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1 Theory

1.1 Fundamental Concepts
Although everyday macroscopic objects that we observe around us look motionless when they are stationary, their constituent
molecules and atoms are constantly vibrating. This vibration includes both the kinetic energy of the microscopic motion and the
potential energy of the interaction between the molecules. This is called thermal energy. The difference between a hot object and
a cold object is the difference in how much their molecules vibrate. The former has more and the latter has less thermal energy.
When they are put into thermal contact, the energy flows from the hotter object to the colder object without any macroscopic
work being done. This energy flow is called heat. Heat flow stops when the two objects reach a thermal equilibrium. Temperature
is the quantity that characterizes the thermal equilibrium of the objects around us.

1.2 Zeroth Law of Thermodynamics
If bodies A and B are each in thermal equilibrium with a third body T, then A and B are in thermal equilibrium with each
other.

1.3 Measuring Temperature
Temperature does not have an upper bound. It does, however, have a lower bound where the thermal motion of the molecules
cease. In the Kelvin scale, this point is defined as having 0 K temperature. If an object has temperature T in the Kelvin scale,
its Celcius and Fahrenheit scales can be found by,

TC = T − 273.15, & TF = 1.8TC + 32. (1)

Exercise: At which temperature do Celcius and Fahrenheit scales coincide?

1.4 Thermal Expansion
A phenomenon that is observed with heating and cooling the solid objects around us is thermal expansion. For a small temper-
ature change dT , this expansion can be approximated linearly. The change dL in the dimension L of the object can be written
as,

dL = αLdT (2)

where α is the coefficient of linear expansion.

Exercise: What is the change in surface area and volume of the same object?

Exercise: Suppose we have a cylindrical metal object that has a hole cut through its axis. Let the width of the hole be d
and the coefficient of linear expansion of the object be α. If we heat the object by ∆T , what is the new thickness of the hole?
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1.5 Heat Capacity, Specific Heat, Heat of Transformation
If an object absorbs an amount of heat dQ and its temperature changes by dT , its heat capacity C is defined as,

dQ = CdT. (3)

If the object’s mass is m, its specific heat c is,
C = mc. (4)

If it takes dQ amount of heat to transform an object with mass dm from one state to another (solid, liquid, vapour) then the
heat of transformation L is,

dQ = Ldm. (5)

1.6 First Law of Thermodynamics
Suppose we have a system S. Let us denote the thermal energy of this system as U . The first law of thermodynamics is simply
the conservation of energy. Let a small amount of time dt pass such that the internal energy of the system changes by dU . The
first law states,

dU = dQ− dW (6)

where dQ is the amount of heat absorbed by the system and dW is the amount of work done by the system on the environment.
You should be careful with the signs! Whenever you flip the definition from ’on’ to ’by’ or vice versa, you need to flip the sign
as well.

1.7 P-V Diagrams
A useful visual tool when looking at thermodynamic processes is using a P-V diagram. You plot the state of your system on a
2D plane with its pressure and volume. Their usefulness comes from the fact that the work done by a system on its environment
can be written as,

W =

∫ Vf

Vi

dV P (7)
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1.8 Special Processes
Adiabatic: An adiabatic process occurs no transfer of energy as heat occurs between the system of interest and its environment.
dQ = 0, so the 1st law can be written as,

dU = −dW. (8)

Isochoric/Constant-Volume: If dV = 0, then the system can do no work, dW = 0. Which gives,

dU = dQ. (9)

Cyclical: In this case, the system returns to its original state after a series of energy flows. We can write dU = 0, which
implies,

dQ = dW (10)

There are other processes such as isobaric(const. pressure), isothermal(const. temperature), free-expansion etc.

Exercise: Draw these processes on a P-V diagram and discuss their properties (amount of heat and work).

1.9 Ideal Gases
An ideal gas obeys the ideal gas law,

PV = NkT (11)

where N is the number of molecules and k = 1.38× 10−23 J/K is Boltzmann constant. In can be written alternatively in moles
PV = nRT , with R = kNA and n = N/NA.

Exercise: What is the work done by an ideal gas of n moles at temperature T , if the gas expands from the initial volume Vi
to the final volume Vf while being kept at constant temperature T?

1.10 Specific Heat of Ideal Gases

To find out how much heat is required to increase the temperature of ideal gases we will use the Equipartition Theorem whose
derivation is beyond the scope of this class. The theorem shows that any degree of freedom of the constituent particles of a
system contributes (1/2)kT to the thermal energy of the system per particle. For example, an atomic gas (e.g. Helium) has 3
degrees of freedom per particle. Each particle can move in x,y, and z directions. A diatomic gas (e.g. Oxygen) has 5 degrees of
freedom per particle. There are 2 axes of rotation. So the total internal energy can be written as,

U =
f

2
NkT (12)
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where f is the number of degrees of freedom. At constant volume, we find that the specific heat is,

CV =
dQ

dT
=
dU

dT
=
f

2
Nk. (13)

Under constant pressure, we find that the specific heat is,

CP =
dQ

dT
=
dU

dT
+
dW

dT
=
f

2
Nk +

PdV

dT
=

(
f

2
+ 1

)
Nk (14)

Exercise: What is the heat that is absorbed by an diatomic ideal gas of n moles at temperature T , if the gas expands from
the initial volume Vi to the final volume Vf while being kept at constant temperature T?

1.11 Adiabatic Process for an Ideal Gas
We will now look at what happens when an ideal gas undergoes a process without absorbing or releasing any heat. We can write,

dU = −PdV. (15)

Using the ideal gas law and the specific heat, we can write,

dU =
f

2
NkdT, & d(PV ) = NkdT. (16)

f

2
(PdV + V dP ) = −PdV ⇒

(
f + 2

f

)
︸ ︷︷ ︸

γ

dV

V
+
dP

P
= 0 (17)

This implies that,
PV γ = const. (18)

Notice that we also can write γ = CP /CV .

1.12 Heat Engines
Heat engines use cyclical processes to convert heat flow into mechanical energy (sometimes the inverse of that in the case of
refrigerators). We define efficiency for heat engines as,

ε =
W

Q
(19)

where W is the net work that the engine outputs and Q is the amount of heat that the engine absorbs (This is not net heat!).

Exercise: Suppose we combine two isochoric and isobaric processes to make a heat engine. What is the amount of work that
this engine produces each cycle? What is the amount of heat it absorbs and emits? How efficient is this engine?

4



1.13 Entropy, Carnot Engines, and Second Law of Thermodynamics
1.13.1 Entropy

Entropy is crucial to understand why some processes are irreversable in nature. Such as burning a piece of paper or boiling an
egg. Entropy is invented to quantify such irreversible processes (and therefore build better heat engines). The change in entropy
for a system is defined as,

dS =
dQ

T
⇒ ∆S = Sf − Si =

∫ f

i

dQ

T
(20)

For an isothermal process we can write,

∆S =
Q

T
. (21)

You can write the entropy as the function of the state (P,V,T) of the system of interest. Suppose your system is an ideal gas in
some initial state i and reaches some final state f by a reversible process. Since the process is reversible, we can use the 1st law
to write,

dQ = PdV + nCV dT. (22)

We can replace P with the ideal gas law,
dQ

T
= nR

dV

V
+ nCV

dT

T
. (23)

Integrating, we get,

∆S = nR log
Vf
Vi

+ nCV log
Tf
Ti
. (24)

Exercise: Confirm is ∆S = 0 for an adiabatic process, as it should be since dQ = 0.

1.13.2 Second Law of Thermodynamics

The second law of thermodynamics states that for a closed system,

∆S ≥ 0. (25)

1.13.3 T-S Diagram and Carnot Engine

Let us now use T-S diagrams when we study a heat engine. A T-S diagram is useful because the area under a curve gives us the
heat transfer since dQ = TdS. Suppose we have an engine that works between two heat reservoirs of T1 and T2 with T2 > T1.
The net work done by this engine is going to be the area within the loop in the diagram. The amount of heat absorbed by
the engine will be the area under the upper curve of the loop. So, clearly, the loop that maximizes the efficiency is one that is
rectangular. Which involves two adiabatic and two isothermal processes. An engine that uses such a cycle is called a Carnot
engine.

Exercise: What is the efficiency of a Carnot engine?
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2 Problems
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2.1 Challanging Problems
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IPhO 2012 Problem T3. Protostar formation

https://www.ioc.ee/~kree/students/iphoTable/files/ipho/2012_Estonia_p3.pdf

IPhO 2008 Problem T3. Air Pollution

https://www.ioc.ee/~kree/students/iphoTable/files/ipho/2008_Vietnam_p3.pdf
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