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Course schedule (tentative)

Lecture # Date Contents
1 3-SepIntroduction
2 5-Sep1. Thermodynamics: Basic concepts of thermodynamics
3 10-Sep1. Thermodynamics: The first law of thermodynamics
4 12-Sep1. Thermodynamics: Thermodynamic process and cycle
5 17-Sep1. Thermodynamics: The second and third laws of thermodynamics-1
6 19-Sep1. Thermodynamics: The second and third laws of thermodynamics-2

24-Sep No lecture (holiday)
26-Sep No lecture (holiday)

7 1-Oct1. Equation of state of gas
3-Oct No lecture (holiday)

8 8-OctAnswer of homework-1
9 10-OctExam-01 (2 hour)

10 15-Oct2. Introduction to equilibrium theory
11 17-Oct2. Free energy-1
12 22-Oct2. Free energy-2
13 24-Oct2. Calculation of thermodynamic quantities

29-Oct No lecture
31-Oct



Contents of today

<Last class on 3/11>
1.1.2.   The first law of thermodynamics
1.2.1.   Thermodynamic process

<Today’s class on 3/13>
1.2.1.   Thermodynamic process
1.2.2.   Thermodynamic cycle
1.3.1.   The second law of thermodynamics



1.2.1. Thermodynamic process
- constant-volume heating/cooling (𝒅𝒅𝒅𝒅 = 𝟎𝟎)-

 As we only consider P-V work:
𝛿𝛿𝑤𝑤 = −𝑃𝑃𝑒𝑒𝑒𝑒𝑒𝑒𝑑𝑑𝑑𝑑 = 0 thus  𝑑𝑑𝑑𝑑 = 𝛿𝛿𝑞𝑞.

(1) Constant-volume heating/cooling: 𝑑𝑑𝑑𝑑 = 0
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 If we also consider non-PV work:
𝑑𝑑𝑑𝑑 = 𝛿𝛿𝑞𝑞 + 𝛿𝛿𝑤𝑤𝑃𝑃𝑃𝑃 + 𝛿𝛿𝑤𝑤𝑛𝑛𝑛𝑛𝑛𝑛−𝑃𝑃𝑃𝑃 = 𝛿𝛿𝑞𝑞 + 𝛿𝛿𝑤𝑤𝑛𝑛𝑛𝑛𝑛𝑛−𝑃𝑃𝑃𝑃.

1st law: d𝑑𝑑 = 𝛿𝛿𝑞𝑞 + 𝛿𝛿𝑤𝑤



1.2.1. Thermodynamic process
- constant-pressure heating/cooling (𝒅𝒅𝑷𝑷 = 𝟎𝟎)-

 As we only consider P-V work:
𝛿𝛿𝑤𝑤 = −𝑃𝑃𝑒𝑒𝑒𝑒𝑒𝑒𝑑𝑑𝑑𝑑 thus  ∆𝑑𝑑 = 𝑞𝑞 + 𝑤𝑤 = ∫𝛿𝛿𝑞𝑞 − 𝑃𝑃𝑒𝑒𝑒𝑒𝑒𝑒 ∫ 𝑑𝑑𝑑𝑑 = 𝑞𝑞 − 𝑃𝑃𝑒𝑒𝑒𝑒𝑒𝑒∆𝑑𝑑,

where ∆𝑑𝑑 = 𝑑𝑑𝑓𝑓𝑓𝑓𝑛𝑛𝑓𝑓𝑓𝑓 − 𝑑𝑑𝑓𝑓𝑛𝑛𝑓𝑓𝑒𝑒𝑓𝑓𝑓𝑓𝑓𝑓

(2) Constant-pressure heating/cooling: 𝑑𝑑𝑃𝑃 = 0 (𝑃𝑃 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐. )
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*In the right graph, if the system is an ideal gas, the volume is 
linearly change with the temperature, as  𝑃𝑃𝑑𝑑 = 𝑐𝑐𝑛𝑛𝑛𝑛.

 If we further assume the process is reversible, where 𝑃𝑃 = 𝑃𝑃𝑒𝑒𝑒𝑒𝑒𝑒, 𝑛𝑛 = 𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒, 
etc, then:

𝛿𝛿𝑤𝑤 = −𝑃𝑃𝑑𝑑𝑑𝑑 thus ∆𝑑𝑑 = 𝑞𝑞 − 𝑃𝑃∆𝑑𝑑

1st law: d𝑑𝑑 = 𝛿𝛿𝑞𝑞 + 𝛿𝛿𝑤𝑤



Quiz
 [Q05] A system goes through a reversible constant-pressure heating process at 

1x105 Pa from 300 K to 500 K. The system is composed by 1 mole of ideal gas 
whose energy is defined as 𝑑𝑑 = 3

2
𝑐𝑐𝑛𝑛𝑛𝑛. Please determine (1) ∆𝑑𝑑, (2) 𝑤𝑤 and (3) 

𝑞𝑞 in this process.



Quiz

 [Q05] A system goes through a reversible constant-pressure heating 
process at 1.0x105 Pa from 300 K to 500 K. The system is composed by 1 
mole of ideal gas whose energy is defined as 𝑑𝑑 = 3

2
𝑐𝑐𝑛𝑛𝑛𝑛. Please determine 

(1) ∆𝑑𝑑, (2) 𝑤𝑤 and (3) 𝑞𝑞 in this process.
Because constant-pressure process (𝑃𝑃 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐.), 𝑤𝑤 = −∫𝑃𝑃𝑑𝑑𝑑𝑑 = −𝑃𝑃∆𝑑𝑑.
𝑤𝑤 = −∫𝑃𝑃𝑑𝑑𝑑𝑑 = −𝑃𝑃∆𝑑𝑑
Using the equation of state for ideal gas (𝑃𝑃𝑑𝑑 = 𝑐𝑐𝑛𝑛𝑛𝑛),

∆𝑑𝑑 = 𝑑𝑑𝑓𝑓𝑓𝑓𝑛𝑛 − 𝑑𝑑𝑓𝑓𝑛𝑛𝑓𝑓 = 𝑐𝑐𝑛𝑛 𝑇𝑇𝑓𝑓𝑓𝑓𝑓𝑓
𝑃𝑃𝑓𝑓𝑓𝑓𝑓𝑓

− 𝑇𝑇𝑓𝑓𝑓𝑓𝑓𝑓
𝑃𝑃𝑓𝑓𝑓𝑓𝑓𝑓

= 𝑛𝑛𝑛𝑛
𝑃𝑃

𝑛𝑛𝑓𝑓𝑓𝑓𝑛𝑛 − 𝑛𝑛𝑓𝑓𝑛𝑛𝑓𝑓 .

𝑤𝑤 = −𝑃𝑃∆𝑑𝑑 = −𝑐𝑐𝑛𝑛 𝑛𝑛𝑓𝑓𝑓𝑓𝑛𝑛 − 𝑛𝑛𝑓𝑓𝑛𝑛𝑓𝑓 = −1 × 8.31 × 200 = −1.7 × 103 [J].

For ∆𝑑𝑑, using the energy expression of ideal gas, 
∆𝑑𝑑 = 3

2
𝑐𝑐𝑛𝑛∆𝑛𝑛 = 3

2
× 1 × 8.31 × 300 − 500 = 2.5 × 103 [J]

According to 1st law, ∆𝑑𝑑 = 𝑞𝑞 + 𝑤𝑤, 𝑞𝑞 = ∆𝑑𝑑 − 𝑤𝑤 = 4.2 × 103 [J]
Hence, ∆𝑑𝑑 = 2.5 × 103 [J], 𝑤𝑤 = −1.7 × 103 [J], 𝑞𝑞 = 4.2 × 103 [J].



1.2.1. Thermodynamic process
- isothermal expansion/compression (𝒅𝒅𝑻𝑻 = 𝟎𝟎) -

 If we further assume the system is an ideal gas ( 𝑑𝑑 = 𝑑𝑑(𝑛𝑛) , such as 
𝑑𝑑 = 3

2
𝑐𝑐𝑛𝑛𝑛𝑛 ) :
𝑑𝑑𝑑𝑑 = 0 because 𝑛𝑛 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐. Then, 𝛿𝛿𝑞𝑞 = −𝛿𝛿𝑤𝑤.

 If ideal gas, 𝑃𝑃𝑑𝑑 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐. is also achieved because 𝑃𝑃𝑑𝑑 = 𝑐𝑐𝑛𝑛𝑛𝑛 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐..  

(3) Constant-temperature expansion/compression: 𝑑𝑑𝑛𝑛 = 0.
* “constant-temperature” is usually called “isothermal”. 
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1st law: d𝑑𝑑 = 𝛿𝛿𝑞𝑞 + 𝛿𝛿𝑤𝑤



1.2.1. Thermodynamic process
- adiabatic expansion/compression (𝜹𝜹𝒒𝒒 = 𝟎𝟎) -

 Accordingly:
𝑑𝑑𝑑𝑑 = 𝛿𝛿𝑤𝑤 = −𝑃𝑃𝑒𝑒𝑒𝑒𝑒𝑒𝑑𝑑𝑑𝑑

 If we assume the process is reversible:
𝑑𝑑𝑑𝑑 = −𝑃𝑃𝑑𝑑𝑑𝑑.

 If we further assume the system is an ideal gas:
𝑃𝑃𝑑𝑑 = 𝑐𝑐𝑛𝑛𝑛𝑛 then   𝑃𝑃 = ⁄𝑐𝑐𝑛𝑛𝑛𝑛 𝑑𝑑
∆𝑑𝑑 = ∫𝑑𝑑𝑑𝑑 = −∫𝑛𝑛𝑛𝑛𝑇𝑇

𝑃𝑃
𝑑𝑑𝑑𝑑

(4) Adiabatic expansion/compression: 𝛿𝛿𝑞𝑞 = 0. 
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1st law: d𝑑𝑑 = 𝛿𝛿𝑞𝑞 + 𝛿𝛿𝑤𝑤

*Since δw ≠ 0, the system is not isolated in adiabatic process. 
However, sometimes we specifically say “system is thermally isolated”.



1.2.1. Thermodynamic process
- comparison b/w isothermal and adiabatic processes -

Isothermal Adiabatic

condition
1st law

Further, ideal gas
Further, reversible process 
(the system is ideal gas)
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1.2.1. Thermodynamic process
- comparison b/w isothermal and adiabatic processes -

Isothermal Adiabatic

condition 𝑑𝑑𝑛𝑛 = 0 𝛿𝛿𝑞𝑞 = 0
1st law

Further, ideal gas
Further, reversible process 
(the system is ideal gas)
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1.2.1. Thermodynamic process
- comparison b/w isothermal and adiabatic processes -

Isothermal Adiabatic

condition 𝑑𝑑𝑛𝑛 = 0 𝛿𝛿𝑞𝑞 = 0
1st law 𝑑𝑑𝑑𝑑 = 𝛿𝛿𝑞𝑞 + 𝛿𝛿𝑤𝑤

= 𝛿𝛿𝑞𝑞 − 𝑃𝑃𝑒𝑒𝑒𝑒𝑒𝑒𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 = 𝛿𝛿𝑤𝑤 = −𝑃𝑃𝑒𝑒𝑒𝑒𝑒𝑒𝑑𝑑𝑑𝑑

Further, ideal gas
Further, reversible process 
(the system is ideal gas)
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1.2.1. Thermodynamic process
- comparison b/w isothermal and adiabatic processes -

Isothermal Adiabatic

condition 𝑑𝑑𝑛𝑛 = 0 𝛿𝛿𝑞𝑞 = 0
1st law 𝑑𝑑𝑑𝑑 = 𝛿𝛿𝑞𝑞 + 𝛿𝛿𝑤𝑤

= 𝛿𝛿𝑞𝑞 − 𝑃𝑃𝑒𝑒𝑒𝑒𝑒𝑒𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 = 𝛿𝛿𝑤𝑤 = −𝑃𝑃𝑒𝑒𝑒𝑒𝑒𝑒𝑑𝑑𝑑𝑑

Further, ideal gas 𝑑𝑑𝑑𝑑 = 0 thus  
𝛿𝛿𝑞𝑞 = −𝛿𝛿𝑤𝑤 = 𝑃𝑃𝑒𝑒𝑒𝑒𝑒𝑒𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑 = 𝛿𝛿𝑤𝑤 = −𝑃𝑃𝑒𝑒𝑒𝑒𝑒𝑒𝑑𝑑𝑑𝑑

Further, reversible process 
(the system is ideal gas)
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1.2.1. Thermodynamic process
- comparison b/w isothermal and adiabatic processes -

Isothermal Adiabatic

condition 𝑑𝑑𝑛𝑛 = 0 𝛿𝛿𝑞𝑞 = 0
1st law 𝑑𝑑𝑑𝑑 = 𝛿𝛿𝑞𝑞 + 𝛿𝛿𝑤𝑤

= 𝛿𝛿𝑞𝑞 − 𝑃𝑃𝑒𝑒𝑒𝑒𝑒𝑒𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 = 𝛿𝛿𝑤𝑤 = −𝑃𝑃𝑒𝑒𝑒𝑒𝑒𝑒𝑑𝑑𝑑𝑑

Further, ideal gas 𝑑𝑑𝑑𝑑 = 0 thus  
𝛿𝛿𝑞𝑞 = −𝛿𝛿𝑤𝑤 = 𝑃𝑃𝑒𝑒𝑒𝑒𝑒𝑒𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑 = 𝛿𝛿𝑤𝑤 = −𝑃𝑃𝑒𝑒𝑒𝑒𝑒𝑒𝑑𝑑𝑑𝑑

Further, reversible process 
(the system is ideal gas)

𝛿𝛿𝑞𝑞 = 𝑃𝑃𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑 = −𝑃𝑃𝑑𝑑𝑑𝑑 = −
𝑐𝑐𝑛𝑛𝑛𝑛
𝑑𝑑

𝑑𝑑𝑑𝑑
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1.2.1. Thermodynamic process
- details in isothermal reversible expansion/compression of ideal gas -

V

P

Isothermal (𝑑𝑑𝑛𝑛 = 0) Adiabatic (𝛿𝛿𝑞𝑞 = 0)
1st law of ideal gas for a 

reversible process
𝛿𝛿𝑞𝑞 = −𝛿𝛿𝑤𝑤 = 𝑃𝑃𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑 = 𝛿𝛿𝑤𝑤 = −𝑃𝑃𝑑𝑑𝑑𝑑

Isothermal

As ideal gas
𝑃𝑃𝑑𝑑 = 𝑐𝑐𝑛𝑛𝑛𝑛
𝑃𝑃 = 𝑐𝑐𝑛𝑛𝑛𝑛/𝑑𝑑

Because 𝑛𝑛 (thus 𝑐𝑐𝑛𝑛𝑛𝑛 as well) is constant and 
the process is reversible (𝑃𝑃𝑒𝑒𝑒𝑒𝑒𝑒 = 𝑃𝑃),

𝑤𝑤 = −𝑞𝑞 = −�𝑃𝑃𝑑𝑑𝑑𝑑 = −�
𝑐𝑐𝑛𝑛𝑛𝑛
𝑑𝑑

𝑑𝑑𝑑𝑑

= −𝑐𝑐𝑛𝑛𝑛𝑛�
𝑑𝑑𝑑𝑑
𝑑𝑑

= 𝑐𝑐𝑛𝑛𝑛𝑛 ln
𝑑𝑑𝑓𝑓
𝑑𝑑𝑓𝑓

When 𝑑𝑑𝑓𝑓 > 𝑑𝑑𝑓𝑓 (expansion), 𝑤𝑤 < 0 and 𝑞𝑞 > 0.
When 𝑑𝑑𝑓𝑓 < 𝑑𝑑𝑓𝑓 (compression), 𝑤𝑤 > 0 and 𝑞𝑞 < 0.

*The line on P-V diagram is 
“𝑃𝑃𝑑𝑑 = 𝑐𝑐𝑛𝑛𝑛𝑛 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐.”



1.2.1. Thermodynamic process
- details in adiabatic reversible expansion/compression of ideal gas -

V

P

Adiabatic

As ideal gas: 𝑃𝑃𝑑𝑑 = 𝑐𝑐𝑛𝑛𝑛𝑛 then 𝑃𝑃 = 𝑐𝑐𝑛𝑛𝑛𝑛/𝑑𝑑
But, 𝑛𝑛 is not necessarily constant for adiabatic process !!

*The line on P-V 
diagram is 

“𝑃𝑃𝑑𝑑 = 𝑐𝑐𝑛𝑛𝑛𝑛 ≠ 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐.” 
as 𝑛𝑛 is changeable.

As the system is ideal gas (𝑑𝑑 = 𝑑𝑑(𝑛𝑛)) :
𝑑𝑑𝑑𝑑 = 𝐶𝐶𝑃𝑃𝑑𝑑𝑛𝑛 = 𝛼𝛼𝑐𝑐𝑛𝑛𝑑𝑑𝑛𝑛

where 𝐶𝐶𝑃𝑃 = 𝛼𝛼𝑐𝑐𝑛𝑛 and 𝛼𝛼 = 3
2

for He for example.

Then, using the 1st law for adiabatic process:
d𝑑𝑑 = 𝐶𝐶𝑃𝑃𝑑𝑑𝑛𝑛 = 𝛼𝛼𝑐𝑐𝑛𝑛𝑑𝑑𝑛𝑛 = 𝛿𝛿𝑤𝑤 = −𝑛𝑛𝑛𝑛𝑇𝑇

𝑃𝑃
𝑑𝑑𝑑𝑑

𝛼𝛼 𝑑𝑑𝑇𝑇
𝑇𝑇

= −𝑑𝑑𝑃𝑃
𝑃𝑃

then 𝑛𝑛𝑓𝑓𝑓𝑓𝑛𝑛
𝑛𝑛𝑓𝑓𝑛𝑛𝑓𝑓

𝛼𝛼

=
𝑑𝑑𝑓𝑓𝑛𝑛𝑓𝑓
𝑑𝑑𝑓𝑓𝑓𝑓𝑛𝑛

Isothermal (𝑑𝑑𝑛𝑛 = 0) Adiabatic (𝛿𝛿𝑞𝑞 = 0)
1st law of ideal gas for a 

reversible process
𝛿𝛿𝑞𝑞 = −𝛿𝛿𝑤𝑤 = 𝑃𝑃𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑 = 𝛿𝛿𝑤𝑤 = −𝑃𝑃𝑑𝑑𝑑𝑑

w = −�𝑃𝑃𝑑𝑑𝑑𝑑 = −�
𝑐𝑐𝑛𝑛𝑛𝑛
𝑑𝑑

𝑑𝑑𝑑𝑑 = −𝑐𝑐𝑛𝑛�
𝑛𝑛𝑑𝑑𝑑𝑑
𝑑𝑑

Using 𝑃𝑃𝑑𝑑 = 𝑐𝑐𝑛𝑛𝑛𝑛, we can replace T with P or V with P :
𝑃𝑃𝑓𝑓𝑓𝑓𝑛𝑛
𝑃𝑃𝑓𝑓𝑛𝑛𝑓𝑓

𝛼𝛼

=
𝑑𝑑𝑓𝑓𝑛𝑛𝑓𝑓
𝑑𝑑𝑓𝑓𝑓𝑓𝑛𝑛

1+𝛼𝛼 𝑛𝑛𝑓𝑓𝑓𝑓𝑛𝑛
𝑛𝑛𝑓𝑓𝑛𝑛𝑓𝑓

𝛼𝛼+1

=
𝑃𝑃𝑓𝑓𝑓𝑓𝑛𝑛
𝑃𝑃𝑓𝑓𝑛𝑛𝑓𝑓

or



1.2.1. Thermodynamic process
- details in adiabatic reversible expansion/compression of ideal gas -

Isothermal (𝑑𝑑𝑛𝑛 = 0) Adiabatic (𝛿𝛿𝑞𝑞 = 0)
1st law of ideal gas for a 

reversible process
𝛿𝛿𝑞𝑞 = −𝛿𝛿𝑤𝑤 = 𝑃𝑃𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑 = 𝛿𝛿𝑤𝑤 = −𝑃𝑃𝑑𝑑𝑑𝑑

(1) If we know (𝑛𝑛𝑓𝑓𝑛𝑛𝑓𝑓, 𝑑𝑑𝑓𝑓𝑛𝑛𝑓𝑓, 𝑃𝑃𝑓𝑓𝑛𝑛𝑓𝑓) and 𝑑𝑑𝑓𝑓𝑓𝑓𝑛𝑛,

∆𝑑𝑑 = 𝑤𝑤 = �𝐶𝐶𝑃𝑃𝑑𝑑𝑛𝑛 = 𝛼𝛼𝑐𝑐𝑛𝑛∆𝑛𝑛 = 𝛼𝛼𝑐𝑐𝑛𝑛 × 𝑛𝑛𝑓𝑓𝑛𝑛𝑓𝑓
𝑑𝑑𝑓𝑓𝑛𝑛𝑓𝑓
𝑑𝑑𝑓𝑓𝑓𝑓𝑛𝑛

1
𝛼𝛼
− 1

(2) If we know (𝑛𝑛𝑓𝑓𝑛𝑛𝑓𝑓, 𝑑𝑑𝑓𝑓𝑛𝑛𝑓𝑓, 𝑃𝑃𝑓𝑓𝑛𝑛𝑓𝑓) and 𝑛𝑛𝑓𝑓𝑓𝑓𝑛𝑛,

∆𝑑𝑑 = 𝑤𝑤 = �𝐶𝐶𝑃𝑃𝑑𝑑𝑛𝑛 = 𝛼𝛼𝑐𝑐𝑛𝑛∆𝑛𝑛 = 𝛼𝛼𝑐𝑐𝑛𝑛 × 𝑛𝑛𝑓𝑓𝑓𝑓𝑛𝑛 − 𝑛𝑛𝑓𝑓𝑛𝑛𝑓𝑓
(3) If we know (𝑛𝑛𝑓𝑓𝑛𝑛𝑓𝑓, 𝑑𝑑𝑓𝑓𝑛𝑛𝑓𝑓, 𝑃𝑃𝑓𝑓𝑛𝑛𝑓𝑓) and 𝑃𝑃𝑓𝑓𝑓𝑓𝑛𝑛,

𝑛𝑛𝑓𝑓𝑓𝑓𝑛𝑛
𝑛𝑛𝑓𝑓𝑛𝑛𝑓𝑓

𝛼𝛼

=
𝑑𝑑𝑓𝑓𝑛𝑛𝑓𝑓
𝑑𝑑𝑓𝑓𝑓𝑓𝑛𝑛

𝑃𝑃𝑓𝑓𝑓𝑓𝑛𝑛
𝑃𝑃𝑓𝑓𝑛𝑛𝑓𝑓

𝛼𝛼

=
𝑑𝑑𝑓𝑓𝑛𝑛𝑓𝑓
𝑑𝑑𝑓𝑓𝑓𝑓𝑛𝑛

1+𝛼𝛼 𝑛𝑛𝑓𝑓𝑓𝑓𝑛𝑛
𝑛𝑛𝑓𝑓𝑛𝑛𝑓𝑓

𝛼𝛼+1

=
𝑃𝑃𝑓𝑓𝑓𝑓𝑛𝑛
𝑃𝑃𝑓𝑓𝑛𝑛𝑓𝑓, ,

𝐶𝐶𝑃𝑃 = 𝛼𝛼𝑐𝑐𝑛𝑛 [J K-1] and 𝑑𝑑𝑑𝑑 = 𝐶𝐶𝑃𝑃𝑑𝑑𝑛𝑛,  and 𝛼𝛼 = ⁄3 2 for He, 𝛼𝛼 = ⁄5 2 for O2 if 
ideal gas, for examples.

∆𝑑𝑑 = 𝑤𝑤 = �𝐶𝐶𝑃𝑃𝑑𝑑𝑛𝑛 = 𝛼𝛼𝑐𝑐𝑛𝑛∆𝑛𝑛 = 𝛼𝛼𝑐𝑐𝑛𝑛 × 𝑛𝑛𝑓𝑓𝑛𝑛𝑓𝑓
𝑃𝑃𝑓𝑓𝑓𝑓𝑛𝑛
𝑃𝑃𝑓𝑓𝑛𝑛𝑓𝑓

1
𝛼𝛼+1

− 1



1.2.1. Thermodynamic process
- details in adiabatic reversible expansion/compression of ideal gas -

Isothermal (𝑑𝑑𝑛𝑛 = 0) Adiabatic (𝛿𝛿𝑞𝑞 = 0)
1st law of ideal gas for a 

reversible process
𝛿𝛿𝑞𝑞 = −𝛿𝛿𝑤𝑤 = 𝑃𝑃𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑 = 𝛿𝛿𝑤𝑤 = −𝑃𝑃𝑑𝑑𝑑𝑑

 The relationship between 𝑃𝑃 and 𝑑𝑑 in this adiabatic process gives us:
𝑃𝑃𝛼𝛼𝑑𝑑1+𝛼𝛼 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐. thus 𝑃𝑃𝑑𝑑

1+𝛼𝛼
𝛼𝛼 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐.

 This equation is often called “Poisson’s law” using γ = 1+𝛼𝛼
𝛼𝛼

as
𝑃𝑃𝑑𝑑γ = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

* 𝛼𝛼 > 1 and then   γ > 1.

 This equation is different from Boyle’s law, which is achieved for 
isothermal process as:

𝑃𝑃𝑑𝑑 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐.

𝑛𝑛𝑓𝑓𝑓𝑓𝑛𝑛
𝑛𝑛𝑓𝑓𝑛𝑛𝑓𝑓

𝛼𝛼

=
𝑑𝑑𝑓𝑓𝑛𝑛𝑓𝑓
𝑑𝑑𝑓𝑓𝑓𝑓𝑛𝑛

𝑃𝑃𝑓𝑓𝑓𝑓𝑛𝑛
𝑃𝑃𝑓𝑓𝑛𝑛𝑓𝑓

𝛼𝛼

=
𝑑𝑑𝑓𝑓𝑛𝑛𝑓𝑓
𝑑𝑑𝑓𝑓𝑓𝑓𝑛𝑛

1+𝛼𝛼 𝑛𝑛𝑓𝑓𝑓𝑓𝑛𝑛
𝑛𝑛𝑓𝑓𝑛𝑛𝑓𝑓

𝛼𝛼+1

=
𝑃𝑃𝑓𝑓𝑓𝑓𝑛𝑛
𝑃𝑃𝑓𝑓𝑛𝑛𝑓𝑓, ,

𝐶𝐶𝑃𝑃 = 𝛼𝛼𝑐𝑐𝑛𝑛 [J K-1] and 𝑑𝑑𝑑𝑑 = 𝐶𝐶𝑃𝑃𝑑𝑑𝑛𝑛,  and 𝛼𝛼 = ⁄3 2 for He, 𝛼𝛼 = ⁄5 2 for O2 if 
ideal gas, for examples.



1.2.1. Thermodynamic process
- temperature change in adiabatic process -

V

P

Isothermal

Adiabatic
V

P

Isothermal
Adiabatic

 For isothermal process, "𝑃𝑃𝑑𝑑 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐. “. 
 For adiabatic process "𝑃𝑃𝑑𝑑γ = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐. “ where γ = 1+𝛼𝛼

𝛼𝛼
> 1 .

 As “𝑃𝑃𝑑𝑑 = 𝑐𝑐𝑛𝑛𝑛𝑛” for ideal gas, adiabatic expansion induces temperature 
decrease, while adiabatic compression induces temperature increase.

For adiabatic process, we derived ⁄𝑛𝑛𝑓𝑓 𝑛𝑛𝑓𝑓
𝛼𝛼 = ⁄𝑑𝑑𝑓𝑓 𝑑𝑑𝑓𝑓 where 𝛼𝛼 > 1. 

It is rewritten as 𝑛𝑛𝑓𝑓 = 𝑛𝑛𝑓𝑓 ⁄𝑑𝑑𝑓𝑓 𝑑𝑑𝑓𝑓
⁄1 𝛼𝛼.

 For expansion, ⁄𝑑𝑑𝑓𝑓 𝑑𝑑𝑓𝑓 < 1 thus ⁄𝑑𝑑𝑓𝑓 𝑑𝑑𝑓𝑓
⁄1 𝛼𝛼 < 1 thus 𝑛𝑛𝑓𝑓 < 𝑛𝑛𝑓𝑓.

 For compression, ⁄𝑑𝑑𝑓𝑓 𝑑𝑑𝑓𝑓 > 1 thus ⁄𝑑𝑑𝑓𝑓 𝑑𝑑𝑓𝑓
⁄1 𝛼𝛼 > 1 thus 𝑛𝑛𝑓𝑓 > 𝑛𝑛𝑓𝑓.

Isotherm of a 
higher 

temperature
Isotherm of 

a lower 
temperature



1.2.1. Thermodynamic process
- experimental compression of adiabatic and isothermal conditions -

When we do compression of a gas, 
(1)  the energy is transferred to the gas as work.

[If the compression is very quick]
(2) the transferred energy cannot have enough time to escape from 

the gas (to the surroundings; e.g. piston) as heat,
(3) thus, the process is approximately adiabatic, which induces 

temperature increase.
[If the compression is very slow]

(2) the transferred energy has enough time to escape from 
the gas (to the surroundings; e.g. piston) as heat,

(3) thus, the gas temperature is always equal to the surroundings 
temperature, which is process is approximately isothermal.

[not very quick, but not very slow]
(2)(3) the behavior is between the two extreme cases.

V

P

Isothermal

Adiabatic

System



1.2.1. Thermodynamic process
- experiment of temperature rise in adiabatic compression -

*http://www.youtube.com/watch?v=PD15UFiDRyM



1.2.1. Thermodynamic process
- summary of reversible isothermal/adiabatic comparison for ideal gas -

Isothermal (𝑑𝑑𝑛𝑛 = 0) Adiabatic (𝛿𝛿𝑞𝑞 = 0)
1st law of ideal gas for 
a reversible process

∆𝑑𝑑

𝑞𝑞

𝑤𝑤

Be careful that the listed “∆𝑑𝑑, 𝑞𝑞,𝑤𝑤” are correct when (1) ideal gas and (2) 
reversible process are assumed. 

(1) 𝑃𝑃𝑑𝑑 = 𝑐𝑐𝑛𝑛𝑛𝑛
(1) 𝑑𝑑 = 𝑑𝑑 𝑛𝑛 = 𝐶𝐶𝑃𝑃𝑛𝑛 (= 𝑐𝑐𝑃𝑃𝑐𝑐𝑛𝑛) thus 𝑑𝑑𝑑𝑑 = 𝐶𝐶𝑃𝑃𝑑𝑑𝑛𝑛 where 𝐶𝐶𝑃𝑃 = 𝛼𝛼𝑐𝑐𝑛𝑛 [J K-1].
(2) 𝑃𝑃 = 𝑃𝑃𝑒𝑒𝑒𝑒𝑒𝑒 and  𝑛𝑛 = 𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒

1st law: [derivative form] d𝑑𝑑 = 𝛿𝛿𝑞𝑞 + 𝛿𝛿𝑤𝑤 ;  [integral form] ∆𝑑𝑑 = 𝑞𝑞 + 𝑤𝑤



1.2.1. Thermodynamic process
- summary of reversible isothermal/adiabatic comparison for ideal gas -

Isothermal (𝑑𝑑𝑛𝑛 = 0) Adiabatic (𝛿𝛿𝑞𝑞 = 0)
1st law of ideal gas for 
a reversible process 𝛿𝛿𝑞𝑞 = −𝛿𝛿𝑤𝑤 = 𝑃𝑃𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑 = 𝛿𝛿𝑤𝑤 = −𝑃𝑃𝑑𝑑𝑑𝑑

∆𝑑𝑑 0 𝛼𝛼𝑐𝑐𝑛𝑛 × 𝑛𝑛𝑓𝑓
𝑑𝑑𝑓𝑓
𝑑𝑑𝑓𝑓

1
𝛼𝛼
− 1

𝑞𝑞 −𝑐𝑐𝑛𝑛𝑛𝑛 ln
𝑑𝑑𝑓𝑓
𝑑𝑑𝑓𝑓

0

𝑤𝑤 𝑐𝑐𝑛𝑛𝑛𝑛 ln
𝑑𝑑𝑓𝑓
𝑑𝑑𝑓𝑓 𝛼𝛼𝑐𝑐𝑛𝑛 × 𝑛𝑛𝑓𝑓

𝑑𝑑𝑓𝑓
𝑑𝑑𝑓𝑓

1
𝛼𝛼
− 1

Be careful that the listed “∆𝑑𝑑, 𝑞𝑞,𝑤𝑤” are correct when (1) ideal gas and (2) 
reversible process are assumed. 

(1) 𝑃𝑃𝑑𝑑 = 𝑐𝑐𝑛𝑛𝑛𝑛
(1) 𝑑𝑑 = 𝑑𝑑 𝑛𝑛 = 𝐶𝐶𝑃𝑃𝑛𝑛 (= 𝑐𝑐𝑃𝑃𝑐𝑐𝑛𝑛) thus 𝑑𝑑𝑑𝑑 = 𝐶𝐶𝑃𝑃𝑑𝑑𝑛𝑛 where 𝐶𝐶𝑃𝑃 = 𝛼𝛼𝑐𝑐𝑛𝑛 [J K-1].
(2) 𝑃𝑃 = 𝑃𝑃𝑒𝑒𝑒𝑒𝑒𝑒 and  𝑛𝑛 = 𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒

1st law: [derivative form] d𝑑𝑑 = 𝛿𝛿𝑞𝑞 + 𝛿𝛿𝑤𝑤 ;  [integral form] ∆𝑑𝑑 = 𝑞𝑞 + 𝑤𝑤



1.2.1. Thermodynamic process
- But, why temperature change by expansion/compression ? -

 When atoms/molecules collide with a moving 
piston/wall, some kinetic energy is transferred 
to the collided atom/molecule. 

We can explain why the (adiabatic) expansion/compression induces temperature 
decrease/increase in atomistic views.

Moving piston/ 
wall

𝑣𝑣𝑧𝑧′ =
𝑚𝑚 −𝑀𝑀 𝑣𝑣𝑧𝑧 + 2𝑀𝑀𝑑𝑑

𝑚𝑚 + 𝑀𝑀
~ − 𝑣𝑣𝑧𝑧 + 2𝑑𝑑

 The amount of transferred energy in one time is very small because 𝑣𝑣 ≫ 𝑑𝑑
(e.g. ~400 m/s for air), but the frequency of collision event and the number of 
atoms that can collide (~1023 ) are enormous, and thus the total transferred 
energy becomes large.

𝑣𝑣′𝑣𝑣

𝑑𝑑

 If compression (the sign of 𝑑𝑑 is opposite to the sing of  𝑣𝑣𝑧𝑧): |−𝑣𝑣𝑧𝑧 +
*This is obtained from momentum conservation and energy conservation.



1.2.1. Thermodynamic process
- Definition of heat capacity: CV and CP -

 heat capacity (𝐶𝐶) is defined as “the energy as heat (𝑞𝑞) required to raise the 
temperature of a substance by one kelvin (K)”:

where 𝐶𝐶 depends on process (= path function), as 𝑞𝑞 is not a state function.

 By choosing typical paths, we define two important heat capacities:
 Constant-volume heat capacity (𝐶𝐶𝑃𝑃), which we consider here.
 Constant-pressure heat capacity (𝐶𝐶𝑃𝑃)

𝐶𝐶 = ⁄𝑞𝑞 ∆𝑛𝑛 and thus    𝑞𝑞 = 𝐶𝐶∆𝑛𝑛

Due to the “constant volume” condition: 𝑤𝑤 = − �
𝑃𝑃𝑓𝑓𝑓𝑓𝑓𝑓

𝑃𝑃𝑓𝑓𝑓𝑓𝑓𝑓

𝑃𝑃𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑛𝑛𝑓𝑓𝑓𝑓 𝑑𝑑𝑑𝑑 = 0

Then, according to the first law:
𝑞𝑞𝑐𝑐𝑛𝑛𝑛𝑛𝑐𝑐𝑒𝑒.𝑃𝑃 = ∆𝑑𝑑

Finally, we achieve: 𝐶𝐶𝑃𝑃 =
𝑞𝑞𝑐𝑐𝑛𝑛𝑛𝑛𝑐𝑐𝑒𝑒.𝑃𝑃

∆𝑛𝑛
=

𝜕𝜕𝑑𝑑
𝜕𝜕𝑛𝑛 𝑁𝑁,𝑃𝑃

If we assume a system of an ideal gas
(U depends only on the temperature, 𝑑𝑑(𝑛𝑛)):

𝐶𝐶𝑃𝑃 =
𝜕𝜕𝑑𝑑
𝜕𝜕𝑛𝑛 𝑁𝑁,𝑃𝑃

=
𝑑𝑑𝑑𝑑
𝑑𝑑𝑛𝑛

*The partial integral with fixing volume (V) and the mass of the matter (N).



1.2.1. Thermodynamic process
- Definition of heat capacity: CV and CP (cont’d)-

Finally, we achieve: 𝐶𝐶𝑃𝑃 =
𝑞𝑞𝑐𝑐𝑛𝑛𝑛𝑛𝑐𝑐𝑒𝑒.𝑃𝑃

∆𝑛𝑛
=

𝜕𝜕𝑑𝑑
𝜕𝜕𝑛𝑛 𝑁𝑁,𝑃𝑃

If we assume a system of an ideal gas
(U depends only on the temperature, 𝑑𝑑(𝑛𝑛)): 𝐶𝐶𝑃𝑃 =

𝜕𝜕𝑑𝑑
𝜕𝜕𝑛𝑛 𝑁𝑁,𝑃𝑃

=
𝑑𝑑𝑑𝑑
𝑑𝑑𝑛𝑛

𝐶𝐶𝑃𝑃 =
𝜕𝜕𝑑𝑑
𝜕𝜕𝑛𝑛 𝑁𝑁,𝑃𝑃

This is the definition of 
“constant volume heat capacity”.

This is correct if the system is an ideal 
gas and the mass is conserved.
(either an isolated or a closed system )

𝜕𝜕𝑑𝑑
𝜕𝜕𝑛𝑛 𝑁𝑁,𝑃𝑃

=
𝑑𝑑𝑑𝑑
𝑑𝑑𝑛𝑛

Definition, not assumption Assumption

If the system is isolate/closed and of an ideal gas (constant-volume 
is not needed and reversible is not needed!):

𝐶𝐶𝑃𝑃 =
𝑑𝑑𝑑𝑑
𝑑𝑑𝑛𝑛

, and thus ∆𝑑𝑑 = �
𝑇𝑇𝑓𝑓𝑛𝑛𝑓𝑓

𝑇𝑇𝑓𝑓𝑓𝑓𝑛𝑛
𝐶𝐶𝑃𝑃 𝑛𝑛 𝑑𝑑𝑛𝑛



1.2.1. Thermodynamic process
- Definition of heat capacity: CV and CP (cont’d)-

 Based on the first law (∆𝑑𝑑 = 𝑞𝑞 + 𝑤𝑤 and thus 𝑞𝑞 = ∆𝑑𝑑 − 𝑤𝑤) :
 If a constant volume process (𝑑𝑑𝑑𝑑 = 0), as 𝑤𝑤 = ∫𝑃𝑃𝑒𝑒𝑒𝑒𝑒𝑒𝑑𝑑𝑑𝑑 = 0 ,  

𝑞𝑞𝑃𝑃 = 𝑞𝑞 = ∆𝑑𝑑
 If a constant pressure process and furthermore if 𝑃𝑃𝑐𝑐𝑠𝑠𝑐𝑐 = 𝑃𝑃𝑒𝑒𝑒𝑒𝑒𝑒 (not 

necessarily reversible), as 𝑤𝑤 = −𝑃𝑃∆𝑑𝑑, then
𝑞𝑞𝑃𝑃 = 𝑞𝑞 = ∆𝑑𝑑 − 𝑤𝑤 = ∆𝑑𝑑 + 𝑃𝑃∆𝑑𝑑 = ∆𝑑𝑑 + 𝑃𝑃∆𝑑𝑑 + 𝑑𝑑∆𝑃𝑃

= ∆𝑑𝑑 + ∆ 𝑃𝑃𝑑𝑑 = ∆ 𝑑𝑑 + 𝑃𝑃𝑑𝑑 = ∆𝐻𝐻
Where 𝐻𝐻 is called enthalpy and defined as “𝐻𝐻 = 𝑑𝑑 + 𝑃𝑃𝑑𝑑”

 In general,  defined as   𝑞𝑞 = 𝐶𝐶∆𝑛𝑛

𝐶𝐶𝑃𝑃 =
𝜕𝜕𝑑𝑑
𝜕𝜕𝑛𝑛 𝑁𝑁,𝑃𝑃

𝑞𝑞𝑃𝑃 = ∆𝑑𝑑 𝐶𝐶𝑃𝑃 =
𝜕𝜕𝐻𝐻
𝜕𝜕𝑛𝑛 𝑁𝑁,𝑃𝑃

𝑞𝑞𝑝𝑝 = ∆𝐻𝐻

 CP and CV are the heat capacities (of a certain substance)  in typical 
processes, which are constant-pressure and constant-volume.
 Constant-volume heat capacity (𝐶𝐶𝑃𝑃).
 Constant-pressure heat capacity (𝐶𝐶𝑃𝑃).

Constant pressure processConstant volume process



1.2.1. Thermodynamic process
- Definition of heat capacity: CV and CP (cont’d)-

 Constant-volume and constant-pressure heat capacities are defined as:

 In derivation of this definition, we assume nothing for 𝐶𝐶𝑃𝑃 (other than 
constant-V), while we assume “𝑃𝑃𝑐𝑐𝑠𝑠𝑐𝑐 = 𝑃𝑃𝑒𝑒𝑒𝑒𝑒𝑒” for 𝐶𝐶𝑃𝑃.

 “𝑃𝑃𝑐𝑐𝑠𝑠𝑐𝑐 = 𝑃𝑃𝑒𝑒𝑒𝑒𝑒𝑒” is achieved for reversible process, but it is also easily 
achieved in reality. For example, when you swell a balloon and the 
balloon is considered as the system, it is almost achieved.

𝐶𝐶𝑃𝑃 =
𝜕𝜕𝑑𝑑
𝜕𝜕𝑛𝑛 𝑁𝑁,𝑃𝑃

𝑞𝑞𝑃𝑃 = ∆𝑑𝑑 𝐶𝐶𝑃𝑃 =
𝜕𝜕𝐻𝐻
𝜕𝜕𝑛𝑛 𝑁𝑁,𝑃𝑃

𝑞𝑞𝑝𝑝 = ∆𝐻𝐻

𝐻𝐻 = 𝑑𝑑 + 𝑃𝑃𝑑𝑑 = 𝑑𝑑 + 𝑐𝑐𝑛𝑛𝑛𝑛 = 𝐻𝐻(𝑛𝑛)

𝐶𝐶𝑃𝑃 =
𝜕𝜕𝐻𝐻
𝜕𝜕𝑛𝑛 𝑁𝑁,𝑃𝑃

=
𝑑𝑑𝐻𝐻
𝑑𝑑𝑛𝑛

=
𝑑𝑑𝑑𝑑
𝑑𝑑𝑛𝑛

+ 𝑐𝑐𝑛𝑛 = 𝐶𝐶𝑃𝑃 + 𝑐𝑐𝑛𝑛

 Here, if we further assume “ideal gas” (𝑑𝑑 = 𝑑𝑑(𝑛𝑛), 𝑑𝑑𝑑𝑑 = 𝐶𝐶𝑃𝑃𝑑𝑑𝑛𝑛, 𝑃𝑃𝑑𝑑 = 𝑐𝑐𝑛𝑛𝑛𝑛)

 This equation gives us: “𝐶𝐶𝑃𝑃 − 𝐶𝐶𝑃𝑃 = 𝑐𝑐𝑛𝑛” for ideal gas. 
*This is so-called “Mayer's relation”, which is often written using molar 
heat capacity as “𝑐𝑐𝑃𝑃 − 𝑐𝑐𝑃𝑃 = 𝑛𝑛” where “𝑐𝑐𝑃𝑃 = ⁄𝐶𝐶𝑃𝑃 𝑐𝑐” for example.



1.2.1. Thermodynamic process
- How to determine the absolute value of heat capacity ?-

But, why “𝑪𝑪𝒅𝒅 = 𝜶𝜶𝜶𝜶𝜶𝜶 [J K-1],  where 𝜶𝜶 = ⁄𝟑𝟑 𝟐𝟐 for He, 𝜶𝜶 = ⁄𝟓𝟓 𝟐𝟐 for O2” ?

 To understand it, we need to use a theorem:

“Equipartition of energy (theorem)” is a law of statistical mechanics stating 
that, in a system in thermal equilibrium, on the average, an equal amount 
of energy will be associated with each “independent energy state”. (or with 
each “degree of freedom”)

*http://www.britannica.com/EBchecked/topic/187264/equipartition-of-energy

 For, He atom, it has 3 degrees of freedom in its internal energy, as 1
2
𝑚𝑚𝑣𝑣𝑒𝑒2,

1
2
𝑚𝑚𝑣𝑣𝑠𝑠2, 1

2
𝑚𝑚𝑣𝑣𝑧𝑧2. Then, on the average, it has the energy of 1

2
𝑘𝑘𝑛𝑛 for each and 

thus 3
2
𝑘𝑘𝑛𝑛 in total, where 𝑘𝑘 is the Boltzmann constant.

 Then, “1 mole He gas” has the internal energy of:
𝑑𝑑 = 3

2
𝑘𝑘𝑛𝑛 × 𝑁𝑁𝐴𝐴 = 3

2
𝑛𝑛𝑛𝑛 , where 𝑁𝑁𝐴𝐴 is the Avogadro’s number. 

 For “𝑐𝑐 mole He gas”, it becomes 𝑑𝑑 = 3
2
𝑐𝑐𝑛𝑛𝑛𝑛.

 O2 atom has additionally 2 rotational freedoms, thus “the internal energy of 
𝑐𝑐 mole O2 gas” is 𝑑𝑑 = 5

2
𝑐𝑐𝑛𝑛𝑛𝑛. The 1 vibrational mode is not activated till a 

high temperature. 

O

O



1.2.1. Thermodynamic process
- Heat capacity of real gas-

For ideal gas, “𝐶𝐶𝑃𝑃 = 𝛼𝛼𝑐𝑐𝑛𝑛 [J K-1],  
where 𝛼𝛼 = ⁄3 2 for He (monoatomic gas), 𝛼𝛼 = ⁄5 2 for O2 (diatomic gas).

http://webbook.nist.gov/cgi/cbook.cgi?ID=C7782447&Mask=1

𝐶𝐶𝑃𝑃 − 𝐶𝐶𝑃𝑃 = 𝑐𝑐𝑛𝑛 thus  𝐶𝐶𝑝𝑝 = 7
2
𝑐𝑐𝑛𝑛 for O2 in ideal gas approximation
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1.2.1. Thermodynamic process
- Heat capacity of real gas-

For each vibrational mode, there are two degrees of 
freedom: (i) kinetic energy and (ii) potential energy. 

2 2 2 21 1 1 1 1 1
2 2 2 2 2 2vib x xE mv kx mv kx kT kT kT= + = + = + =

*web.tuat.ac.jp/~sameken/lect
ure/thermodynamics2015.ppt
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