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Content of this course — today’s lecture

—Chapter 1. Introduction

—Chapter 2. Temperature and zeroth law of thermodynamics
—Chapter 3. Gas laws

—Chapter 4. Statistical thermodynamics I: Kinetic theory of gas
—Mathematical Excursion — Preparation for Chapter 5.

—Chapter 5. Statistical thermodynamics Il (Boltzmann factor, Maxwell-Boltzmann distr.)
—Chapter 6. Energy, heat and heat capacity

—Chapter 7. First law of thermodynamics and thermal processes
—Lecture 7: Mock Exam |, led by Dr. Tress

—Chapter 8. Entropy and the second and third law of thermodynamics
—Chapter 9. Thermal machines

—Chapter 10. Thermodynamic potentials and equilibria

—Lecture 12: Mock Exam |, led by Dr. Tress

—Chapter 11. Heat transfer (Conduction, Convection, Radiation)

—Lecture 14: Final review and open questions



5. Statistical nature of Thermodynamics Il

« 5.1 Microstates and Macrostates

« 5.2 Microstates and thermal equilibrium
« 5.3 Boltzmann factor

5.4 Probability distribution of gas speeds

« 5.5 Maxwell-Boltzmann distribution of absolute speeds




5.1 Microstates and Macrostates
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5.2 Microstates and thermal equilibrium
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Summary 5.1, 5.2 Microstates, macrostates and thermal equilibrium

« Microstates of gas:

 Properties, such as position and velocity, of individual gas particles
« Every microstate is equally probable

« Macrostates of gas:

» Described by global quantities, such as T, V, P, etc.
« Set of different microstates that lead to the same macrostate
 Probability of macrostate: sum of probabilities of microstates leading that macrostate

« A system takes on that macroscopic configuration which maximises the number of
microstates (highest probability)

« We think that most likely macrostate may be thermal equilibrium, i.e. two systems in contact
have the same T (“Boltzmann argument”)

1 _ dinQ > a/»}mzﬁz(‘c_,




5.3 Boltzmann factor
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5.4 Probability distribution of sf'pfépef‘dﬁs@of gas particles
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Experiment 391 Planche de Galton (Gaussian distr.)

Statement of the Phenomenon: The Galton Board is a system invented by Sir Francis
Galton in the 19th century. It is constructed in three parts:

e acompartment containing metal balls,
« a series of rows of obstacles (horizontal nails),
« wooden compartments at the bottom where the balls can settle.

Observation: When the balls are released from the upper compartment, they fall onto
the nails and land in the compartments. Each time the experiment is repeated, a bell-
shaped (Gaussian) distribution of the balls in the compartments is observed.
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Experiment 391: Planche de Galton (Gaussian distr.)
https://www.youtube.com/watch?v=EjOxIgr-Rcl

Why do we always arrive at the same distribution?

—>In probability theory, there is a well-known theorem about the sum of a

sequence of N random variables. This is the central limit theorem. It states that
this sum of random variables converges towards a normal/Gaussian distribution for
a sufficiently large number of random variables . Thus, this law demonstrates a
kind of “intrinsic organization in randomness”.

In the case of our experiment, the random variables are the directions taken by the balls
after hitting a nail. As a first approximation, we can say that these random variables are
binomial laws whose two possible outcomes are "going left" and "going right.”

The same can be applied for the probability that a gas particle/molecule has a certain
velocity, also described by a Gaussian distribution.



5.5 Maxwell-Boltzmann distribution of absolute speeds
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Experiment 167
Apparatus for the study of the kinetic theory of gases

https://www.youtube.com/embed/4KFSmWcXcH8

Set-up: tiny balls are brought into
movement in a cylinder with a
hole towards a device with
different compartments

Observation: depending on the o L
velocity of the different balls, they ML W "‘“L i
fall into different compartments in : '—‘“—l

the device on the left, showing a
Maxwell-Boltzmann distribution.
Each time the experiment is
repeated, a Maxwell-Boltzmann
distribution of the balls in the
compartments is observed.
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WATCH: Boltzmann distribution:
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Summary 5.3, 5.4, 5.5 Boltzmann factor and Maxwell distribution

« Boltzmann factor: Probability that a system, open to the Universe, has an energy E:

PI’(E}’) o e—E, /kT Gauss distribution
- Probability that one gas particle has a velocity vector vx, vy, vz
3/2
m
P ex v +v +v.||dv, dv dv,
V)= (2 kT) p[ 2\ )}
« Maxwell-Boltzmann distribution of absolute velocity of gas particles:' K
m |2 " e e
F (V) = 4]‘[ _ VZ exp _—v2 . Maxwell distribution
2akT 2kT ﬂ\
« Boltzmann argument right, as we confirm result from last week: /
3kT
vI'ZmS = 02 , \\
m /f“ \
/

WATCH: Boltzmann distribution: https://www.youtube.com/watch?v=BdjL EHM6-14&t=4s



Conceptual Questions:

* Imagine you have 4 coins and you toss them. What is the probability that there will be at least two heads?
a) 1/2 b) 1/16 c) 1/8 d) 3/8 ¢e)11/16; What are micro and macro states in this context?

* What is the probability that a system (in thermal equilibrium) takes on energy E+ given the number of
microstates Omega1? What is in this context the meaning of the Boltzmann factor?



Conceptual Questions:

* What is the Maxwell distribution of gas, and what does it depend on?

* What is correct? The rms speed of the molecules of an ideal gas
a) is the same as the most probable speed of the molecules.
b) is always equal to square root of 2 times the maximum molecular speed.
c) will increase as the T of a gas increases
d) is not equal to the average speed of a gas.
e) all of the above

—_— — ~— —



Up next:

—Chapter 1. Introduction

—Chapter 2. Temperature and zeroth law of thermodynamics
—Chapter 3. Gas laws

—Chapter 4. Statistical thermodynamics I: Kinetic theory of gas
—Mathematical Excursion — Preparation for Chapter 5.

—Chapter 5. Statistical thermodynamics Il (Boltzmann factor, Maxwell-Boltzmann distr.)
—Chapter 6. Energy, heat and heat capacity

—Chapter 7. First law of thermodynamics and thermal processes
—Lecture 7: Mock Exam |, led by Dr. Tress

—Chapter 8. Entropy and the second and third law of thermodynamics
—Chapter 9. Thermal machines

—Chapter 10. Thermodynamic potentials and equilibria

—Lecture 12: Mock Exam |, led by Dr. Tress

—Chapter 11. Heat transfer (Conduction, Convection, Radiation)

—Lecture 14: Final review and open questions



