may even construct models using
Lebesgue measure. None of these, however, are SP*, at least as far as we can tell. SP* is
defined with respect to a very special state space, one spanned by position and momenta.
It's logically possible that the probability distributions used elsewhere are truncations of
SP*, when SP* is translated into the language of the non-thermodynamic regularities,
e.g., translated into 'heads' and 'tails' talk. But we lack any positive evidence to believe
this is so.

For the above reasons, many readers may wish to retreat from the Global understanding
of Boltzmann. To me the interesting question is whether there is any way to do this while
remaining true to the original intentions of the founders of the theory? Or put a different
way — since one needn't be an "originalist" with respect to the interpretation of science
any more than one need be of political constitutions — can one withdraw to a more local
understanding of statistical mechanics while salvaging the core of (e.g.) Boltzmann's
beautiful explanation of entropy increase?

8 Interlude: Subjectivism, Instrumentalism

Embrace a subjective interpretation of statistical mechanical probabilities, some people
have thought, and all of our problems vanish. Or embrace instrumentalism about SP,
viewing it only as a tool for predicting macroscopic futures, and again the Reversibility
Paradox dissolves. Gibbs himself is sometimes interpreted as endorsing both lines of
thought. Jaynes 1983 and many physicists most definitely have subscribed to
subjectivism. And Mach, Duhem and other early critics of statistical mechanics were
advocates of instrumentalism, as are some modern critics.
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I won't argue here that neither position is tenable. They may well be right, in the end;
however, what I do think is true is that neither position can underwrite statistical
mechanical explanations of the kind we've been envisaging nor are they necessary to
resist Globalism. To the extent that we're searching for positions that can do both, neither
are successful. This consequence is less obvious with subjectivism, our first topic, than
instrumentalism, our second.

Subjectivism comes in many varieties, but the basic idea is that a probability distribution
is a feature of the information available to an agent or agents. The agent is ignorant of
the true microscopic history of the system, and this lack of knowledge justifies assigning
probabilities over the possible states of the system. Bayesians, Jaynesians, logicists, and
others all give rules for how these probabilities are to be assigned. In the current context,
the idea common to all is that because probabilities are a feature of an agent's
information, there isn't a deep worry about whether this tracks the physical dynamics.
The question, however, is whether statistical mechanical explanations survive the
transition to subjectivism. There are two points to make here.

First, if we conceive the problem as the conflict between the Static and Dynamic
Probabilities, then it's not at all clear how the interpretation of probabilities matter. If the
two probabilities conflict, they conflict no matter how interpreted. This is a point Albert
2000, 86) makes. Unless the subjectivist thinks they can just assign their degrees of
belief as or when they see fit, then adopting subjectivism doesn't help. Of course it's
possible to impose these probabilities in a time-biased way to try to avoid the
Reversibility Paradox. This is what Gibbs occasionally sounds like he is endorsing. But
what reason could there be for doing this? The subjectivist would be saying that she is
happy imposing SP and letting the dynamics evolve these in one temporal direction but
not the other, even though the dynamics are time-reversible. This decision just seems
capricious. Worse, what rationale can there be for imposing a probability distribution
over present events that one knows is inconsistent with what we know of the past?
Consider, for instance, Jaynes' famous objective Bayesian position, whereby one is
supposed to maximize entropy subject to all known constraints. As Sklar 1994 puts it, on
what basis does Jaynes feel he can ignore "known facts about the historical origin of the
system in question" (p. x) when doing this? I venture that the Reversibility Paradox
threatens any sensible subjectivism as much as any non-subjective approach.

Second, do we still get the explanation we seek on a subjectivist account? Albert writes

‘Can anybody seriously think that it is somehow necessary, that it is somehow a
priori, that the particles that make up the material world must arrange themselves
in accord with what we know, with what we happen to have looked into? Can
anybody seriously think that our merely being ignorant of the exact
microconditions of thermodynamic systems plays some part in bringing it about,

28



in making it the case, that (say) milk dissolves in coffee? How could that be?’
(2000, 64)

If we think of an explanation of some phenomenon as revealing in part the causal chain
of said phenomenon, Albert is here imagining an explanation including subjective
probabilities in that causal chain.

The response to this argument that I've often heard, and which is cleanly articulated in
Frigg is quite deflationary with regards to statistical mechanical explanations:

What underlies this objection is the mistaken view that ... [SP] plays a part in
bringing about things in the world. Of course the cooling down of drinks and the
boiling of kettles has nothing to do with what anybody thinks or knows about them;
but they have nothing to do with the probabilities attached to these events either.
Drinks cool down and kettles boil because the universe’s initial condition is such
that under the dynamics of the system it evolves into a state in which this happens.
There is no causal connection between knowledge and happenings in the world,
and, at least in the context of classical SM, nothing of that sort is suggested by an
epistemic interpretation of probabilities. ... All that is needed to explain why things
happen is the initial condition and the dynamics. Prima facie appearances
notwithstanding, ...[SP doesn't] ... have any role to play in explaining why a
system behaves as it does. (Frigg, forthcoming)

Frigg is correct that the SP probabilities are not pushers and pullers in the world. Calling
the final state of a system 'probable' doesn't make it go there. According to the
propensity interpretation of probabilities (or some versions), it is sometimes said that the
probability of a state "inclines" the system one way or the other. I find such claims hard
to swallow and possibly even inconsistent. Does rejecting this conception of probability,
however, leave probabilities no role to play in explaining why a system behaves as it
does? The philosophy of statistical explanation has a long history, so we can't
definitively answer the question here. Focusing on the issue of singular events, can there
be statistical explanation of single macroscopic events? Some, like Redhead 1990, think
not; but many others deem it possible. What I would like to briefly mention is one way
in which this might be possible.

It's instructive to consider the issue from a Humean perspective. According to it, even
the dynamical laws Frigg mentions don't explain why things happen, at least in one sense.
There is only the mosaic of events. Nothing explains why the events exist. Yet in the
sense of explanation the Humean cares about, there are plenty of explanations of these
events. The laws and causes are recovered from this mosaic of events. They follow from
the best summary of these events (see, e.g., Lewis 1994; Loewer 2001). Explanation
proceeds from this best summary. Crucially, the best summary may include statistical
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generalizations. If so, then what is needed to explain why things happen is not only the
initial conditions and dynamics, but also the probabilities. In a Humean theory like
Lewis', the probabilities have a nomic status; accordingly, like the dynamical laws they
can play a role in explanation. Humeans — but not only Humeans -- think the
probabilities can play a role in explanation without resorting to thinking of them as
"bringing about" those events. Arguably, there can be statistical explanations of singular
events.

My more general point, however, is that to abandon this hope of statistical explanation is
to pay a serious price. Why should one flee from a gaseous poison released into a closed
room? The Boltzmannian answers: because most initial conditions underlying this state
are ones headed to equilibrium. If the probabilities aren't used in the explanation, as
Frigg suggests, then subjectivists must renounce Boltzmannian-style explanations. But
then what value — explanation-wise — is statistical mechanics? If probabilities are used in
explanations, contra Frigg, but they are interpreted subjectively, then one wonders why
these credences should match the Boltzmannian values. Then we are back to square one
— the different subjectivist prescriptions for how to allocate your credence must ignore
known information about the past histories of particles.

Finally, let us briefly acknowledge that an instrumentalism about SP is of course another
reaction to our troubles. On this view, SP is a tool for making predictions about the
macroscopic futures of systems. Although SP makes claims about the distribution of
microstates underlying macrostates, this probability distribution is to be interpreted as a
useful fiction. So once again we must renounce Boltzmann-style explanations. For the
instrumentalist, the reason why fluctuations happen as they do, the reason why it makes
sense to run from a poison gas released into a room, and so on, is not that the microstates
are probabilistically distributed thus-and-so."

9 Special Sciences

In closing, let me describe a way of regarding SP that is at once Local, but embraces
neither subjectivism, instrumentalism, nor the more radical versions of branching. The
claim, originally hinted at in Callender 1997, is motivated by thinking through the idea of
statistical mechanics being a so-called special science, a non-fundamental science like
biology or economics. The picture is essentially a branching view of statistical
mechanics shorn of Reichenbach's attempt to get time-asymmetry out and of Winsberg's
rejection of the universal reach of the fundamental dynamical laws."* No doubt the

'3 North 2009 interprets Leeds 2003 as an instrumentalist approach. But I'm less confident that
this is the correct appellation for his views.

b Drory 2008 also defends a branch-type view with these features, but his is motivated by an
interesting re-consideration of the Reversibility Paradox. As I understand his position, it is
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picture described will not satisfy those with Globalist inclinations. Yet I think there is
value is trying to spell out a consistent Localist understanding. As we saw, the Globalist
picture comes with its share of problems. It is therefore of interest to see whether the fan
of SP and statistical mechanical explanations need be committed, on pain of
inconsistency, to Globalism. A crucial issue for the foundations of statistical mechanics
is whether the probabilities ought to be viewed as on a par with the most fundamental
elements of our physical theory, or rather, whether they ought to be understood as we do,
say, fitnesses in biology. Understanding the probabilities the Local way would, if
possible, allow one to embrace a non-subjectivist, realist interpretation of statistical
mechanics without many of the untoward complications arising from Globalism.

Before beginning, let's note that the following picture is definitely off the table if
statistical mechanics turns out to be a kind of corollary of fundamental physics. Albert
2000, for instance, has argued that if the GRW interpretation of quantum mechanics is
correct (and fundamental), then it implies the truth of statistical mechanics. The claim is,
in effect, a reduction of the statistical mechanical chances to the GRW chances. If
something like this turns out right, then there is little room for a position wherein
statistical mechanics turns out to be a special science. Heretofore we'll be working under
the assumption that versions of classical or quantum mechanics that don't by themselves
imply statistical mechanics are operant.

Consider biology, in particular, evolutionary biology. It is a theory of living organisms
and how these organisms evolve with time. Like statistical mechanics, the theory has a
complicated probabilistic apparatus, providing both forward transition probabilities (e.g.,
expected frequencies of offspring in subsequent generations given earlier ones) and static
conditional probabilities of the type we've considered (e.g., genotype probabilities at
Hardy-Weinberg equilibrium). To what bits of matter does this elaborate probabilistic
theory apply? As mentioned, it is a theory of life, so the probabilistic apparatus of natural
selection is "turned on" when branches of the universe deemed living obtain. That raises
the question: what is life? One way of answering this question is to specify some
characteristics essential to life such as mouths, legs, or more plausibly, metabolism. But
another way is to implicitly define life as that to which the probabilistic apparatus
applies. That is precisely the way John Maynard-Smith and Szathmary 1999 define life,
in line with many other biologists:

An alternative is to define as living any population of entities possessing those
properties that are needed if the population is to evolve by natural selection. That
is, entities are alive if they have the properties of multiplication, variation and
heredity...(1999, 3).

entirely complementary to the one motivated here.
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Bits of matter that multiply, vary and pass information along to subsequent generations,
will then evolve features like mouths, legs and metabolisms. However, life itself is
defined as that to which the probabilistic apparatus of natural selection can be applied.

Of course one can push back the question: How and why do organisms develop the
properties of multiplication, variation and heredity? That is a question tackled in
chemistry in origins of life research. The only point I want to make about this research is
that it does not take the probabilities found in natural selection and then turn around and
explain the formation of entities that (e.g.) multiply with these probabilities.

As witnessed, a committed Globalist believes all the special sciences are a manifestation
of SP percolating through different levels of structure. Thus he may search deep into
chemistry in an attempt to explain the origin of multiplying entities with SP. Or he may
point out that the mutations that drive variation are probabilistic and assert that these are
the SP* probabilities at work. All of that may be so. But unless one is already
committed to Globalism, there isn't the slightest urge to do so.

Let's now press the analogy further. If the fundamental physics is time-reversible, then
we can imagine a counterpart of the Reversibility Objection to evolutionary biology. The
living creatures to which natural selection applies are composed of particles. These
particles obey time-reversible laws of physics, so we can evolve these systems backward
in time. At the microlevel the particles don't care whether we call them living or not.
These systems at one time formed from non-living particles. Shouldn't the probabilities
be consistent with the past histories of the particles comprising living organisms too?

Adopting the Maynard-Smith and Szathmary line on life, the answer is No. The
probabilities apply to living creatures, and living creatures are those entities to which the
probabilities apply. And even if we don't adopt the Maynard-Smith and Szathmary line,
still the answer might be No. The probabilities need not apply to non-living creatures
themselves. Somehow life arises. This is a kind of boundary condition of the theory.
When life exists, then the probabilities are operant. But evolutionary biology is and can
be agnostic about whether these probabilities (or any objective probabilities) apply to the
formation of living creatures themselves.

The same story can be repeated for virtually any special science using probabilities.
Ecology and economics, for example, both make heavy use of transition and even static
conditional probabilities. But they are not themselves committed to applying these
probabilities, or any probabilities, to the formation of rabbits or markets, respectively.
Somehow rabbits develop and economic markets are created, and at this point they have
probabilities that are remarkably fruitful — so fruitful they may wish to be as realist and
objectivist about them. None of this is anti-mechanist or anti-physicalist. Rabbits and
markets supervene upon physical particles and fields. However, why these rabbits and
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markets develop with the frequencies they do is something about which the special
science is agnostic.

Think of statistical mechanics the same way. It's a new special science, one that grounds
and unifies a lot of macroscopic behavior. It too is restricted to certain kinds of systems,
in this case, thermodynamic systems. Here we must be careful, for the Gibbsian and
Boltzmannian differ over the scope of statistical mechanics. The former traditionally
views only equilibrium systems as in its purview, whereas the latter holds that some
nonequilibrium systems are too. To keep the discussion from getting too complicated,
let's agree to call local initially low entropy subsystems of the universe to which
statistical mechanics can be applied an SP-subsystem. Gibbsians can understand SP-
susbsystems as systems corresponding to thermodynamic equilibrium, and
Boltmzannnians may consider systems outside equilibrium to be SP-subsystems too, e.g.,
dilute gases between equilibrium states. This definition mirrors the definition of life via
the apparatus of natural selection applying. But one can also imagine alternative
definitions via thermodynamics if one wanted an independent handle on what systems are
statistical mechanical systems. In any case, the claim is that the SP-probabilities only
kick in when we have systems for which these probabilities work. Once they develop,
one uses SP to great effect. But one does not use it to describe and explain the frequency
of why such systems develop in the first place. It's compatible with the underlying
physics that such systems happen. That's enough.

SP*
— SP*

SP*
SP*

SP*

SIP

Figure 1. Globalism

33



As I see it, the Localist preaches agnosticism/atheism whereas the Globalist preaches
theism with respect to the formation of SP-subsystems. Since the Globalist has a
probability measure over the initial conditions of the universe (see Fig.1), Globalism
views the formation of SP-subsystems as the likely result of the initial probability
distribution. (And as we saw in the Imperialism charge earlier, Globalists also view all
counterfactual-supporting generalizations this way.) SP-subsystems themselves arise
from improbable-to-probable transitions. For the Localist, by contrast, the SP
probabilities either don't apply to the formations (atheism) or may not (agnosticism). In
neither variant do they believe SP-subsystems come into being as the result of
improbable-to-probable transitions.

Localism needs more detailed development'”, but we can already see the outlines of the
dispute with Globalism. Let's consider some objections to Localism.

The Globalist will object that this policy is disingenuous, that it's a "don't ask, don't tell"
policy. Systems with marvelous features develop, but we don't say why. However, it's
important to see that this isn't so—at least not in one sense. Unlike Winsberg's version of
branching, the special sciences view doesn't claim that macroscopic systems aren't
composed of particles that always evolve according to micro-dynamical laws. They are.
It's merely claiming agnosticism or atheism over the probabilities with which these
dynamical laws and initial conditions conspire to produce macroscopic systems. We're
simply not placing a probability distribution over the possible initial conditions of the
universe at large. It's compatible with this that one investigate the microscopic history of
the system of interest, just as it's compatible with evolution to investigate chemistry for
the origins of life. One might even combine this investigation with other approaches in
the foundations of statistical mechanics.

For instance, in the investigation of the microscopic history of a system, one might find
conditions that permit weakening local SP's so as to include other probability
distributions that also work. Strevens makes much use of Poincaré's method of arbitrary
functions in his analysis of roulette wheels. It turns out that very minimal conditions
need hold on probability distributions for them to produce the probability values we
ascribe to the ball having equal probabilities of landing on 'red' or 'black'. Many, many
probability measures yield the right probabilities. If something like this were shown,
then we would learn a lot about why SP-subsystems develop.

That said, the Globalist may still accuse the Localist of turning a blind eye on what looks
like a conspiracy of sorts. Boltzmann seems to have this in mind when he advocates

ot especially needs treatment of how the respective special science probabilities are
supposed to mesh (though see Callender and Cohen for some discussion) and the
interpretation of these probabilities.
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Globalism:

This [temporal asymmetry due to initial conditions] is not to be understood in the
sense that for each experiment one must specially assume just certain initial
conditions and not the opposite ones which are likewise possible; rather it is
sufficient to have a uniform basic assumption about the initial properties of the
mechanical picture of the world, from which it follows with logical necessity that,
when bodies are always interacting, they must always be found in the correct
initial conditions. (1964, 442)

The thought seems to be that it would be very unlikely to have to assume of each
susbsystem that its entropy was initially low. Horwich 1987 further presses this point.
The idea is that Globalism provides a common cause explanation for what would
otherwise be unexplained correlations. We could also worry less about temporal
directedness and more about frequencies. Isn't it miraculous that all these systems have
the same frequencies? The Localist looks to be running an explanatory deficit.

In response the Localist can go on the offense or defense. On the offense, the Localist
can remind the Globalist of the Subsystem problem. Recall that Globalists face a major
difficulty in showing how their theory of global entropy increase has any implications for
garden-variety local thermodynamic systems. For the theory to apply to subsystems, we
need to take it on faith that the dynamics evolves the volume in phase space associated
with any subsystem of interest in such a fibrillated manner that SP* approximately holds
for it. As Winsberg 2004b notes, at this point the advocate of branching can cry "foul."
We criticized branching for assuming that subsystems of the universe magically scramble
to have their microstates distributed according to SP just when we deem a branch to have
come into being. But now the Globalist wants the dynamics to scramble the microstates
in such a way that conditionalizing on earlier more global SP's result in mini-SP working
for my coffee cup. How is that any better? We're really being given the framework for a
common cause explanation without the detailed cause.

Against this background another explanation suggests itself. Why do all SP-systems
begin with low entropy, or why do they all have the same frequencies? This question is
like one seeking a common cause for why all living creatures have the feature of
multiplication. In the case of life there is no mystery, for multiplying is part of what's
essential to being life. Same goes here. Having low entropy is part of what's essential to
being an SP-system. Of course all the statistical mechanical systems have these features.
The science is about systems with these features. But it's no part of the science to say
anything about the frequencies of these systems. You will look in vain for a statistical
mechanics textbook telling you how many thermodynamic systems you should expect to
find in San Diego.
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North 2009 launches many objections against Callender 1997's proposal to think of
statistical mechanics as a special science. Some of these objections have been treated
here, explicitly or implicitly. The one that hasn't been covered that may have some
intuitive bite is her last one, namely, that statistical mechanics, unlike biology,
economics, and so on, ranges over the very same variables as mechanics. Ecology ranges
over offspring, biology over alleles, but statistical mechanics ranges over the very same
positions and momenta dealt with in mechanics. North is correct that this is a disanalogy.
Yet I'm not sure it's enough to worry the Localist. Assuming physicalism, offspring and
alleles are complicated functions of positions and momenta too. Metaphysically
speaking, there isn't really a difference. Furthermore, it seems the question hangs on how
we interpret the chances in statistical mechanics. Viewed as part of the fundamental
theory, then yes, the theory looks fundamental. But we've been exploring a position
wherein the fundamental theory is one that doesn't imply the statistical mechanical
chances. From this perspective statistical mechanics is a theory including non-
fundamental predicates, namely, the chances.

Something like this Localist position, I urge, is what instrumentalists, subjectivists and
branchers have sought when retreating from Globalism. Yet Localism does not require
these positions. Just as a biologist can be a realist and objectivist about fitness, so too can
a statistical mechanic be a realist and objectivist about the statistical mechanical
probabilities. Instrumentalism and subjectivism may, after all, be correct; but they are
not forced upon us in name of resisting Globalism. Additionally, just as a biologist need
not reject the mechanical basis of biological systems, neither does a statistical mechanic
need reject, like Winsberg, the possible universal applicability of mechanical laws.

Whether Localism or Globalism is ultimately correct is a question I leave for the reader.
I am content carving space for a Localist alternative to Globalism that preserves
statistical mechanical explanations. For myself, although I haven't space to develop the
point here, I can say that the Localist position seems a very natural way to conceive of
Gibbsian statistical mechanics. The Gibbsian framework makes many claims about
ensembles that can't be true of individuals governed by mechanics (Callender 2001). For
consistency it needs to be defined in the thermodynamic limit (where the three ensembles
are equivalent). And Gibbs offers thermodynamic analogies as opposed to reductions.
For these reasons (among others) and with North's point in mind, it doesn't seem as much
a theory about positions and momenta as it does one about a new theoretical entity, the
ensemble. It strikes one as a theory closer in spirit to thermodynamics (a special science)
than mechanics.  Yet when the Gibbsian framework is immersed within the
Boltzmannian theory, conceived as an elegant and useful formalism that gives the same
values as Boltzmann's theory when the system is large and in equilibrium, then the issue
is less clear. After all these years the jury is still out on Boltzmann's ambitious
"combinatorial" approach. The more or less powerful Boltzmann's theory gets, i.e., the
more systems to which it can be applied, the more or less tempting some version of
Globalism may be.
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