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“There can be no doubt, | think, that the average physicist is
made a little uncomfortable by thermodynamics. He is suspicious
of its ostensible generality, and he doesn’t quite see how anybody
has a right to expect to achieve that kind of generality. He finds
much more congenial the approach of statistical mechanics, with
its analysis reaching into the details of those microscopic processes
which in their larger aggregates constitute the subject matter of
thermodynamics. He feels, rightly or wrongly, that by the methods
of statistical mechanics and kinetic theory he has achieved a deeper
insight.” (Bridgman)

James Wills Philosophical Foundations of Thermal Physics January 19, 2023 2 /34



“There can be no doubt, | think, that the average physicist is
made a little uncomfortable by thermodynamics. He is suspicious
of its ostensible generality, and he doesn’t quite see how anybody
has a right to expect to achieve that kind of generality. He finds
much more congenial the approach of statistical mechanics, with
its analysis reaching into the details of those microscopic processes
which in their larger aggregates constitute the subject matter of
thermodynamics. He feels, rightly or wrongly, that by the methods
of statistical mechanics and kinetic theory he has achieved a deeper
insight.” (Bridgman)

“Mathematicians who take a professional interest in thermody-
namics usually find themselves exasperated at the obscurity and
imprecision which bedevil traditional ways of presenting that sub-
Ject.” (Day)
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What is Thermodynamics?

Let's open some books. Thermodynamics. ..

“...is applicable to all processes in which temperature or heat play
an important part.” (Adkins)
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What is Thermodynamics?

Let's open some books. Thermodynamics. ..

. is applicable to all processes in which temperature or heat play
an important part.” (Adkins)

. encompasses every part of physics in which the ideas of heat-
ing, temperature, or entropy play an essential role.” (Baierlein)

. Is that branch of physics which deals with the effects of tem-
perature changes and transformations of energy on a wide variety
of natural phenomena” (Kestin)

. Is the science of heat as a special form of energy exchange.
It is thus a branch of energetics, the general science of the forms
and interchanges of energy.” (Tschoegl)

“The presence of temperature distinguishes thermodynamics from
other macroscopic branches of science, such as geometrical op-
tics, mechanics, or electricity and magnetism.” (Zemansky and
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What is Thermodynamics?

“It is characteristic of thermodynamics that it deals only macro-
scopic, large-scale quantities of this kind and not with the variables
which characterise individual atoms or molecules.” (Dugdale)
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What is Thermodynamics?

“It is characteristic of thermodynamics that it deals only macro-
scopic, large-scale quantities of this kind and not with the variables
which characterise individual atoms or molecules.” (Dugdale)

“It is concerned only with macroscopic or large-scale properties
of matter and it makes no hypotheses about the small-scale or
microscopic structure of matter.” (Sears and Salinger)

“Thermodynamics is a study which seeks to establish quantitative
relationships among macroscopic variables.” (Landsberg)

“Orthodox thermodynamics is an approach associated with the
names of Clausius, Kelvin, and Planck. Here, one aims to describe
the thermal properties of macroscopic bodies while deliberately
avoiding commitment to any hypothesis about the microscopic
entities that might constitute the bodies in question.” (Uffink)
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“The term system, as used in thermodynamics, refer to a cer-
tain portion of the Universe within some closed surface called the
boundary of the system.” (Sears and Sallinger)

Macroscopic quantities, including temperature, having a bearing
on the internal state of a system are called thermodynamic coor-
dinates. A system that may be described in terms of thermody-
namic coordinates is called a thermodynamic system. (Zemansky
and Dittman)
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What is a Thermodynamic System?

Thermodynamics is...the study of thermodynamic systems?
“The term system, as used in thermodynamics, refer to a cer-
tain portion of the Universe within some closed surface called the
boundary of the system.” (Sears and Sallinger)

Macroscopic quantities, including temperature, having a bearing
on the internal state of a system are called thermodynamic coor-
dinates. A system that may be described in terms of thermody-
namic coordinates is called a thermodynamic system. (Zemansky
and Dittman)

A thermodynamic system is that portion of the universe which we
select for investigation. (Adkins)
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What is thermodynamics about?

A couple of suggestions, to be made more precise later. Thermodynamics
is ...

@ ...the science of the relationship between heat and work.

@ ...the science of the relationship between ‘macroscopic’ quantities,
‘ignoring’ the microscopic.
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Carnot’s Insight

“Notwithstanding the work of all kinds done by steam-engines,
notwithstanding the satisfactory condition to which they have been
brought to-day, their theory is very little understood, and the
attempts to improve them are still directed almost by chance.”
(Carnot)
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(Carnot)

“In order to consider in the most general way the principle of
the production of motion by heat, it must be considered indepen-
dently of any mechanism or any particular agent. It is necessary
to establish principles applicable not only to steam-engines but to
all imaginable heat-engines, whatever the working substance and
whatever the method by which it is operated.” (Carnot)
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“Notwithstanding the work of all kinds done by steam-engines,
notwithstanding the satisfactory condition to which they have been
brought to-day, their theory is very little understood, and the
attempts to improve them are still directed almost by chance.”
(Carnot)

“In order to consider in the most general way the principle of
the production of motion by heat, it must be considered indepen-
dently of any mechanism or any particular agent. It is necessary
to establish principles applicable not only to steam-engines but to
all imaginable heat-engines, whatever the working substance and
whatever the method by which it is operated.” (Carnot)

Work can only be extracted when there is a temperature gradient
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Theories of Heat

@ Caloric Theory: Heat is a conserved, weightless, invisible fluid which
flows from hot to cold.

@ Kinetic Theory: Heat consists in the motion of particles which make
up a substance.
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@ Caloric Theory: Heat is a conserved, weightless, invisible fluid which
flows from hot to cold.

@ Kinetic Theory: Heat consists in the motion of particles which make
up a substance.
Kinetic theory was adopted for roughly the following reasons:
@ Heat can be generated from friction.

@ Caloric has no weight.
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Theories of Heat

@ Caloric Theory: Heat is a conserved, weightless, invisible fluid which
flows from hot to cold.

@ Kinetic Theory: Heat consists in the motion of particles which make
up a substance.
Kinetic theory was adopted for roughly the following reasons:
© Heat can be generated from friction.
@ Caloric has no weight.

No change in what thermodynamics was fundamentally about: Still there
remained a fundamental distinction between heat and work and ‘flow’ of
the former could generate the latter.
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odox Thermodynamics: First and Second Laws

First Main Principle

“In all cases where work is produced by heat, a quantity of heat consumed
is proportional to the work done; and inversely, by the expenditure of the
same amount of work the same quantity of heat may be produced.”
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Orthodox Thermodynamics: First and Second Laws

First Main Principle

“In all cases where work is produced by heat, a quantity of heat consumed
is proportional to the work done; and inversely, by the expenditure of the
same amount of work the same quantity of heat may be produced.”

If a cyclic process is performed such that work is done on/by the system,
then an equal amount of heat energy left/entered the system:

]{dW:%dQ:de—dQ:o. (1)
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First Main Principle

“In all cases where work is produced by heat, a quantity of heat consumed
is proportional to the work done; and inversely, by the expenditure of the
same amount of work the same quantity of heat may be produced.”

If a cyclic process is performed such that work is done on/by the system,
then an equal amount of heat energy left/entered the system:

fﬂWz%ﬁQ:ﬁfﬁW—dQ:& (1)

Thus dW — dQ is a state function. We define:

dU := dW — dQ (2)

January 19, 2023 11 / 34

James Wills Philosophical Foundations of Thermal Physics



Orthodox Thermodynamics: First and Second Laws

Second Main Principle
“A passage of heat from a colder to a hotter body cannot take place
without compensation.”

To show that this implies the existence of a state function is a lot of work
and Clausius shows in (pp. 69-107) Clausius (1879) that it implies the
existence of the entropy:

dS = dQ/T (3)
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The Q/W distinction

“[T]he science of thermo-dynamics has at its core a distinction
between two modes of energy transfer between physical systems:
as heat, and as work.” (Myrvold)
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The Q/W distinction

“[T]he science of thermo-dynamics has at its core a distinction
between two modes of energy transfer between physical systems:
as heat, and as work.” (Myrvold)

But both are some form of motion:
“On the kinetic theory of heat, when a body is heated, the total
kinetic energy of its molecules is increased, so, for body A to heat
body B, parts of A must interact with parts of B to change their
state of motion. When A does work on B, it is again the case
that parts of A act on parts of B to change their state of motion.”
(Myrvold)

So what grounds the distinction?
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Means-relativity

Myrvold advocates a ‘Maxwellian’ view

“The difference is in heat transfer, energy is transferred to the
parts of the body in a haphazard way; the resulting motions cannot
be tracked. This limits our ability to recover the energy as work.”
(Myrvold)
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be tracked. This limits our ability to recover the energy as work.”
(Myrvold)

Maxwell himself wrote:
“Available energy is energy which we can direct into any desired
channel. Dissipated energy is energy we cannot lay hold of and
direct at pleasure, such as the energy of the confused agitation of
molecules which we call heat.”
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Myrvold advocates a ‘Maxwellian’ view

“The difference is in heat transfer, energy is transferred to the
parts of the body in a haphazard way; the resulting motions cannot

be tracked. This limits our ability to recover the energy as work.”
(Myrvold)

Maxwell himself wrote:
“Available energy is energy which we can direct into any desired
channel. Dissipated energy is energy we cannot lay hold of and
direct at pleasure, such as the energy of the confused agitation of
molecules which we call heat.”

Means-relativity: whether energy counts as heat or as work depends on
the means we have available to us to manipulate the system and extract
useful work.
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An Alternative View (Adkins)

“[A]lthough its application had at first been restricted to thermal
engineering, its laws were soon recognized to be of such great
generality as to be useful and important in many other branches
of science also. Thermodynamics sets out to describe and corre-
late the directly observable properties of substances: the volume
of a gas, the expansion of a wire, the polarization of a dielectric.
The laws of thermodynamics enable us to interrelate the macro-
scopic quantities without making any microscopic assumptions at
all. The great generality of thermodynamics is a direct conse-
quence of this. It is precisely because it avoids microscopic theories
that it is so valuable.” (Adkins)
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An Alternative View (Burke)

“A thermodynamic system is a homogeneous assembly that in-
cludes a very large number of unexamined and mutually interact-
ing subparts. The energy shared among the unmeasured degrees
of freedom of these subparts is called heat. Think, for instance,
of a sample of gas. The atoms are subparts with translational de-
grees of freedom whose kinetic energy is shared among them. In
addition, a thermodynamic system has some degrees of freedom
(or combinations) that are measured, such as its volume, magneti-
zation, electric charge, and number of particles. These aggregate
variables are called extensive variables. .. The state space for the
system consists of all the preceding extensive variables, plus one
aggregate variable for the unexamined degrees of freedom. This
aggregate variable is called entropy.” (Burke)
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The Projection View

@ Thermodynamics is the study of thermodynamic systems.
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Comparison with means-relativity

@ Both views point to some distinction between the degrees of freedom
of a mechanical system.
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@ For means-relativity, the distinction is between those which we can
‘access’ and those which we can't.

@ But for the Projection view, the fact that there is a distinction in the
first place is what is important.

@ Thus anthropocentric considerations are not what is fundamental.
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Comparison with means-relativity

Both views point to some distinction between the degrees of freedom
of a mechanical system.

For means-relativity, the distinction is between those which we can
‘access’ and those which we can't.

But for the Projection view, the fact that there is a distinction in the
first place is what is important.

Thus anthropocentric considerations are not what is fundamental.

What is fundamental is a distinction between different types of
degrees of freedom.
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Geometric Thermodynamics

Postulate

The states of the thermodynamic system are represented by points in the
configuration space: a (k + 1)-dimensional smooth real manifold M with
global coordinates (X, X1, Xa..., Xk) known as extensive variables, where
U := Xp is called the internal energy and S := Xj is called the entropy.
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Geometric Thermodynamics

Postulate
There exists a smooth function f between the extensive variables

U = (S, Xo, ..oy Xe) (4)

defining a k-dimensional surface in M with the following properties:

@ f is a first-order homogeneous function of S, Xo, ..., X:
F(AS, Xa..., AXk) = M(S, Xa..., Xk) (5)

for every positive real number A and for all S, X5 ..., Xi.

@ U is a monotonically increasing, surjective function from S to the real
numbers, all other variables held fixed.

@ U is a convex function of its arguments.
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Thermodynamic System

Thermodynamic System

A thermodynamic system is the pair (M, f), where M is a

(k + 1)-dimensional manifold with global coordinates U, S, X», ..., Xx and
U= (S, Xa,..., Xx) where U is a first-order homogeneous function of its
arguments, is a monotonically increasing function of S and is convex.
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Concrete Example

The fundamental relation of the ideal gas is:
3_N NR N>/2

K> "
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@ Why are we just assuming the existence of the entropy variable?
@ How can we recover the ‘orthodox’ first and second laws?
@ What does ‘extensive’ mean?

@ How are energy and entropy singled out as ‘special’ configuration
variables?
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