
0 - Introduction

In this part of class, re-study classical macroscopic thermodynamics. 

Ideas of thermodynamics are very general and mostly independent of any 
physical models and thus applicable in many different fields of 
physics. 

Task of thermodynamics is to define physical quantities (state 
quantities), which characterize the macroscopic properties of matter 
(macrostate) and to relate these quantities using equations of state 
and laws of thermodynamics. 

One proceeds from experimental results and sets up relations, the 
axiomatic laws of thermodynamics, which have validity independent of 
particular physical system under consideration. 

Laws supplemented by empirically established relations between state 
quantities called equations of state, which are only valid for 
particular physical systems. 

Pass #2 - Same material - different approach leading to better understanding!
Pass #1 is an approach that characterizes how an Engineering Physicist thinks,                             

whereas Pass #2 is an approach that characterizes how a theoretical physicist thinks.
The lecture notes have all the mathematical details although I will not cover in all detail in class.

I have also removed from the lectures many of the examples - they are on the website.



Thermodynamics cannot and will not give reasons why a certain equation 
of state describes a system. 

It restricts itself to making assertions concerning state quantities, 
if a particular equation of state is given. 

To create manageable theory (calculational point of view), goal is to 
only specify a few state quantities from which can determine unique 
values for all other state quantities. 

This generality of thermodynamics due to the fact that it is based on 
only a few empirical theorems, leads to major restriction. 

State quantities will, in general, be operationally defined in terms 
of prescription of how to measure them.

Thermodynamics alone cannot make any assertions concerning reasons
and interpretations based on microscopic level, which for most part 
depend on a physical model. 

In particular, interpretation of heat using statistical thermal motion 
of particles is generally not part of thermodynamics.



Can fully understand such concepts only if use ideas from microscopic 
regime and will therefore now include such discussions.

Concerned mostly with so-called equilibrium state. 

Equilibrium thermodynamics is not able to describe time evolution of 
processes. 

However, is possible, by comparison of "before and after" equilibrium 
states, to decide whether a process can happen or not. 

In these special cases, can study systems using concept of 
infinitesimal changes of state. 

In thermodynamics, one mostly deals with functions of more than one
variable and use differentials, line integrals and partial
derivatives extensively. 

Not bother much with mathematical rigor, but concentrate efforts 
towards understanding physical ideas. 



To avoid subject of thermodynamics becoming too “abstract" and "dry", 
have included many illustrative examples and problems (some in 
lectures and some only on website).

These clearly illustrate general ideas of thermodynamics.

Systems, Phases and State Quantities

Define thermodynamic system to be arbitrary amount of matter,
whose properties uniquely and completely described by specifying 
certain macroscopic parameters. 

Matter(system) under consideration confined by physical walls so that 
interactions with surroundings/environment modified.

Define further properties of these "walls" or the"container":



Clearly, isolated system is an idealization. 

In real macroscopic world, an exchange of energy with surroundings 
cannot be prevented in strict sense. 

However, can approximately realize isolated systems using expensive 
experimental equipment.



If properties of system are same for any part of it, system is 
homogeneous. 

If system properties change discontinuously at certain separating 
surfaces, system is heterogeneous. 

Homogeneous parts of heterogeneous system are phases and separating 
surfaces are phase boundaries. 

An example of such a system is closed pot containing water, steam and 
air. 

Phase boundary is surface of water. 

Say there is liquid phase(water) and gaseous phase(air and steam). 

Macroscopic quantities which describe system called state quantities. 



Besides energy E, volume V, particle number N, also have (to be 
defined) entropy S, temperature T, pressure p, chemical potential µ and 
so on. 

Microscopic properties such as positions and momenta of individual 
particles are not state quantities in thermodynamics. 

Can choose few state quantities (state variables given by equations of 
state) such that all other state quantities have values dependent on 
these state variables. 

As stated earlier, equations of state are determined by experiment.

Example is concept of an ideal gas, which shall often use as model for 
real gases(but only valid in limit of low gas density).

In general, distinguish two classes of state quantities:



One can easily move from extensive to intensive state quantities
where both essentially describe very similar physical properties. 

For example, energy, volume and particle number are extensive state 
quantities, while energy per unit volume (energy density)or energy per 
particle, are intensive state quantities.



1.1 Thermal Equilibrium

1 - Energy in Thermal Physics

Temperature is a state quantity which is unknown in mechanics and
electrodynamics. 

It is specially introduced in thermodynamics and its definition is 
closely connected with concept of thermal equilibrium.

These simple sounding definitions are more complicated than they 
sound. 

They are vague and contain many ill-defined quantities.

This first definition says that can precisely define notion of 
temperature by specifying how and in which units temperature is 
measured.



Equality of temperature of two bodies is condition for thermal 
equilibrium between these bodies. 

Important because thermodynamic state quantities are defined and 
measurable only in equilibrium. 

Define equilibrium state as one macroscopic state of closed system to 
which system evolves after sufficiently long period of time; in 
equilibrium state, state quantities no longer change with time.

Restrict our considerations to situations where existence of an 
equilibrium state is obvious. 

Often reasonable to speak of thermodynamic equilibrium even if state 
quantities still change very slowly.

Nevertheless, application of thermodynamic state quantities makes
sense in this case because changes proceed very slowly. 

So-called "quasi-stationary" system is effectively in an equilibrium 
state for a reasonable length of time and thermodynamics can be 
applied during that period.

For example, our sun is by no means in an equilibrium state (it
continuously loses energy through radiation).



Suppose that, in an isolated system, bring two subsystems, each 
previously in equilibrium, into thermal contact(no exchange of matter) 
with each other. 

Then, one observes, in general, various processes associated with a 
change of state quantities, until after a sufficiently long time a  
new equilibrium state is attained. 

One calls this new state thermal equilibrium.

Experiment shows that all systems which are in thermal equilibrium 
with a given system are also in thermal equilibrium with each other.

Use this empirical fact as foundation of definition of temperature and 
therefore, important enough to call it zeroth law of thermodynamics. 

Therefore, systems in thermal equilibrium with each other have common 
intensive property, which denote as temperature and systems not in 
equilibrium with each other will have different temperatures. 



Measurement of temperature is done as follows:

System whose thermal equilibrium state is uniquely connected with an 
easily observable state quantity, that is, a thermometer, is brought 
into thermal equilibrium with system whose temperature is to be 
measured. 

State quantity to be observed can be, for example, volume of
a fluid (fluid thermometer) or volume of a gas (gas thermometer)
or resistance of certain conducting material(resistance thermometer).

Not necessary to put measuring apparatus (thermometer) in
direct contact with system (in thermal equilibrium). 

For example, surface temperature of sun or temperature of a flame can 
be determined by measuring spectrum(distribution of power or intensity 
as a function of wavelength or frequency) of emitted electromagnetic 
radiation. 

Only assumption, in this case, is that local thermal equilibrium(at 
source of radiation) is not disturbed in any major way by emission 
processes.



Clearly, procedure of measuring temperature is connected with an 
equation of state, that is, relationship between observed state 
quantity (volume, resistance, etc) and temperature.

Experiment indicates that when two objects are able to exchange  
energy (there are many forms of energy as we shall see) and energy   
is able to move spontaneously from one object to the other, define 
object giving energy to be at "higher" temperature and object that 
absorbing energy to be at "lower" temperature.

Stating this formally, have restatement of theoretical definition of 
temperature

To fix a general temperature scale, have to choose a standard system. 

In particular, exploit fact that many different gases behave similarly 
if dilute (have low density). 



Suppose define thermodynamic temperature T  with help of volume of such 
a dilute gas as 
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at constant pressure and constant particle number as shown in figure.

Can use volume of certain definite amount of such gas (at certain 
nonvanishing pressure) as measure of temperature and then calibrate 
other thermometers accordingly.

Note that open end of tube means have atmospheric 
pressure and plug means have constant particle 
number.

By defining particular temperature T0 for standard 
volume V0 (e.g., at pressure of one atmosphere) 
can fix scale. 

Today one takes melting point of ice as T = 273.15K, where unit K  is 
"kelvin". 



If plot volume of dilute gas versus temperature in °C, find crossing 
point with abscissa at temperature −273.15°C as shown in figure below. 

VT diagram of a dilute gas 

Of course, one cannot experimentally measure volume of a gas at
very low temperatures, since will liquefy, but one can
extrapolate to crossing point. 

Therefore, have constructed an idealized system (an ideal gas), volume 

of which is just V = 0 m3 at absolute temperature (which we just call 
temperature from now on) T = 0 K . 



At first sight, may seem impractical to use such an idealized
system, which can never serve as a real thermometer (at low
temperatures) to define unit. 

From statistical point of view, however, will see that this notion of 
temperature yields very simple relationships in kinetic theory of 
gases. 

For example, will see that absolute temperature defined here is 
directly proportional to average kinetic energy of gas particles. 

In particular, observe that there are no negative absolute
temperatures in thermodynamic equilibrium, since if all particles
are at rest (zero kinetic energy), average energy is zero and
thus, temperature is also zero.

Of great importance to separate notion of equilibrium from that of a 
stationary state. 

In stationary state macroscopic state quantities are also independent 
of time, but these states are always connected with an energy flux, 
which is not case for equilibrium states.



For example, let consider an electric hot plate. If put a pot with 
meal on top to it, after some time a stationary state will be attained 
where temperature of meal will not change any longer. 

This, however, is not a state of thermal equilibrium as long as 
surroundings have different temperature. 

One must continuously supply system with (electrical) energy to 
prevent cooling of the dish, which continuously radiates energy (heat) 
into surroundings. 

System is not isolated, since energy is supplied as well as emitted. 

1.2 The Ideal Gas

To illustrate basic concepts of thermodynamics, consider an ideal gas 
in greater detail. 

Such an ideal gas is characterized by fact that particles are 
considered (as in classical mechanics) to be noninteracting,  
pointlike particles. 



Obvious that this is simple model of real gas, particles of which have 
atomic dimensions and do interact. 

Approximation is better the more dilute the gas.

General relationship between pressure and 
volume of gas at constant temperature (see 
the figure at right) is given by 

PV diagram for an ideal gas

where define pressure as force per unit 
area which acts on walls of container.

p0V0 depends on T

Microscopically, origin of pressure is fact that particles hit walls, 
where are reflected and transfer momentum.

Can also consider dependence of volume on temperature.



Corresponding equation is identical with definition of absolute 
temperature, namely,

Quantities p0, V0, and T0  are pressure, volume and temperature of an 
arbitrary fixed state (reference state).

Now determine relationship that holds between pressure, volume and 
temperature if move from state (p0,V0,T0) to final state (p,V,T). 

First change pressure at constant temperature until we reach the 
desired pressure p, where a volume V0' is attained 

Now change temperature at constant pressure to obtain



If eliminate intermediate volume V0' from both equations we have 

Since expression        is an extensive quantity it must, under same 
conditions, increase proportional to particle number, that is, it must 
equal kN, where we introduce Boltzmann's constant of proportionality k 
= 1.380658 × 10−23 J ⋅ K −1. 

We then obtain 

This is ideal gas law. 

Also an example of equation of state where pressure is proportional to 
product of particle density ρ = N / V  and temperature. 

(01.02)
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Example: The Exponential Atmosphere



Kinetic Theory of Ideal Gas

Now show that temperature of ideal gas(as defined above) can be 
understood as average kinetic energy of particles in gas. 

Each particle of gas has velocity vector      which will be changing 
with time. 
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Although individual particles change their velocities, in an 
equilibrium state, on average, there will always be same number of 
particles in certain interval(volume)          = dvx dvy dvz in velocity space. 

That is real meaning of term equilibrium state.
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d3~v
Therefore, makes sense to ask for probability that particle is in 
interval          , that is, to speak of a velocity distribution in the gas 
which does not change with time in thermodynamic equilibrium (although 
individual particles are still changing).



Do not need to know its exact form. 

Sufficient at this point to know that such a distribution exists.

Write           for number of particles in velocity interval (volume)         
centered around velocity value    . Then have 

<latexit sha1_base64="oYyQW9hes0v8jSBomoWZruwPME8=">AAACBXicbVDLSsNAFJ34rPVVdelmsAiuSuKzy4IblxXsA9tYJpObduhkEmYmhRKy9gfc6h+4E7d+hz/gdzhts7CtBy4czrmXe+/xYs6Utu1va2V1bX1js7BV3N7Z3dsvHRw2VZRICg0a8Ui2PaKAMwENzTSHdiyBhB6Hlje8nfitEUjFIvGgxzG4IekLFjBKtJEe/aeL7ghoOsp6pbJdsafAy8TJSRnlqPdKP10/okkIQlNOlOo4dqzdlEjNKIes2E0UxIQOSR86hgoSgnLT6cUZPjWKj4NImhIaT9W/EykJlRqHnukMiR6oRW8i/ud1Eh1U3ZSJONEg6GxRkHCsIzx5H/tMAtV8bAihkplbMR0QSag2Ic1t8SQZgs6KJhhnMYZl0jyvONeVq/vLcq2aR1RAx+gEnSEH3aAaukN11EAUCfSCXtGb9Wy9Wx/W56x1xcpnjtAcrK9f9x2ZQw==</latexit>

d3~v
<latexit sha1_base64="i3DdmO19ACUv6hOPpb2Qk0wgJIA=">AAACBnicbVDLSsNAFJ34rPVVdelmsAh1UxLx0WXBjSupYB+QhjKZ3LZDJ5MwMymUkL0/4Fb/wJ249Tf8Ab/DaZuFbT1w4XDOvdx7jx9zprRtf1tr6xubW9uFneLu3v7BYenouKWiRFJo0ohHsuMTBZwJaGqmOXRiCST0ObT90d3Ub49BKhaJJz2JwQvJQLA+o0QbyQ0eKt0x0HScXfRKZbtqz4BXiZOTMsrR6JV+ukFEkxCEppwo5Tp2rL2USM0oh6zYTRTEhI7IAFxDBQlBeens5AyfGyXA/UiaEhrP1L8TKQmVmoS+6QyJHqplbyr+57mJ7te8lIk40SDofFE/4VhHePo/DpgEqvnEEEIlM7diOiSSUG1SWtjiSzICnRVNMM5yDKukdVl1bqrXj1flei2PqIBO0RmqIAfdojq6Rw3URBRF6AW9ojfr2Xq3PqzPeeualc+coAVYX781m5lb</latexit>

dN(~v)
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where          is velocity distribution(probability) function (this is  
basically a definition of        ). 

Since every particle has some velocity value, must have                        

that is, probability for particle to have some velocity equals 
unity(only way to make physical sense). 
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↑→
f(ωv)dωv = 1



As mentioned earlier, pressure of gas originates from momentum 
transfer by particles when they are reflected at some surface A 
(corresponding to walls of container). 

If assume the z-axis of our coordinate system is perpendicular to wall 

area A, a particle of velocity          which hits that area transfers 
(elastic collision) momentum                 . 

Now question is, how many such particles with velocity vector      hit 
surface area A  during time dt? 
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~v

<latexit sha1_base64="wEUWSWuzJyWFkapSK1Dndx/tn3s=">AAACAnicbVDLSgNBEOz1GeMr6tHLYBA8hd3gIxch4MVjBPOAZAmzk9lkyMzsMjMbiEtu/oBX/QNv4tUf8Qf8DifJHkxiQUNR1U13VxBzpo3rfjtr6xubW9u5nfzu3v7BYeHouKGjRBFaJxGPVCvAmnImad0ww2krVhSLgNNmMLyb+s0RVZpF8tGMY+oL3JcsZAQbKzXj27IYdZ+6haJbcmdAq8TLSBEy1LqFn04vIomg0hCOtW57bmz8FCvDCKeTfCfRNMZkiPu0banEgmo/nZ07QedW6aEwUrakQTP170SKhdZjEdhOgc1AL3tT8T+vnZiw4qdMxomhkswXhQlHJkLT31GPKUoMH1uCiWL2VkQGWGFibEILWwKFh9RM8jYYbzmGVdIol7zr0tXDZbFaySLKwSmcwQV4cANVuIca1IHAEF7gFd6cZ+fd+XA+561rTjZzAgtwvn4BSnCXww==</latexit>

p = 2mvz

As one can see from figure below answer is just particles inside 
parallelepiped with base area A and height vz dt, that is, 



all particles with velocity       travel 
distance                  during time dt and 
therefore hit surface if they are 
anywhere inside parallelepiped at 
beginning of time interval. 

On other hand, number of particles 

with velocity       inside parallelepiped 
is just 

<latexit sha1_base64="34qwXX2KBuP+8SFL0r3PNgHdBhI=">AAACAnicbVDJSgNBEO2JW4xb1KOXxiB4CjPikmPAi8cIZoFkCD2dmqRJz0J3TSAMc/MHvOofeBOv/og/4HfYSeZgEh8UPN6roqqeF0uh0ba/rcLG5tb2TnG3tLd/cHhUPj5p6ShRHJo8kpHqeEyDFCE0UaCETqyABZ6Etje+n/ntCSgtovAJpzG4ARuGwhecoZHavQnwdJL1yxW7as9B14mTkwrJ0eiXf3qDiCcBhMgl07rr2DG6KVMouISs1Es0xIyP2RC6hoYsAO2m83MzemGUAfUjZSpEOlf/TqQs0HoaeKYzYDjSq95M/M/rJujX3FSEcYIQ8sUiP5EUIzr7nQ6EAo5yagjjSphbKR8xxTiahJa2eIqNAbOSCcZZjWGdtK6qzm315vG6Uq/lERXJGTknl8Qhd6ROHkiDNAknY/JCXsmb9Wy9Wx/W56K1YOUzp2QJ1tcv+ZyYMA==</latexit>

~v
<latexit sha1_base64="zVsysaokqi8mI9m30KR7qun8V0Q=">AAACD3icbVBLSgNBEO3xG+MvxqWbwSC4CjPiJxsh4MZlBPOBZAg9PTVJk54P3TXBMMwhvIBbvYE7cesRvIDnsDPJwiQ+KOrxXhVVPDcWXKFlfRtr6xubW9uFneLu3v7BYemo3FJRIhk0WSQi2XGpAsFDaCJHAZ1YAg1cAW13dDf122OQikfhI05icAI6CLnPGUUt9UtlrzcGlsrsNu/jzMN+qWJVrRzmKrHnpELmaPRLPz0vYkkAITJBleraVoxOSiVyJiAr9hIFMWUjOoCupiENQDlp/ntmnmnFM/1I6grRzNW/GykNlJoErp4MKA7VsjcV//O6Cfo1J+VhnCCEbHbIT4SJkTkNwvS4BIZiogllkutfTTakkjLUcS1ccSUdAWZFHYy9HMMqaV1U7evq1cNlpV6bR1QgJ+SUnBOb3JA6uScN0iSMPJEX8krejGfj3fgwPmeja8Z855gswPj6BWmCnUw=</latexit>

d~r = ~vdt

<latexit sha1_base64="34qwXX2KBuP+8SFL0r3PNgHdBhI=">AAACAnicbVDJSgNBEO2JW4xb1KOXxiB4CjPikmPAi8cIZoFkCD2dmqRJz0J3TSAMc/MHvOofeBOv/og/4HfYSeZgEh8UPN6roqqeF0uh0ba/rcLG5tb2TnG3tLd/cHhUPj5p6ShRHJo8kpHqeEyDFCE0UaCETqyABZ6Etje+n/ntCSgtovAJpzG4ARuGwhecoZHavQnwdJL1yxW7as9B14mTkwrJ0eiXf3qDiCcBhMgl07rr2DG6KVMouISs1Es0xIyP2RC6hoYsAO2m83MzemGUAfUjZSpEOlf/TqQs0HoaeKYzYDjSq95M/M/rJujX3FSEcYIQ8sUiP5EUIzr7nQ6EAo5yagjjSphbKR8xxTiahJa2eIqNAbOSCcZZjWGdtK6qzm315vG6Uq/lERXJGTknl8Qhd6ROHkiDNAknY/JCXsmb9Wy9Wx/W56K1YOUzp2QJ1tcv+ZyYMA==</latexit>

~v

(01.04)

if dV / V is fraction of total volume occupied by parallelepiped, where 
dV = Avzdt. 

Each particle transfers momentum 2mvz, so that impulse per area A is 

(01.05)

where dFA is "force" on A  due to this volume. 



Canceling dt on both sides, this is just contribution of particles with 

velocity       to pressure. 

Then calculate total pressure by integrating over all possible 
velocities with a positive component vz (since otherwise particles move 
in opposite direction and do not hit wall).  

Therefore,

<latexit sha1_base64="34qwXX2KBuP+8SFL0r3PNgHdBhI=">AAACAnicbVDJSgNBEO2JW4xb1KOXxiB4CjPikmPAi8cIZoFkCD2dmqRJz0J3TSAMc/MHvOofeBOv/og/4HfYSeZgEh8UPN6roqqeF0uh0ba/rcLG5tb2TnG3tLd/cHhUPj5p6ShRHJo8kpHqeEyDFCE0UaCETqyABZ6Etje+n/ntCSgtovAJpzG4ARuGwhecoZHavQnwdJL1yxW7as9B14mTkwrJ0eiXf3qDiCcBhMgl07rr2DG6KVMouISs1Es0xIyP2RC6hoYsAO2m83MzemGUAfUjZSpEOlf/TqQs0HoaeKYzYDjSq95M/M/rJujX3FSEcYIQ8sUiP5EUIzr7nQ6EAo5yagjjSphbKR8xxTiahJa2eIqNAbOSCcZZjWGdtK6qzm315vG6Uq/lERXJGTknl8Qhd6ROHkiDNAknY/JCXsmb9Wy9Wx/W56K1YOUzp2QJ1tcv+ZyYMA==</latexit>

~v

(01.06)

Since, on average, gas is at rest, that is, average values of velocity 
components are equal to zero,                                       and distribution            
cannot depend on direction of        , but  only on its magnitude        , then 
can write integral            as        and thus obtain

<latexit sha1_base64="5PhubHvOV+yf545Z0Exfpq7oSpg=">AAACBXicbVDLSgNBEJz1GeMr6tHLYhDiJeyKjxwDXjxGMA9MljA76U2GzM4uM72BsOTsD3jVP/AmXv0Of8DvcJLswSQWNBRV3XR3+bHgGh3n21pb39jc2s7t5Hf39g8OC0fHDR0likGdRSJSLZ9qEFxCHTkKaMUKaOgLaPrDu6nfHIHSPJKPOI7BC2lf8oAzikZ6CkqdEbB0NLnoFopO2ZnBXiVuRookQ61b+On0IpaEIJEJqnXbdWL0UqqQMwGTfCfREFM2pH1oGyppCNpLZxdP7HOj9OwgUqYk2jP170RKQ63HoW86Q4oDvexNxf+8doJBxUu5jBMEyeaLgkTYGNnT9+0eV8BQjA2hTHFzq80GVFGGJqSFLb6iQ8BJ3gTjLsewShqXZfemfP1wVaxWsohy5JSckRJxyS2pkntSI3XCiCQv5JW8Wc/Wu/Vhfc5b16xs5oQswPr6BZRSmQU=</latexit>

f(~v)
<latexit sha1_base64="34qwXX2KBuP+8SFL0r3PNgHdBhI=">AAACAnicbVDJSgNBEO2JW4xb1KOXxiB4CjPikmPAi8cIZoFkCD2dmqRJz0J3TSAMc/MHvOofeBOv/og/4HfYSeZgEh8UPN6roqqeF0uh0ba/rcLG5tb2TnG3tLd/cHhUPj5p6ShRHJo8kpHqeEyDFCE0UaCETqyABZ6Etje+n/ntCSgtovAJpzG4ARuGwhecoZHavQnwdJL1yxW7as9B14mTkwrJ0eiXf3qDiCcBhMgl07rr2DG6KVMouISs1Es0xIyP2RC6hoYsAO2m83MzemGUAfUjZSpEOlf/TqQs0HoaeKYzYDjSq95M/M/rJujX3FSEcYIQ8sUiP5EUIzr7nQ6EAo5yagjjSphbKR8xxTiahJa2eIqNAbOSCcZZjWGdtK6qzm315vG6Uq/lERXJGTknl8Qhd6ROHkiDNAknY/JCXsmb9Wy9Wx/W56K1YOUzp2QJ1tcv+ZyYMA==</latexit>

~v
<latexit sha1_base64="SpPU43o/Z5GFLIGhWSWD1RJJSyc=">AAACBHicbVDLTgJBEJz1ifhCPXqZSEw8kV3jgyOJF4+YyMPAhswODUyYmd3MzJKQZa/+gFf9A2/Gq//hD/gdDrAHASvppFLVne6uIOJMG9f9dtbWNza3tnM7+d29/YPDwtFxXYexolCjIQ9VMyAaOJNQM8xwaEYKiAg4NILh3dRvjEBpFspHM47AF6QvWY9RYqz0NGmPgCajdNIpFN2SOwNeJV5GiihDtVP4aXdDGguQhnKidctzI+MnRBlGOaT5dqwhInRI+tCyVBIB2k9mB6f43Cpd3AuVLWnwTP07kRCh9VgEtlMQM9DL3lT8z2vFplf2Eyaj2ICk80W9mGMT4un3uMsUUMPHlhCqmL0V0wFRhBqb0cKWQJEhmDRvg/GWY1gl9cuSd1O6frgqVspZRDl0is7QBfLQLaqge1RFNUSRQC/oFb05z8678+F8zlvXnGzmBC3A+foF1eyZPA==</latexit>

|~v|
<latexit sha1_base64="jBeffZoE5RCKUA2noDpLhuGJ9Nk=">AAACD3icbVBLTsMwEHXKr5RfKEs2FhUSqypBfLqsxIZlkehHakvkOE5r1XEie1JRoh6CC7CFG7BDbDkCF+AcuJ8FbXmS5af3ZjQzz08E1+A431ZubX1jcyu/XdjZ3ds/sA+LDR2nirI6jUWsWj7RTHDJ6sBBsFaiGIl8wZr+4GbiN4dMaR7LexglrBuRnuQhpwSM5NnFDpfgOQ/mC2GEg6H35Nklp+xMgVeJOyclNEfNs386QUzTiEmggmjddp0EuhlRwKlg40In1SwhdEB6rG2oJBHT3Wy6+xifGiXAYazMk4Cn6t+OjERajyLfVEYE+nrZm4j/ee0Uwko34zJJgUk6GxSmAkOMJ0HggCtGQZibOaGKm10x7RNFKJi4Fqb4igwYjAsmGHc5hlXSOC+7V+XLu4tStTKPKI+O0Qk6Qy66RlV0i2qojih6RC/oFb1Zz9a79WF9zkpz1rznCC3A+voFcractA==</latexit>Z 1

0
dvz

<latexit sha1_base64="ZroUtk6ywBMPYcr+fOOHWmMPL6M=">AAACJHicbVC7TsMwFHXKq5RXgZHFokKwUCUVj46VWBiLRB9SWyLHdVqrjhPZN5VKlE/gN/gBVvgDNsTAwsh34D4G2nIk6x6dc6+u7/EiwTXY9peVWVldW9/Ibua2tnd29/L7B3UdxoqyGg1FqJoe0UxwyWrAQbBmpBgJPMEa3uBm7DeGTGkeynsYRawTkJ7kPqcEjOTmT9vgK0ITJ01KKW5zCW5ybooPo/RhWnF36D66+YJdtCfAy8SZkQKaoermf9rdkMYBk0AF0brl2BF0EqKAU8HSXDvWLCJ0QHqsZagkAdOdZHJQik+M0sV+qMyTgCfq34mEBFqPAs90BgT6etEbi/95rRj8cifhMoqBSTpd5McCQ4jH6eAuV4yCMDdzQhU3f8W0T0xAYDKc2+IpMmCQ5kwwzmIMy6ReKjpXxcu7i0KlPIsoi47QMTpDDrpGFXSLqqiGKHpCL+gVvVnP1rv1YX1OWzPWbOYQzcH6/gW3x6Xg</latexit>

1
2

Z 1

�1
dvz

<latexit sha1_base64="vd2ZwjtOfWIf2B+jXR3qLfAQsy0=">AAACPXicbZDLSgMxFIYzXmu9VV26CRbBVZkRL90IBTcuK9gLtGXIpGfa0ExmSDLFsfR1fA1fwK2CD6ArcevWtB2ovfwQ+PnOOZyT34s4U9q2P6yV1bX1jc3MVnZ7Z3dvP3dwWFVhLClUaMhDWfeIAs4EVDTTHOqRBBJ4HGpe73ZUr/VBKhaKB51E0ApIRzCfUaINcnOlJieiwwH33UfclBN/M4XJMvg0hbaby9sFeyy8aJzU5FGqspv7arZDGgcgNOVEqYZjR7o1IFIzymGYbcYKIkJ7pAMNYwUJQLUG458O8akhbeyH0jyh8Zj+nxiQQKkk8ExnQHRXzddGcFmtEWu/2BowEcUaBJ0s8mOOdYhHseE2k0A1T4whVDJzK6ZdIgnVJtyZLZ4kPdDDrAnGmY9h0VTPC85V4fL+Il8qphFl0DE6QWfIQdeohO5QGVUQRc/oFb2hd+vF+rS+rZ9J64qVzhyhGVm/fzjkrnA=</latexit>

hvxi = hvyi = hvzi = 0

(01.07)

Integral corresponds to mean (or average) value of square of velocity 
in direction perpendicular to surface. 



(01.09)

(01.10)

(01.11)

or since                                  , 
<latexit sha1_base64="SPf07IWfNhKfLrri38CpNPu223w=">AAACEnicbVDLSsNAFJ34rPUVFVduBosgCCUpProRCm5cVrAPaGOYTCft0MkkzEyKMfQv/AG3+gfuxK0/4A/4HU7SLmzrgXs5nHMv93K8iFGpLOvbWFpeWV1bL2wUN7e2d3bNvf2mDGOBSQOHLBRtD0nCKCcNRRUj7UgQFHiMtLzhTea3RkRIGvJ7lUTECVCfU59ipLTkmoejh8q1LvfxLOtJ3p9cs2SVrRxwkdhTUgJT1F3zp9sLcRwQrjBDUnZsK1JOioSimJFxsRtLEiE8RH3S0ZSjgEgnzd8fwxOt9KAfCl1cwVz9u5GiQMok8PRkgNRAznuZ+J/XiZVfdVLKo1gRjieH/JhBFcIsC9ijgmDFEk0QFlT/CvEACYSVTmzmiifQkKhxUQdjz8ewSJqVsn1Zvrg7L9Wq04gK4Agcg1NggytQA7egDhoAgxS8gFfwZjwb78aH8TkZXTKmOwdgBsbXL18GnRg=</latexit>

v2 = v2x + v2y + v2z

(01.08)

This mean value has to be same in all spatial directions because gas 
is isotropic (independent of direction), that is,

so that end up with result

is mean kinetic energy of a particle. 

where

If compare this with ideal gas law eq (01.02) have

that is, quantity kT  is measure of mean kinetic energy of a particle 
in an ideal gas and get ideal gas law back! 



Maxwell's velocity distribution

Now determine form of velocity distribution(probability) function in 
detail. 

Because of isotropic nature of gas,          can only be function of         or 
equivalently v2. 

Can also assume that velocity distributions of single components        
(vx , vy , vz ) are independent of each other, that is, must have 

Can justify this assumption and equation in following way. 

Function            corresponds to probability density of finding particle 
with velocity         . 

This, however, has to be proportional to probability densities of 
finding particle at vx , vy and vz , as long as these are statistically 
independent events. 

Only mathematical function which satisfies eq (01.12) is the 
exponential function, so that we can write            , where C is a 
constant and a  cannot depend on     , but is otherwise arbitrary. 

(01.12)

<latexit sha1_base64="5PhubHvOV+yf545Z0Exfpq7oSpg=">AAACBXicbVDLSgNBEJz1GeMr6tHLYhDiJeyKjxwDXjxGMA9MljA76U2GzM4uM72BsOTsD3jVP/AmXv0Of8DvcJLswSQWNBRV3XR3+bHgGh3n21pb39jc2s7t5Hf39g8OC0fHDR0likGdRSJSLZ9qEFxCHTkKaMUKaOgLaPrDu6nfHIHSPJKPOI7BC2lf8oAzikZ6CkqdEbB0NLnoFopO2ZnBXiVuRookQ61b+On0IpaEIJEJqnXbdWL0UqqQMwGTfCfREFM2pH1oGyppCNpLZxdP7HOj9OwgUqYk2jP170RKQ63HoW86Q4oDvexNxf+8doJBxUu5jBMEyeaLgkTYGNnT9+0eV8BQjA2hTHFzq80GVFGGJqSFLb6iQ8BJ3gTjLsewShqXZfemfP1wVaxWsohy5JSckRJxyS2pkntSI3XCiCQv5JW8Wc/Wu/Vhfc5b16xs5oQswPr6BZRSmQU=</latexit>

f(~v)
<latexit sha1_base64="SpPU43o/Z5GFLIGhWSWD1RJJSyc=">AAACBHicbVDLTgJBEJz1ifhCPXqZSEw8kV3jgyOJF4+YyMPAhswODUyYmd3MzJKQZa/+gFf9A2/Gq//hD/gdDrAHASvppFLVne6uIOJMG9f9dtbWNza3tnM7+d29/YPDwtFxXYexolCjIQ9VMyAaOJNQM8xwaEYKiAg4NILh3dRvjEBpFspHM47AF6QvWY9RYqz0NGmPgCajdNIpFN2SOwNeJV5GiihDtVP4aXdDGguQhnKidctzI+MnRBlGOaT5dqwhInRI+tCyVBIB2k9mB6f43Cpd3AuVLWnwTP07kRCh9VgEtlMQM9DL3lT8z2vFplf2Eyaj2ICk80W9mGMT4un3uMsUUMPHlhCqmL0V0wFRhBqb0cKWQJEhmDRvg/GWY1gl9cuSd1O6frgqVspZRDl0is7QBfLQLaqge1RFNUSRQC/oFb05z8678+F8zlvXnGzmBC3A+foF1eyZPA==</latexit>

|~v|

<latexit sha1_base64="5PhubHvOV+yf545Z0Exfpq7oSpg=">AAACBXicbVDLSgNBEJz1GeMr6tHLYhDiJeyKjxwDXjxGMA9MljA76U2GzM4uM72BsOTsD3jVP/AmXv0Of8DvcJLswSQWNBRV3XR3+bHgGh3n21pb39jc2s7t5Hf39g8OC0fHDR0likGdRSJSLZ9qEFxCHTkKaMUKaOgLaPrDu6nfHIHSPJKPOI7BC2lf8oAzikZ6CkqdEbB0NLnoFopO2ZnBXiVuRookQ61b+On0IpaEIJEJqnXbdWL0UqqQMwGTfCfREFM2pH1oGyppCNpLZxdP7HOj9OwgUqYk2jP170RKQ63HoW86Q4oDvexNxf+8doJBxUu5jBMEyeaLgkTYGNnT9+0eV8BQjA2hTHFzq80GVFGGJqSFLb6iQ8BJ3gTjLsewShqXZfemfP1wVaxWsohy5JSckRJxyS2pkntSI3XCiCQv5JW8Wc/Wu/Vhfc5b16xs5oQswPr6BZRSmQU=</latexit>

f(~v)
<latexit sha1_base64="34qwXX2KBuP+8SFL0r3PNgHdBhI=">AAACAnicbVDJSgNBEO2JW4xb1KOXxiB4CjPikmPAi8cIZoFkCD2dmqRJz0J3TSAMc/MHvOofeBOv/og/4HfYSeZgEh8UPN6roqqeF0uh0ba/rcLG5tb2TnG3tLd/cHhUPj5p6ShRHJo8kpHqeEyDFCE0UaCETqyABZ6Etje+n/ntCSgtovAJpzG4ARuGwhecoZHavQnwdJL1yxW7as9B14mTkwrJ0eiXf3qDiCcBhMgl07rr2DG6KVMouISs1Es0xIyP2RC6hoYsAO2m83MzemGUAfUjZSpEOlf/TqQs0HoaeKYzYDjSq95M/M/rJujX3FSEcYIQ8sUiP5EUIzr7nQ6EAo5yagjjSphbKR8xxTiahJa2eIqNAbOSCcZZjWGdtK6qzm315vG6Uq/lERXJGTknl8Qhd6ROHkiDNAknY/JCXsmb9Wy9Wx/W56K1YOUzp2QJ1tcv+ZyYMA==</latexit>

~v

<latexit sha1_base64="oePsLW4JZzV4y+g6Gsv3nDEoIFE=">AAACGXicbVDLSsNAFJ3UV62vqEtdBItQNyUpProRCt24rGAf0KZlMr1ph04ezEwKJWTjb/gDbvUP3IlbV/6A3+G0DWJbD1w4c8693LnHCRkV0jS/tMza+sbmVnY7t7O7t3+gHx41RBBxAnUSsIC3HCyAUR/qkkoGrZAD9hwGTWdUnfrNMXBBA/9BTkKwPTzwqUsJlkrq6aduoTMGEo+TbunitgrdGP++k56eN4vmDMYqsVKSRylqPf270w9I5IEvCcNCtC0zlHaMuaSEQZLrRAJCTEZ4AG1FfeyBsOPZFYlxrpS+4QZclS+Nmfp3IsaeEBPPUZ0elkOx7E3F/7x2JN2yHVM/jCT4ZL7IjZghA2MaidGnHIhkE0Uw4VT91SBDzDGRKriFLQ7HI5BJTgVjLcewShqlonVdvLq/zFfKaURZdILOUAFZ6AZV0B2qoToi6BE9oxf0qj1pb9q79jFvzWjpzDFagPb5A+6moK4=</latexit>

f(~v2) = Cea~v
2

<latexit sha1_base64="34qwXX2KBuP+8SFL0r3PNgHdBhI=">AAACAnicbVDJSgNBEO2JW4xb1KOXxiB4CjPikmPAi8cIZoFkCD2dmqRJz0J3TSAMc/MHvOofeBOv/og/4HfYSeZgEh8UPN6roqqeF0uh0ba/rcLG5tb2TnG3tLd/cHhUPj5p6ShRHJo8kpHqeEyDFCE0UaCETqyABZ6Etje+n/ntCSgtovAJpzG4ARuGwhecoZHavQnwdJL1yxW7as9B14mTkwrJ0eiXf3qDiCcBhMgl07rr2DG6KVMouISs1Es0xIyP2RC6hoYsAO2m83MzemGUAfUjZSpEOlf/TqQs0HoaeKYzYDjSq95M/M/rJujX3FSEcYIQ8sUiP5EUIzr7nQ6EAo5yagjjSphbKR8xxTiahJa2eIqNAbOSCcZZjWGdtK6qzm315vG6Uq/lERXJGTknl8Qhd6ROHkiDNAknY/JCXsmb9Wy9Wx/W56K1YOUzp2QJ1tcv+ZyYMA==</latexit>

~v



If assume that function          is normalizable (see below), must have    
a < 0, which corresponds to a Gaussian distribution of velocity 
components. 

Constant C is determined by normalization of function f (vi ) for each 
component, 
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where have now written −a  with a > 0. 

Can then calculate constant a  for an ideal gas. 

From (01.11) we have 

Since                this says that
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If substitute 

have 

Now, 

with properties

Then have 

and 
(01.13)

(01.14)

Thus, have determined velocity distribution function.

Example: If you poke a hole



1.3 Equipartition of Energy

Equation 

is special case of more general result called equipartition theorem. 

Relation involves translational kinetic energy — equipartition theorem 
involves all forms of energy. 

Total translational kinetic energy contains three (because of three 
spatial dimensions) terms each a quadratic function of velocity. 

Every energy term of this form represents degree of freedom of system. 

Other degrees of freedom include rotational motion, vibrational 
motion, etc.



All of these forms are quadratic functions, that is,

Equipartition theorem says that for each such degree of freedom 
contribution to average energy is           . 

Therefore, if system contains N  objects each with f   degrees of 
freedom, then total thermal energy is 

Note, as shall see in our discussions, that there are other
forms of energy contributing to total energy of system. 

Equipartition theorem applies only to forms of energy that change
with temperature.

(01.15)



1.4 Heat and Work

Pressure, Work and Chemical Potential

Now want to discuss several other state quantities. 

In general, measure amounts of matter in terms of particle number N. 

Since N assumes very large value for macroscopic systems, will often 
use multiples of Avogadro's number NA = 6.0221367 × 1023 . 

Atomic mass unit u  is especially convenient for measuring masses of 
single particles (atoms and molecules). 

Defined by 

(01.16)

that is, in terms of mass of one atom of carbon isotope 12C. 



Avogadro's number is just number of particles each with mass 1 u  whose 
total mass is 1 gm so that 

(01.17)

Quantity NA   particles is also called 1 mole of particles. 

If system consists of several kinds of particles, for instance N1, N2, 
.. ... , Nn particles of n  different species, so-called molar fraction 
X  is convenient quantity for measuring chemical constitution 

(01.18)

Clearly have     Xi = 1. 

Molar fraction therefore denotes fractional makeup of a system. 

It is an intensive variable and can assume different values in 
different phases.

Pressure can be understood in purely mechanical terms as force which 
acts perpendicular to known area A 



(01.19)

Therefore have units N ⋅ m−2 = Pa = Pascal. 

Interestingly enough, pressure has same dimensions as energy density

For many systems will find that pressure related to energy density in 
very simple way. 

For ideal gas pressure is the product of particle density and kinetic 
energy of particles, that is, temperature. Therefore,                , where   
e = ρ(Ekinetic) is (kinetic)energy density of ideal gas. 

Similar to temperature, pressure can be measured locally, that is, in 
a small part of system.

Central quantity in thermodynamics (and physics in general) is energy. 



In thermodynamics, only total energy of system, which is macroscopic 
quantity, plays role. 

Although, energy of single particle has no meaning, mean energy per 
particle E/N is very important. 

Thermodynamics does not, however, tell us how total energy is 
distributed over individual particles. 

As an example of forms of energy mentioned above use concept of work 
for our discussion in many thermodynamic systems. 

In particular, have

(01.20)

where        is force exerted by system and       is a small displacement. 
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Minus sign in eq (01.20) is purely a convention in thermodynamics -  
count energy which is added to system as positive and energy which is 
subtracted from system as negative.



For example, for work performed on a system consider compression of a 
gas against its internal pressure as in the figure below.

In equilibrium, external force          is 
just equal(and opposite) to force 
exerted by system      , where Fi = pA, 
which is exerted by pressure p  on a 
piston with area A.
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If one pushes piston a distance       
further into volume against force 
exerted by system, amount of work is 
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(01.21)

since        and         point in opposite directions. 

Now Ads = −dV is decrease in gas volume dV < 0 in container and therefore 
have 
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Clearly, this equation also holds for an expansion. 

Note that can only consider an infinitesimal amount of work since 
pressure changes during compression.



To calculate total compressional work need equation of state p(V) and 
must integrate as shall see. 

It is general property of energy added to or subtracted from a system 
that it is product of an intensive state quantity
(pressure) and change of an extensive state quantity (volume). 

Now consider work necessary to add another particle to a thermodynamic 
system. 

One might think that this does not require any work at all, but this 
is not case. 

System must maintain equilibrium after adding particle. 

Therefore, cannot simply put particle at rest into system. 

Rather, has to have certain energy that is comparable to mean energy 
of all other particles. 

Define

(01.23)

as work necessary to change particle number by dN  particles. 



Intensive field quantity µ  is called chemical potential and represents 
resistance of system to adding particles.  

If system consists of several particle species, each species has own 
chemical potential µi,and dNi is change in particle number of species i. 

Will be valid as long as particle species do not interact with each 
other. 

All different kinds of work have generic property that they can
be converted into each other without restrictions. 

For example, can lift weight with electrical energy or gain electrical 
energy from mechanical work with help of a generator. 

No a priori reason that conversion cannot proceed completely, that is, 
with rate of 100%, although real energy converters always have losses.

Heat and Heat Capacity

Situation completely different with another kind of energy of 
principle importance in thermodynamics, namely, heat. 



Heat is defined as any spontaneous flow of energy from one object to 
another caused by difference in temperature between objects. 

Say that heat "flows" from hotter object to colder object. 

All other forms of energy transfer between systems is included in some 
form of work. 

Note that both heat and work refer to energy flow. 

Can define total energy in system, but is meaningless to ask about 
amount of heat or work in system. 

Can only talk about amount of heat or work that has entered or left a 
system.

Realized early in study of thermodynamics that heat is form of energy. 

An experimental result that work(of mechanical or electrical origin) 
performed on system often increases temperature and can use this 
property to define amount of heat. 

Therefore define



(01.24)

Q = small amount of heat which causes temperature increase dT for 
system. 

Constant of proportionality C called total heat capacity of system. 

To fix unit for C   have to define standard system. 

Originally, had thermochemical calorie as unit of heat. 

Amount of heat that warms 1 gram of water from 14.5°C to 15.5°C. 

This corresponds to the definition                      = 1 cal / °C . 

By precise measurements Joule determined the exact amount of 
mechanical work done on an isolated container of water and measured 
corresponding increase in temperature —-> 1 cal of heat equivalent to 
4.184 Joules of mechanical work. 
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Nowadays, one produces defined amount of heat using an electrical 
resistance heater. SI(MKS) unit for heat capacity is J/K = Joule/K . 

Principle qualitative difference between work and heat is simply 
explained in microscopic picture. 

According to picture, heat is energy which is statistically(or 
randomly) distributed over all particles. 

For example, consider particles with parallel (ordered) momenta, as in 
figure, which move in one direction.

Kinetic energy of particles can be 
completely regained at any moment and 
can be converted into other forms of 
energy, for example, by decelerating 
particles using a force.

However, if particles move in completely disordered and statistical  
or random manner, not possible to extract all of kinetic energy by 
such a simple device.



For example, if exert force on particles like those in figure(b) 
above, some particles would be decelerated and others would be 
accelerated, so cannot extract total kinetic energy from system.

Simpler to change work into heat, which practically always happens by 
itself, than to gain useful work from heat. 

Here again, exceedingly large number of particles in macroscopic 
systems plays an important role. 

For example, possible to create, under certain circumstances, an 
appropriate (space-dependent) force field for few particles in 
figure(b), with property that it decelerates all of particles, while 
particles transfer their kinetic energy to creating mechanism of 
field. 

However, for 1023 particles this is unimaginable, and in so-called 
thermodynamic limit N → ∞   it is impossible. 

At this point, return once more to heat capacity defined in connection 
with equation (01.24). 



Clearly, amount of heat Q  is an extensive quantity, therefore total 
heat capacity must also be an extensive quantity, since temperature is 
an intensive variable. 

One can, however, define an intensive quantity, specific heat c as 

(01.25)

where m  is mass of substance. 

Possible to define specific heat on a molar basis,C = ncmol with n = N / 
NA. 

Quantity cmol is molar specific heat. 

Must take into account fact that heat capacity may depend on external 
conditions under which heat is transferred to system. 

Matters whether measurement performed at constant pressure or at 
constant volume. 

One writes cV and cp for specific heats at constant volume and constant 
pressure, respectively. 

Note at this point that definition cH2O = 4.184 J/K⋅g  holds at constant 
atmospheric pressure.



Specific Heat

Now continue discussion of specific heat. 

As said earlier, specific heat depends on external conditions under 
which amount of heat is transferred to system. 

If happens at constant pressure(for example, atmospheric pressure) 
obtain cp, while cV is measured at constant volume. 

Specific heats cV as well as cp considered functions of state variables 
T and p, which are easiest to control experimentally. 

For most dilute gases (where ρ → 0), specific heats are approximately 
independent of pressure and for the rare gases also approximately 
independent of the temperature.

If interpret specific heat as ability of substance to absorb energy in 
statistically(randomly) distributed way, becomes clear that this 
ability increases with number of degrees of freedom of particle(or 
number of coordinates needed to describe particle), that is, there are 
more ways (places to put) to distribute energy. 



For example, particles in monatomic rare gases only have possibility 
of translational motion, while particles in diatomic gases also able 
to rotate. 

If add certain amount of heat Q   to system at constant pressure, 
system will not only heat up, but, in general, also will expand, and, 
thus, will do work against external pressure (atmospheric pressure). 

Amount of heat added is therefore not only stored in gas in form of 
statistically distributed kinetic and potential energy, but is also 
required to do work against external pressure. 

Thus, system can, in general, store larger amount of heat at constant 
pressure than at constant volume (no work done) so that find, in 
general, cp > cV. 

Specific heat is of great importance in thermodynamics since is easy 
to measure and can be used to calculate many other properties.



1.5 Isothermal Expansion

Consider expansion of gas at constant temperature (isothermal 
expansion) as shown in figure below. 

Isothermal System 

As shown, constant temperature is practically 
realized by heat bath, that is, by large vessel 
with water at temperature T, which is in contact 
with system and is in thermal equilibrium with 
system(have same temperature).

Can accomplish isothermal expansion of gas from volume V1 to volume V2  
by removing external force which acts on piston and maintains 
equilibrium. 

Thus, gas will rapidly expand up to volume V2. 

During rapid expansion process, local pressure differences, turbulence 
and temperature and density gradients will occur. 

Process happens by itself and would never reverse itself.



Therefore, it is irreversible. 

During expansion, cannot assign values to macroscopic state 
quantities. 

Can do this only after equilibrium state reestablished at volume V2. 

Work done by expansion of system is zero as long as one uses an ideal 
massless piston. 

This process is illustrated in the left figure below.

Different ways to perform a process

Note only two points are labelled for irreversible process since these 
represent only states that are equilibrium states where can assign 
values to state variables.



Can also perform isothermal expansion reversibly, or at least quasi-
reversibly, if decrease force at each step by only an infinitesimal 
amount and wait for system to come to a new equilibrium state (middle 
figure). 

Length of waiting period depends on relaxation time of system.

Major differences from irreversible(isothermal) expansion are
that in this case thermodynamic variables have definite values
for each intermediate step (each intermediate equilibrium state) and
that equation of state is applicable in each intermediate
equilibrium state. 

If consider an ideal gas for our system, have equation of state

(01.26)

and can calculate total amount of work done in expansion
of system,

(01.27)



Since all intermediate states in reversible process are equilibrium 
state, all points on pV-isotherm representing process known and can 
draw continuous curve as shown in last part of figure. 

Contrary to irreversible expansion, system 
has now done work against external 
force     . 

Note that this reversible work of system is maximum work that can be 
extracted from system.
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Real expansions, of course, lie between these two extreme cases of 
completely irreversible expansion (W21 = 0) and completely reversible 
expansion                

Illustrated by middle plot in figure where 
there exist intermediate equilibrium 
states but not a continuum.



Although initial and final states are identical for reversible and 
irreversible processes, work done(energy balance) is completely 
different. 

Clearly, irreversible process wastes work. 

Also case, however, if consider isothermal compression. 

For reversible process need, in this case, the work

Here, assumed that in each step force on piston is only 
infinitesimally increased. 

If instead push piston spontaneously with large effort, have to spend 
more work, which is consumed in turbulences and finally transferred to 
heat bath in form of heat.

(01.28)



First Law of Thermodynamics

In earlier discussion realized that heat is just another form of 
energy. 

Heat is energy which is statistically (randomly) distributed among  
particles of system.

In physics, principle of conservation of energy is of fundamental 
importance and experiment supports assumption that this principle
is correct in macroscopic as well as microscopic systems. 

Therefore, in addition to work which is done by or on a system, have 
to also consider heat exchanged with surroundings.

Can assign an internal energy U to each macroscopic system. 

For an isolated system which does not exchange work or heat with its 
surroundings, internal energy U   is identical to total energy E   of 
system, which is known from mechanics or electrodynamics. 

However, if system able to exchange work or heat with its 
surroundings, an extended energy laws holds. 



Change of internal energy for an arbitrary (reversible or 
irreversible) change of state is given by sum of the work W  and the 
heat Q   exchanged with surroundings. 

Write first law of thermodynamics as: 

(01.29)

Crucial to realize that work and heat exchanged with the surroundings 
in a small change of state may depend only on initial and final state 
of system. 

Internal energy, however, is an exact differential. 

Note that work, for example, has form W = − pdV   only for reversible 
processes. 

For irreversible processes it may be case that W = 0. 

Same holds for exchanged heat, that is, Q = CV dT   only valid for 
reversible processes, while equation (01.29) is always true. 



Exist many formulations of first law of thermodynamics, which all have 
same meaning, namely, that in energy balance of system, exchanged work 
and heat together yield total change of energy of system.

Here are some of formulations of first law, which are all equivalent: 

Equivalence of the assertions (a) and (c) follows from our earlier 
discussions, that is, if dU is total differential, then exists state 
function U and vice versa. 



Assertion (b) also equivalent to (c), that is, if (b) not
true, then would be a working substance for a thermodynamic process 
where energy would always be generated, although after some
time system return to its initial state. 

This would contradict contour-independence of integrating a total 
differential.

Emphasize that energy law holds independently of procedure for 
reversible as well as for irreversible changes of state.

Internal Energy and Total Differential

As an example, calculate internal energy of ideal gas. 

Already derived following results

where                is mean kinetic energy per particle, and 

so that 



For ideal gas, particles possess only kinetic energy(no potential 
energy) and therefore                 is total mean energy. 

In statistical interpretation, however, internal energy is total mean 
energy of system, that is,

(01.29)

Now determine specific heat of ideal gas. 

Consider container with ideal gas at constant volume in heat bath of 
temperature T . 

If temperature changed by dT , then have 

Work exchanged with surroundings is 

since V = constant and thus dV = 0. 



Note changes of state at constant volume called isochoric processes. 

Therefore, have 

(01.30)

where used heat capacity CV  at constant volume. 

Note that Q   can be integrated in this process. 

For dilute gases, specific heat is approximately constant, so can 
easily do integral to get 

If consider that total heat capacity is proportional to particle 
number, that is, CV = NcV, where cV      is constant specific heat per 
particle of ideal gas, get 

(01.31)

Comparing with (01.29) have



Results make clear real practical importance of specific heat. 

With help of (01.30) can determine internal energy of real gases from 
their measured specific heat.

Quite generally, identify total heat capacity at constant volume with

where have used standard definition of partial derivative. 

This works out because (01.30) always holds for V = constant. 

Adiabatic Equations for Ideal Gas

Determine relationship between temperature and volume of ideal gas if 
there is no heat exchanged with surroundings in some process. 

A process in which there is no heat exchange is called an adiabatic 
process. 

According to first law, with Q = 0, and W = −pdV, have 



for reversible adiabatic process. 

If system is compressed by volume dV, that is, if work done on system, 
energy content of system increases by dU = − pdV > 0  since dV < 0 .   

From earlier 

and from 

see that for ideal gas generally (for any process where dV ≠ 0) holds 
that dU = CV(T)dT. 

Therefore, obtain relationship between dT  and dV  for adiabatic changes 
of volume of ideal gas 

If use ideal gas law for p(V,T) get 

(01.32)



This is a differential equation which describes the relationship 
between V  and T  for an adiabatic change of state. 

Since CV = constant, we can integrate (01.32) by separation of 
variables from an initial state (T0 ,V0 ) to a final state (T,V), 

If we use         and rearrange terms we get 

(01.33)

With the help of the ideal gas law we can also derive an equivalent 
relation between p and V or p and T, that is, for reversible adiabatic 
processes, we have 

(01.34)

Equations (01.33) and (01.34) are the adiabatic equations of an ideal 
gas.



Note that they differ logically from the ideal gas law, since here we 
have considered a specific process(an adiabatic process). 

In the same way as for processes with constant temperature(isotherms), 
constant pressure(isobars), or constant volume(isochores) we can 
eliminate a variable of the ideal gas equation. 

As we will see, for adiabatic, reversible processes another(new) state 
variable, the total entropy of the system, will be 
constant(isoentropes). 

From (01.34) we have pV 5 / 3 = constant, the adiabates(or isoentropes)  
in a pV    diagram are steeper (dp/dV ) than the isotherms where the law of 
Boyle, pV = constant holds. 

As we can see from this example, although the initial and final
states are the same in both cases, the work done in the isothermal
expansion depends on the way in which the process is carried out.

Example: Put a few spoonfuls

Example: An ideal gas is made

Example: In the course of pumping

Example: In an earlier example we calculated



Previous calculation is special case of general experimental result 
that work done in a process and heat transferred, not only depend on 
initial/final states of system,but also on way process is carried out. 

Means that work and heat cannot describe a macroscopic state in  a 
unique way. 

They are not state quantities!

Investigate this problem in detail shortly.

Mathematically, means work done and the heat transferred are not exact 
or total differentials.

If consider state quantity as function of certain state variables (for 
example, T, p, etc), call state quantity a state function. 

Next set of slides will be very mathematical for those of you that can 
follow - only results to be used later are important.

I present these mathematics to illustrate the power and encourage you 
to learn more mathematics.

1.6 Some Mathematics



Experiment shows number of state variables which are necessary to 
uniquely determine state depends on possible kinds of energy which 
system can absorb or emit. 

For many systems these are, for example, heat δQ and mechanical work 
δWmech , as well as chemical energy δWchem . 

To any of these kinds of energy belongs a state variable, for example, 
T, V, and N, and sufficient to determine these three quantities to fix 
values of all other state quantities. 

However, if system consists of various particle species, a separate 
particle number belongs to each particle species.

Discuss this problem in detail later when study thermodynamic laws and 
Gibbs' phase rule. 



Now investigate some generic properties of state functions —- will 
restrict discussion to functions of two state variables, for example,

(01.35) 

(01.36) 

(01.37) 

Often impossible to solve an equation of state for a certain quantity 
and one has to be content with an implicit equation of form

Characteristic of state quantities and hence of state functions that 
depend only on values of state variables, but not on way (on 
procedure) in which these values are assigned. 

If change state variables by dx  and dy  with respect to initial values x  
and y, as done in reversible changes of state, then for change of z  we 
have 



(01.38) 

(01.39) 

Common practice in thermodynamics to denote fixed variables in partial 
differentiation in form       or     . 

Always do this carefully since y  and x  are often not independent, but 
are related by laws of thermodynamics. 
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|y

Exact and Inexact Differentials; Line Integrals

Start from function

with differential

Now introduce more general and mathematically convenient notation. 

Equation (01.39) can be interpreted as scalar product of gradient of  
f   with vector 



and can then be written in form

(01.40) 

Property of total differentials with importance in thermodynamics is 
that corresponding original function (state function) can be obtained, 
up to additive constant, via line integration along arbitrary curve. 

(01.41) 

Curve C  leads from                   to                     . 

If          with t  ∈ [0,1]  is parametric(t) representation of curve, explicit 
calculation done by 
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~x(t)
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~x0 =

✓
x0

y0

◆
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x
y

◆

(01.42) 

Here integrand only a function of parameter t. 
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y = (x→ 2)2
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x2 + y2 = 4



Now important question is following: when is given differential 
total?, or equivalently, under what conditions is integration in 
equation (01.41) or (01.42) independent of integration contour. 

Problem connected with these equations already known from mechanics, 
where use same formalism to calculate work.

There, however, if  force can be derived from potential by                    , 
work is total differential, in contrast to thermodynamics where work 
W  is not a total differential. 

Existence of a potential is (mathematical sense) necessary and 
sufficient for equation (01.41) to be independent of integration 
contour. 

<latexit sha1_base64="tFkzeTsuK1IeYR89KfIUTDDRw2Y=">AAACF3icbVDLSgNBEJyN7/iKetPLYBDiwbArPnIRBEE8KpgYyIbQO+mYIbOzy8xsICwL/oY/4FX/wJt49egP+B1O1hx8FTQUVd10dwWx4Nq47rtTmJqemZ2bXyguLi2vrJbW1hs6ShTDOotEpJoBaBRcYt1wI7AZK4QwEHgTDM7G/s0QleaRvDajGNsh3Ere4wyMlTqlTX+ILD3PTvZ8CYEA2qjkisp2O6WyW3Vz0L/Em5AymeCyU/rwuxFLQpSGCdC65bmxaaegDGcCs6KfaIyBDeAWW5ZKCFG30/yHjO5YpUt7kbIlDc3V7xMphFqPwsB2hmD6+rc3Fv/zWonp1dopl3FiULKvRb1EUBPRcSC0yxUyI0aWAFPc3kpZHxQwY2P7sSVQMECTFW0w3u8Y/pLGftU7qh5eHZRPa5OI5skW2SYV4pFjckouyCWpE0buyAN5JE/OvfPsvDivX60FZzKzQX7AefsEy+effg==</latexit>

~F = �rV (~r)

If an arbitrary differential                is given, this differential is 

complete (or total) if                          for a potential               . 

Existence of a potential is still not a very practical criterion, 
however, on which to decide whether a given differential is complete. 
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~F (~x) · d~x
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~F (~x) = rf(~x)
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f(~x)



Easy, however, to derive a necessary and sufficient condition whether 
a force possesses a potential. 

If              , then 
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~F (~x) = rf(~x)

or
(01.43) 

is necessary and sufficient condition.

Thus, if                then          is a total or exact 
differential.
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~F (~x) · d~x



A Simple Differential





Now show the result is obtained via another curve C2 as shown in 
figure below 



Possible to construct an exact differential from nonexact  
differential                by multiplication with an appropriate         
function                 . 

Determination of          requires solution of a system of partial 
differential equations.
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g(~x)
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g(~x)

some variable always being held constant



Can see this as follows. 

Let                            be corresponding total or exact differential. 

Then have for n variables from conditions (01.43) that 
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g(~x)~F (~x) · d~x

(01.44)

For a given               these are determining equations for unknown  
function            . 

One calls           the integrating factor. 
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g(~x)
<latexit sha1_base64="c9oG5AsCdQ10NQFHIbf4gD7Bf+I=">AAACBXicbVDLTsJAFJ3iC/GFunQzkZjghrTGB0sSNy4xkUeEhkyHW5gwnTYzUyJpuvYH3OofuDNu/Q5/wO9wgC4EPMlNTs65N/fe40WcKW3b31ZubX1jcyu/XdjZ3ds/KB4eNVUYSwoNGvJQtj2igDMBDc00h3YkgQQeh5Y3up36rTFIxULxoCcRuAEZCOYzSrSRHgfl7hho8pSe94olu2LPgFeJk5ESylDvFX+6/ZDGAQhNOVGq49iRdhMiNaMc0kI3VhAROiID6BgqSADKTWYXp/jMKH3sh9KU0Him/p1ISKDUJPBMZ0D0UC17U/E/rxNrv+omTESxBkHni/yYYx3i6fu4zyRQzSeGECqZuRXTIZGEahPSwhZPkhHotGCCcZZjWCXNi4pzXbm6vyzVqllEeXSCTlEZOegG1dAdqqMGokigF/SK3qxn6936sD7nrTkrmzlGC7C+fgGZJ5kI</latexit>

g(~x)
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~F (~x)

The Integrating Factor

Consider differential

Want to determine g(x,y) such that 

is an exact differential. 



This means that have relation 

(01.45)

(01.46)





Exact and Inexact Differentials

Consider differential

(01.47)

Is it exact? 

Calculate              where Ci  are contours from (1,1) to (2,2) in figure 
below. 
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Ci

~F (~x) · d~x

If not an exact differential, what is 
integrating factor?

Determine original function.

If differential (01.47) were exact

would necessarily vanish, which clearly is not case.



Therefore, it is not an exact differential. 

Calculate integrals               as line integrals with appropriate 
parameterization:
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Ci

~F (~x) · d~x

(01.48)

(01.49)



(01.50)



(01.51)





Cyclic thermodynamic processes will be of special interest. 

They form basis for all thermodynamic engines, which we will discuss 
in detail later.

Some fundamental statements, however, can be made now with help of 
first law. 

For example, for a cycle, where working substance of system returns to 
its initial state after a series of changes of state, equation 

<latexit sha1_base64="XT48j1wHvCJg2i6xNhyJDJt8ZBE=">AAACBnicbVDLSsNAFL2pr1pfVZduBovgqiTioxuh4MZlBdMW0lAmk0k7dJIJMxOhhO79Abf6B+7Erb/hD/gdTtssbOuBgcM593LPnCDlTGnb/rZKa+sbm1vl7crO7t7+QfXwqK1EJgl1ieBCdgOsKGcJdTXTnHZTSXEccNoJRndTv/NEpWIiedTjlPoxHiQsYgRrI3k9wRKNQhfd2v1qza7bM6BV4hSkBgVa/epPLxQki2miCcdKeY6daj/HUjPC6aTSyxRNMRnhAfUMTXBMlZ/PIk/QmVFCFAlpnkkwU/9u5DhWahwHZjLGeqiWvan4n+dlOmr4OUvSTNOEzA9FGUdaoOn/UcgkJZqPDcFEMpMVkSGWmGjT0sKVQOIR1ZOKKcZZrmGVtC/qznX96uGy1mwUFZXhBE7hHBy4gSbcQwtcICDgBV7hzXq23q0P63M+WrKKnWNYgPX1C1JEmMw=</latexit>I
dU = 0

has to be fulfilled, since dU is a total differential and thus 
contour-independent. 

(01.52)



If such a cycle nevertheless does utilizable work, obviously a 
corresponding amount of heat (extracted from the surroundings) has 
been converted to this work. 

Now study such a cycle with an ideal gas in more detail. 

1.7 Latent Heat

When heat enters system without increasing its temperature, then say 
that a phase transformation is occurring. 

Technically heat capacity is infinite since 

Still of interest, however, to know amount of heat required to melt or 
boil a substance completely. 

This amount divided by mass is called latent heat of transformation 

Example: As an illustration of why



By convention, one assumes that pressure is constant and no work 
(besides usual constant-pressure expansion or compression) is done 
during process.

(01.53)

1.8 Enthalpy 

Many processes take place at constant pressure, for example, system is 
contained in an open container in contact with atmosphere.

Keeping track of compression-expansion work during these processes can 
be tedious and time consuming.

Ask following question: what is total energy would have to expend to 
create a given system out of nothing and put it into environment (all 
under constant pressure)? 

Answer is another thermodynamic state variable called enthalpy, 
namely, 



(01.54)

where PV , pressure of environment times total volume of system (that 
is, total space would need to clear out to make room for system), is 
work needed to make room for system. 

In other words, if you could annihilate system, energy you could 
expect to extract is not just U , but also work PV done by atmosphere 
as it collapses to fill vacuum left behind. 

Why is enthalpy useful?

Suppose that change takes place in system - you add some heat or some 
chemicals react or whatever - while pressure is held constant. 

Energy, volume and enthalpy can all change (∆U, ∆V, ∆H). 

New enthalpy is

or (01.55)



This says that enthalpy can increase for two reasons

Now first law of thermodynamics says that

so that
(01.56)

that is, change of enthalpy is caused only by heat and other forms of 
work and not by expansion-compression work. 

For simple case of raising an object's temperature, change in enthalpy 
per degree, a constant pressure, is the same as heat capacity at 
constant pressure, that is,

(01.57)

Example: Consider the combustion



1.9 Rates of Processes

Make a quick pass through some ideas about how systems relax towards 
equilibrium states. 

Will only state some definitions and ideas, which will be sufficient 
for our purposes at this level.

Heat Conduction

We consider a uniform rod of material whose temperature varies along
its length, in the x direction. 

We consider a small segment of the rod of length ∆x. Assume the center 
of the segment is located at x and the two ends at x ± ∆ / 2. 

Assume the Q1 flows in the left end at x − ∆ / 2 and Q2 flows in the right 
end at x + ∆ / 2.



We consider a uniform rod of material whose temperature varies along
its length, in the x direction. 

We consider a small segment of the rod of length ∆x. Assume the center 
of the segment is located at x and the two ends at x ± ∆ / 2. 

Assume the Q1 flows in the left end at x − ∆ / 2 and Q2 flows in the right 
end at x + ∆ / 2.



the heat equation



Conductivity of an Ideal Gas



Example: A frying pan is quickly



2 - Second Law









(2.01) 

(2.02) 



(2.04) 

(2.03) 

(2.05) 

Binomial coefficient



(2.06) 



(g) 



You might ask what all this coin tossing stuff has to with real
physical systems?

The Two-State Paramagnet

Quantum mechanically the electron spin (its intrinsic angular
momentum) has only two possible orientations (up or down - parallel
or anti-parallel) with respect to the direction of an applied
magnetic field. 

The lowest energy configuration corresponds to the electrons aligning 
themselves antiparallel to the magnetic field. 

The effect is called paramagnetism and the material is said to be a 
paramagnet.

This real system is then identical to the coin tossing system if we
identify spin parallel to field with heads and spin anti-parallel to
field with tails.



(getting ahead of ourselves)

Digression

The fundamental assumption of statistical mechanics is that all
microstates which have the same total energy can be found with equal
probability.

Although the microstate of the system drastically changes with time,
in macroscopic equilibrium we nevertheless always observe the same
macroscopic state quantities such as pressure, temperature, volume,
etc.

This means that many microstates lead to the same macroscopic
state quantities. 

We denote by Ω the number of these microstates “compatible" with a 
given macrostate. 

(2.07) 



In fact, a single particle may assume all possible momenta −∞ < p < ∞  
and all coordinates q in the volume V . 

For N particles which are independent of each other, the numbers of
microstates available to each particle have to be multiplied so that
Ω(V) 𝛼 VN. 

If we now compare Ω(V) with the number of microstates in a volume half the size, then Ω(V/2) 𝛼 (V/2)N. 

Thus, this case is less probable by a factor (1/ 2)N than the case where the gas would homogeneously 
occupy the whole volume. 

However, for a macroscopic number of particles, for example, of the 
order of Avogadro's number NA ≈ 1023, this is an incredibly small 
number, namely,         .
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(1/2)10
23

If characterize macrostate by volume V available to our N particles, 
number of microstates Ω(V) available to 1 particle proportional to V . 

Easy to convince ourselves that number of available microstates for a 
gas which homogeneously occupies volume V is overwhelmingly larger 
than number of available microstates compatible with smaller volume.



(2.08) 

where N−N1 = N2 and



is the standard binomial coefficient. On the other hand,

are just numbers of microstates compatible with volumes (called 
partial volumes) V 1 and V2 and the particle numbers N1 and N2,
respectively. 

Equation (02.08) therefore has a very illustrative meaning. 

Consider a macrostate with N1 particles in partial volume V 1.

Obviously, there are exactly N1 possibilities of selecting these 
particles from a total of N chosen particles. 

Number of corresponding microstates is proportional to V1N, while for 
the remaining N - N1 = N2 in volume V2 there are still V2N microstates 
which can be assumed.



(2.09) 

(2.10) 

Each term in sum is therefore the total number of microstates, if 
there are N1 particles in partial volume V 1. 

Now obtain total number of all possible microstates by summing over 
all possible particle numbers in V 1.

Therefore, we may interpret the expression



Since p + q = 1, have  = Np or  / N = V1 /V . 

On average, there will be just as many particles in fictitious volume 
V 1 as corresponds to fraction V1 /V. 
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K̄
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K̄

This is, of course, obvious, since equilibrium corresponds to a 
homogeneous(uniform) distribution of particles.

Furthermore, can calculate fluctuations around this value and ask for 
probability of finding value that deviates from   = Np.

To this end, simply plot probabilities pK as function of K as shown in 
figure below.
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K̄



For this example, with total of N= 20 particles and a volume V1  = 0.6V  
it is therefore still quite probable to find 11 or 13 particles in V1

instead of K= 12 particles.



(2.11) 

A definite measure of these deviations from average value is mean 
square deviation. This is defined



This means that the width or spread of the distribution, measured by 

(2.12) 

This represents the fluctuation relative to mean particle number.

Here can clearly see that relative deviation from equilibrium
decreases as N−1/2 and is very small for macroscopic particle numbers,
that is, NA = 1024  ⇒ NA−1/2 = 10-12. 

Hence, macroscopic fluctuations (for example, all particles suddenly 
in V 1) are extremely improbable.

On the other hand, small deviations in small spatial regions are quite 
normal. 



If choose a very small partial volume (p → 0), fluctuations can 
nevertheless be quite large. 

This corresponds, for example, to local density fluctuations in gases, 
which are of appreciable size only on a microscopic scale (10-8 - 10−10 m). 

These fluctuations can become observable in some experiments. 

For example, density fluctuations of a gas in vicinity of critical
point(to be discussed later) are especially large. 

Can be observed by change in scattering of light in gas (critical 
opalescence). 

Very difficult to understand this phenomenon without using statistical 
point of view.



Let us enumerate the microstates directly. 
We must specify the individual energy value 
of each of the oscillators. We will use 
total energy to characterize macrostates. 

The general formula for the multiplicity of 
an Einstein solid with N oscillators and q 
quanta of energy is

(2.13) 





Two solids are weakly interacting, which means that rate of energy 
exchange between systems is much smaller than rate of energy exchange 
within each separate system. Means that for short time scales can assume 
that separate system energies UA and UB are essentially constant. 

Macrostate of composite system can then be specified by instantaneous 
values of UA and UB . Can calculate composite system multiplicity in this 
case. 

On longer time scales values of UA and UB  will change so that also need to 
calculate total multiplicity for all allowed values of UA and UB  under 
constraint that U = UA + UB is constant (always true).

























The simulation of the 
interacting Einstein solids and 
clearly shows the system moving 
to the most likely macrostate 
independent of the starting 
configuration or arrangement of 
the energy.



We clearly see the systems move towards the most like macrostate
independent of starting configurations.

We also notice that as the number of oscillators gets larger the 
fluctuations decrease when we are near the most likely macrostate. 

This result agrees with the ideas presented earlier.
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Entropy

Finally, if the partition is fixed, but we poke holes in it to let
the molecules move between systems, then we want to look at the
behavior of as a function of UA (or UB ) and NA (or NB). 

The analysis is very difficult (statistical mechanics), but once again 
we would find a sharp peak indicating that the equilibrium macrostate 
is fixed to very high precision (the equilibrium state is the one 
where the density is the same on both sides).

In either case, the equilibrium macrostate is essentially determined
to within a tiny fraction of the energy (or volume) available (if N
is large).

As we have already realized with the help of these examples, the
larger Ω , the more probable is the corresponding macrostate, and the
macrostate with the largest number Ωmax of possible microscopic
realizations corresponds to thermodynamic equilibrium. 



Hence, if the particles of a system have arbitrary given coordinates 
and momenta in the beginning(for example, a gas which gathers in one 
corner of a box), (q j , pj) assume some other values in the course of 
time, that is, another possible microstate. 

All of the many possible microstates correspond to only one 
macrostate, namely, the equilibrium state.

Thus, after a long period of time, one observes only the equilibrium
state, with a probability that is very near to unity. 

In particular,in this statistical point of view deviations from the 
equilibrium state are, for a finite number of particles, not 
impossible but only extremely improbable. 

Especially for very small systems in extreme situations (for example, 
gases near a critical point) one may indeed observe deviations from 
the equilibrium state in the form of fluctuations which will have 
appreciable size only under certain conditions.
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3 - Interactions and Implications















































Example: In order to take

Example: Experimental measurements





Paramagnetism

































Example: Polymers, like rubber









However, the knowledge of the state function (fundamental relation)
S (U,V,N,….) yields even more information.

If the entropy can be increased by a change in the variables U,V,N,…., 
the corresponding process happens spontaneously and irreversibly.



The equilibrium state of the system is finally given by a maximum of 
the entropy as a function of the variables U,V,N,….. 

Because of these properties, the entropy is a so-called thermodynamic 
potential.

Just like the potential energy of mechanics, the entropy gives 
information about the most stable (equilibrium) position of the 
system. 

And just as with differences in potential energy, entropy differences 
are the reason why a process happens in an isolated system. 

Finally, the knowledge of the state function S(U,V,N,….) or equivalently 
U(U,V,N,….) contains also knowledge of the main equations of a system. 

The extensive state variables U,S,V,N,…. are very useful for isolated 
systems, where they assume constant values in equilibrium, but in 
practice, for example, in a heat bath, these state variables are often 
not appropriate. 

It is, for example, experimentally far easier to control, instead of 
the entropy, the corresponding(conjugate) intensive variable, the
temperature.



Quite analogously, in many cases, one might prefer the pressure, for 
example, atmospheric pressure, as the variable instead of the volume, 
etc. 

Therefore, it is reasonable to look for other thermodynamic potentials 
which have quite analogous properties to the entropy or the energy, 
but which depend on the conjugate intensive variables.

We will do this later.

4 - Engines and Refrigerators

Example: Consider an Einstein











































5 - Free Energy, Phases and the van der Waals Gas











































Example: (Homework problem 1.46) Example: Use the thermodynamic

Example: The formula for Example: A formula analogousExample: The partial derivative

Example: Functions encountered

Example: 5.23 By substracting















































Experimentally, one finds for this last equation numbers between 0.25
and 0.35, which once again confirms the qualitative usefulness of van
der Waals equation.

On the other hand, a measurement of the critical data of a gas yields 
a comfortable method for determining the parameters a and b.

Along the way, one can also experimentally find the (metastable)
parts AB and DE of the van der Waals isotherm in nonequilibrium
situations. 

If a gas is very carefully compressed at constant temperature 
(avoiding concussions and condensation nuclei), one can
follow the isotherm beyond point A nearly up to point B. 



The same holds for the other side for isothermal expansion beyond 
point E to point D. 

One speaks of delayed condensation or delayed boiling, respectively. 

The system is metastable in this region and switches over to the 
stable phase coexistence state even under small perturbations. 

The same phenomena can be observed for isochoric temperature changes. 

Here one speaks of superheated liquid or supercooled vapor, 
respectively. Analogous phenomena occur for the solid-liquid phase 
transition.


