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Introduction

The basic concepts expressed in this book are systematically presented
as statements (formal expressions that can be evaluated as true or false),
grouped into the following categories:

’m statements verifiable by a formal proof.
W property of particular relevance or generality.
Postulates statements whose truth is in some way evident;

therefore they do not require demonstration.
statements verified by experimental proof (see
“scientific method”).

specific and unambiguous formal agreements;
generally do not require any demonstration.

| Physical laws |

Definitions

statements consisting of finite sequences of in-
structions, programmed to achieve a certain re-
sult; they may require demonstrations that jus-
tify certain sequences.

Rules

Many properties are proved in detail. Some results (actually, very few)
are provided without proof, either because they can be easily proven or
because they require knowledge beyond the intended scope.

In the first chapter, general concepts of physics are introduced and
basic notions on error analysis in experimental measurements are devel-
oped.

The second chapter is devoted to Thermodynamics, following the
standard progression of topics typically presented in secondary school
textbooks. However, this treatment is enriched by conceptual schemes
and alternative solutions introduced by the author, offering a less con-
ventional perspective.

The third chapter focuses on Geometrical Optics, with particular at-
tention given to mirrors (both plane and spherical), diopters, and lenses.

Chapters four and five respectively contain the "mathematical and
computer tools”, often referenced in previous pages, presented as neces-
sary formal support for physics.



ADVANCED TOPICS

The sixth chapter contains in-depth insights on topics that, at the
secondary school level, might interest particularly curious students or
teachers intending to propose enrichment activities.

The seventh, brief, chapter concludes the text with a collection of
formulas and results of significant scientific interest.

At the end of many sections, problems or lab sheets are proposed, almost
always with data to be freely chosen, followed by explanatory solutions.
Both the problems and the sheets are designed to be meaningful in re-

lation to the topic addressed.

The following conceptual framework was used in solving the problems.
1) Graphical representation of the physical system.

(
(2) Known and unknown quantities.
(
(

)
3) Setting up the equations.
4) Solving the equations.

The details are shown in the following table.

(1) Represent the physical system
described in the problem with a
graphical diagram, simple but com-
plete.

In the graphical diagram, indicate
the letters chosen for all the quan-
tities involved in the problem, not
the numerical values.

(2) List the quantities involved in
the problem in a table, the same
as those in the diagram in point
(1), plus possibly others.

Use the same letters shown in the di-
agram, specifying known numerical
values (preferably in SI units) and
indicating unknowns with a question
mark.

(3) Begin the solution by writing the
appropriate physical laws (or prop-
erties or definitions) that include the
chosen quantities (known and un-
known), the same as those in the
table in point (2), plus possibly
others.

The written relations will become
equations to be solved; the physical
problem must be translated into a
mathematical one.

(4) Solve the equations and present
the solutions at the end with the cor-
rect units of measurement (these can
be omitted in intermediate steps).

The equations should preferably be
solved in symbolic form, with nu-
merical substitutions performed as
little as possible, ideally only at the
end.

The described procedure is, of course, flexible; for example, during
steps (3) and (4), it may be useful to go back to steps (1) or (2) to
add/delete/modify data or graphical representations.




Chapter 2

Thermodynamics

Available energy, that is the
main object at stake in the
struggle between existence and
the evolution of the world.

Ludwig Eduard Boltzmann
(1844-1906):

physicist, mathematician, and
philosopher.

2.1 Thermology

Definition 2.1 (thermodynamic system) A thermodynamic system
s any physical "macroscopic” system, that is, a physical system with var-
ious possible internal structures associated with a specific macroscopic
structure, called the “state of the system”, which can be described by a
limited number of physical quantities known as ”state variables” (typi-
cally: pressure, volume, temperature, internal energy, entropy, etc.).

Definition 2.2 (temperature) Temperature is a fundamental phys-
ical quantity that measures the “thermal state” of a body, i.e., the sen-
sation that humans refer to as “hot” or ”cold”.

In thermodynamics, it is a state variable.

Postulate 2.1 (zeroth law of thermodynamics) Interacting systems
tend to reach the same temperature, a condition known as “thermal equi-
librium”; equivalently: if system A is in thermal equilibrium with system
B, and B is in thermal equilibrium with o third system C, then A is in
thermal equilibrium with C.

19



20 CHAPTER 2. THERMODYNAMICS

Definition 2.3 (unit of measurement of temperature) In the SI
system, temperature is measured in Kelvin, symbol K, defined on a linear
scale assigning the value 273.15 to the temperature of a mizture of ice
and water in thermal equilibrium, and the value 373.15 to the boiling
temperature of water at atmospheric pressure.

Another commonly used unit is the degree Celsius, symbol ° C, defined
on a linear scale assigning the value 0 to the temperature of a mixture
of ice and water in thermal equilibrium, and the value 100 to the boiling
temperature of water at atmospheric pressure.

When temperature is measured in Kelvin, it is also referred to as
“absolute temperature”.

Definition 2.4 (internal energy) The internal energy of a thermo-
dynamic system, generally denoted by U, is a state variable that measures
the system’s ability to produce changes in the external environment by
altering its internal structure.

In a particle model, internal energy can be identified as the sum of
the kinetic energies (measured relative to the center of mass) and the
potential energies (from internal forces) of all the particles composing
the system.

Definition 2.5 (heat) Heat is internal energy transferred from one
system to another due to a temperature difference, i.e., in a “disordered”
form.

Observation: Heat is analogous (homogeneous) to work, with the
only difference being that work represents energy transferred from one
system to another in an “ordered” form.

Definition 2.6 (unit of measurement of heat) The historical unit
of heat is the “calorie”, symbol “cal”, defined as the amount of heat re-
quired to raise the temperature of one gram of distilled water by one
degree Celsius, specifically from 14.5 °C to 15.5 °C, at a pressure of 1
atm.

Physical law‘ 2.1 (mechanical equivalent of the calorie) .
James Prescott Joule demonstrated, with his famous “paddle-wheel” ex-
periment, that: 1cal = 4.186 J

Definition 2.7 (thermology) Thermology studies the nature and ef-

fects of heat. It includes thermometry (the measurement of temperature)
and calorimetry (the measurement of the quantities of heat involved in
phenomena,).






2.4. THE FIRST LAW OF THERMODYNAMICS 33

2.1 (work exchanged by a gas) The work exchanged by

a gas due to a volume change in a reversible transformation can be com-
puted in the p=V diagram as the area under the transformation curve (in
absolute value); the sign of the work is positive or negative depending on
whether the transformation proceeds from left to right or vice versa.

Proof. Considering the gas confined in a cylinder with a piston of area
S, we have:

sF——=>F 6L:F&w:%8%:qﬁV

|
| i
;

Va Vi

2.4 The First Law of Thermodynamics

Postulate 2.2 (statement of the first law) The variation of the in-
ternal energy of a thermodynamic system is equal to the heat exchanged
minus the work exchanged, formally:

AU=Q— L

where, by convention, heat Q) is positive when transferred “from the en-
vironment to the system” (absorbed), negative when transferred “from
the system to the environment” (released), while work L is positive when
transferred “from the system to the environment”, and negative when
transferred “from the environment to the system?”.

Rule 2.1 (representation of heat and work exchanges) .

The symbols representing heat or work exchanged by a system
will be placed near the system performing the exchange, as schema-
tized in the figure below,; this reduces ambiguity regarding the sign of the
corresponding numerical values.
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A, B, and C are thermodynamic sys-

O tems.
A "\,\J\A Lo A exchanges: Q1 <0, —L1 <0
B exchanges: —Q1 >0, Ly <0, Q2 <0

—L{ B C exchanges: —Q2 >0, L1 >0, Q3 <0
Ly

The symbols at the ends of each arrow
always have opposite signs, hence one of
them can be omitted.

Definition 2.14 (notable transformations of a gas) Some notable
reversible transformations of a gas are as follows:

- Isobaric: constant pressure;

- Isochoric: constant volume;

- Isothermal: constant temperature;

- Adiabatic: no heat exchange.

A AB (Isochoric): V =V,

B 4c (Adiabatic): pV” = pa V)]
nRT

AD (Isothermal): p = v

C D AFE (Isobaric): p = pa

v

Property | 2.2 (characteristics of notable transformations) .
The following characteristics of the notable transformations of an
ideal gas, from an initial state “i” to a final state “f”, can be derived.

’ Transformation ‘ FEquation ‘ Work ‘ Heat ‘
Isobaric p = constant p(Vy —Vj) nCy(Ty — T)
Isochoric V = constant 0 nCy(Ty — T)

V V
Isothermal T = constant nRT In <Vf> nRT In <Vf>
i i
Adiabatic pV7 = constant —nCy(Ty —T3) | 0
TVY~! = constant
TVp'=" = constant

where: v = Cp/C, is called the adiabatic expansion coefficient, also
known as the adiabatic index or ratio of specific heats.






Chapter 3

Geometrical Optics

Light propagates between two
points following the path that
requires the least possible time.

Pierre de Fermat (1601-1665):

mathematician and magistrate.

Postulate 3.1 (constancy of the speed of light) The speed of elec-
tromagnetic waves in a vacuum is constant in all inertial frames of ref-
erence. This constitutes one of the principles of “Special Relativity”.

‘Physical law‘ 3.1 (magnitude of the speed of light) The magni-
tude of the speed of light in vacuum is:

¢ =299792458 m/s

Definition 3.1 (optics) Optics is the branch of electromagnetism that
describes the behavior and properties of light, and its interaction with
matter (photometry).

There are three branches of optics: geometrical optics, physical optics,
and quantum optics.

Definition 3.2 (geometrical optics) Geometrical optics is the old-
est branch of optics: it studies phenomena associated with light assuming
that it propagates along straight-line paths.

Physical law‘ 3.2 (rectilinear propagation of light) If light passes
through homogeneous media and interacts only with objects whose dimen-
stons are much larger than its wavelength, then it propagates, to a very
good approximation, along straight lines, called “rays”.

71
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Property | 3.4 (magnification of a mirror) The magnification of a

spherical mirror can be expressed as:
p

q

where p and q are respectively the distances, from the mirror, of im-
age and object, taken positive or negative according to the conventions
established by the conjugate points law (Property .

Proof. For simplicity we refer to the case represented in the following
diagram.

The two triangles CAB and CA’B’ are similar because they both
have a right angle and, furthermore, angles ACB and A/CB' are equal
because they are vertically opposite. Therefore we can write the propor-
tion L

A'B"  CA

AB  AC
in which: the left member is —G, while the right member is equal to
A’V /AV ,i.e., to q/p. We have therefore obtained the relation G = —¢q/p.
|

PROBLEMS

3.1.1

Two mirrors form an angle

« = ... as shown in the figure.

A light ray strikes mirror S; at an
angle §; = ... with respect to the
normal.

Determine the direction of the ray
after reflection from mirror Ss.




