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Physik II           Zusammenfassung 

Andreas Biri, D-ITET                              19.01.14 

1. Grundlagen 
 

Einheiten 

1J =  1 Nm =  1 Ws =  1 𝑉𝐶 
1 W =  1 Nm/s =  1 VA  

1 V =  1W A⁄ = 1 𝐽 𝐶⁄ = 1 𝑁𝑚/𝐶 
1 𝛺 = 1𝑉 𝐴⁄ = 1 𝑊/𝐴2  

1 𝐶 = 1 𝐴𝑠 ,            1𝐹 = 1𝐶 𝑉⁄ = 1 𝐴𝑠/𝑉 

1 𝑇 = 𝑉𝑠 𝑚2⁄ = 1𝑁 𝐴𝑚⁄ ,      1 𝐻 = 1 𝛺𝑠 
 

 

Natürliche Konstanten 

𝟏𝒆 = 𝟏. 𝟔𝟎𝟐 ∗ 𝟏𝟎−𝟏𝟗 𝑪 ; 𝟏 𝑪 = 𝟔. 𝟐𝟒 ∗ 𝟏𝟎𝟏𝟖 𝒆 

𝑚𝑒 = 9.11 ∗ 10
−31 𝑘𝑔        𝑔 = 9.81 𝑚 𝑠−2 

𝜺𝟎 = 𝟖. 𝟖𝟓𝟒 ∗ 𝟏𝟎
−𝟏𝟐𝑨𝒔 𝑽𝒎⁄    𝒄𝟐 =

𝟏

𝜺𝟎  𝝁𝟎

 

𝛍𝟎 = 𝟒𝛑 ∗ 𝟏𝟎
−𝟕 𝐦 ∗ 𝐤𝐠 ∗ 𝐬−𝟐 ∗ 𝐀−𝟐 

u = 1.66057 ∗ 10−27 kg 
1 𝑚𝑜𝑙 = 6.022 ∗ 1023 𝑇𝑒𝑖𝑙𝑐ℎ𝑒𝑛 

 

 

 

 
Grundlegende Gesetze 

𝐹 = 𝑚 ∗ 𝑎 = 𝑚 ∗ 
𝑑 𝑣

𝑑𝑡
= 𝑚 ∗ 

𝑑2 𝑥

𝑑 𝑡2
 

𝑒𝜑⃗⃗⃗⃗ =  −
𝑦

𝜌
 𝑒𝑥⃗⃗  ⃗ +

𝑥

𝜌
 𝑒𝑦⃗⃗⃗⃗ =  − sin 𝜑 𝑒𝑥⃗⃗  ⃗ + cos𝜑 𝑒𝑦⃗⃗⃗⃗  

Gleichmässige Beschleunigung 

𝑠 =
1

2
 𝑎 𝑡2       𝑣 = 𝑎 ∗ 𝑡 

Kinetische Energie 

𝐸𝐾𝑖𝑛 =
1

2
 𝑚  𝑣2 =   𝑈 ∗ 𝑄 

 
 

Gravitationskraft 
 

    𝐹𝐺 = 𝐺 ∗ 
𝑀 ∗ 𝑚

𝑟2
           𝐺 = 6.6738 ∗ 10−11 𝑚3𝑘𝑔−1𝑠−2 

 

Zentripetalkraft 

𝐹 = 𝑚 ∗ 
𝑣2

𝑟
          ,   𝑎 =

𝑣2

𝑟
 

 

Relativer Fehler  

∆𝑅 =  
𝑊𝑀𝑒𝑠𝑠𝑢𝑛𝑔 − 𝑊𝐼𝑠𝑡

𝑊𝑖𝑠𝑡
 

Torque / Moment 

    𝜏 =  𝑟  𝑥 𝐹         ;       𝑑𝜏 =  𝑟  𝑥 𝑑𝐹 = (𝑅 ∗ 𝑟̂ ) 𝑥 ( 𝑑𝑞 ∗ 𝐸⃗  ) 
 

Berechnungen 

Wiederstand 

i)                    𝐽 =
𝐼

𝐴
    , 𝐸 =  𝜅 ∗ 𝐽 

 𝑈 =  ∫𝐸 𝑑𝑠    →     𝑅 =
𝑈

𝐼
 

ii) 𝐼 =  ∬ 𝐽 𝑑𝐴 =  ∬
𝐸

𝜅
 𝑑𝐴   →    𝑅 =

𝑈

𝐼
 

Induktivität 

1. 𝐵 =  𝜇 ∗ 𝐻      

mit Durchflutungssatz      ∮𝐻 𝑑𝑠 =  ∬ 𝐽 𝑑𝐴 

2. 𝛷 = ∬𝐵  𝑑𝐴 

3. 𝐿 =  
𝑁 ∗ 𝛷

𝐼
 

Kapazität 

1. 𝐸 =
𝐷

𝜀
                 mit Gauss      ∫ 𝐸 𝑑𝐴 =  

𝑄

𝜀0
 

2. 𝑈 =  ∫𝐸 𝑑𝑠 

3. 𝐶 =
𝑄

𝑈
 

Mathematische Formeln 

 
 

Physikalische Gesetze 

 
 

Mathematical formulae 
 

√1 +  𝜀 ≅ 1 +
1

2
 𝜀 + 𝑂( 𝜀2 )      ,        𝜀 ≪ 1    

1

1 +  𝜀
   ≅ 1 −  𝜀 + 𝑂( 𝜀2 )          , 𝜀 ≪ 1 

1

√1 +  𝜀
 ≅ 1 −

1

2
 𝜀 +

3

8
 𝜀2         , 𝜀 ≪ 1 

exp(𝑥)  ≅ 1 + 𝑥 + 𝑥2 + …      ,         𝑥 ≪ 1 

𝐺𝑎𝑢𝑠𝑠: ∬𝐾 𝑑𝑠 =  ∭𝑑𝑖𝑣(𝐾) 𝑑𝜏 =  ∭∇ 𝐾  𝑑𝜏 

𝑆𝑡𝑜𝑘𝑒𝑠: ∮ 𝐵⃗  𝑑𝑆 

𝐶

= ∬( ∇⃗⃗  𝑥 𝐵⃗  ) 𝑑𝑆 

𝛴
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Operators 

 

Divergence 

Cylindrical:  𝑑𝑖𝑣 𝐹 =
1

𝑟

𝑑

𝑑𝑟
 ( 𝑟 𝐹𝑟 ) +

1

𝑟
 
𝑑 𝐹𝜑

𝑑 𝜑
+ 

𝑑 𝐹𝑧

𝑑 𝑧
 

Spherical:    𝑑𝑖𝑣 𝐹 = 1

𝑟2

𝑑

𝑑𝑟
 ( 𝑟2 𝐹𝑟 ) +

1

𝑟 sin𝜃

𝑑

𝑑𝜃
 (sin𝜃  𝐹𝜃 ) +

1

𝑟 sin 𝜃
 
𝑑 𝐹𝜑

𝑑 𝜑
 

Gradient 

Cylindrical:   ∇ F =
𝑑 𝐹

𝑑𝑟
 𝑟̂ +

1

𝑟
 
𝑑 𝐹

𝑑 𝜑
 𝜑̂ +

𝑑 𝐹

𝑑𝑧
 𝑧̂ 

Spherical:     ∇ 𝐹 =
𝑑 𝐹

𝑑𝑟
 𝑟̂ +

1

𝑟
 
𝑑 𝐹

𝑑 𝜃
 𝜃̂ +

1

𝑟 sin 𝜃
 
𝑑 𝐹

𝑑 𝜑
 𝜑̂ 

Laplace operator 

Cylindrical:   ∆ 𝐹 =
1

𝑟

𝑑

𝑑𝑟
 ( 𝑟 

𝑑 𝐹

𝑑 𝑟
 ) +

1

𝑟2
 
𝑑2 𝐹

𝑑 𝜑2
+
𝑑2 𝐹

𝑑 𝑧2
 

Spherical:    ∆ 𝐹 = 1

𝑟2

𝑑

𝑑𝑟
 ( 𝑟2  

𝑑 𝐹

𝑑𝑟
 ) +

1

𝑟2 𝑠𝑖𝑛𝜃

𝑑

𝑑𝜃
 (sin𝜃

𝑑 𝐹

𝑑𝜃
 ) +

1

𝑟2 sin2 𝜃
 
𝑑2 𝐹

𝑑 𝜑2
 

Rotation / Curl 

Cylindrical: 

∇ 𝑥 𝐹 = ( 
1

𝑟

𝑑𝐹𝑧
𝑑𝜑

−
𝑑𝐹𝜑

𝑑𝑧
 ) 𝑟̂ + (

𝑑𝐹𝑟
𝑑𝑧
−
𝑑𝐹𝑧
𝑑𝑟
 ) 𝜑̂ +

1

𝑟
 (
𝑑

𝑑𝑟
( 𝑟 𝐹𝜑) −

𝑑𝐹𝑟
𝑑𝜑
 ) 𝑧̂ 

Coordinates 

Cylindrical:       ∫ ∫ ∫ …    𝑟   𝑑𝜑 𝑑𝑧 𝑑𝑟
2𝜋

0

𝑧

0

𝑟

0

 

Spherical:        ∫ ∫ ∫ …   𝑟2 cos 𝜃    𝑑𝜑 𝑑𝜃 𝑑𝑟
2𝜋

0

𝜋

2

−
𝜋

2

𝑟

0

 

where we use              (  
𝑥 = 𝑟 ∗ cos𝜑 ∗ sin𝜃
𝑦 = 𝑟 ∗ sin𝜑 ∗ sin 𝜃
𝑧 = 𝑟 ∗ cos 𝜃              

  ) 

 

∇⃗⃗  𝑥 ( 𝑉⃗ 2 𝑥 𝐵⃗ ) =  ∇⃗⃗  ( ∇⃗⃗  𝛷) − ∇⃗⃗ 2 𝛷  , ∇2= ∆ 

Various 

Taylor series 

𝑓(𝑥) =  ∑
𝑓  (𝑛) (𝑥0)

𝑛!
 (𝑥 − 𝑥0 )

𝑛

∞

𝑛=0

= 

          =  𝑓(𝑥0) +
𝑑𝑓

𝑑𝑥
 |𝑥0(𝑥 − 𝑥0) +

1

2
 
𝑑2𝑓

𝑑𝑥2
|𝑥0(𝑥 − 𝑥0)

2+. .. 

Small parameter: 

i) find small parameter:   𝑧 ≪ 𝑅 →   𝑥 =
𝑧

𝑅
≪ 1  →   𝑥0 = 0 

ii) rewrite equation:  F(z)  ->  F(x) 

iii) Taylor ->  first terms ≠ 0 

Inverse 

𝐴 = (
𝑎 𝑏
𝑐 𝑑

) → 𝐴−1 =
1

𝑑𝑒𝑡(𝐴)
 (
𝑑 −𝑏
−𝑐 𝑎

) 

Scalar product :          𝐴 ∗  𝐵⃗ =  |𝐴||𝐵| 𝑐𝑜𝑠 𝜑 

Cross product  :           𝐴  𝑥 𝐵⃗ =  |𝐴||𝐵| 𝑠𝑖𝑛 𝜑 

Erweitern:        e.g.    𝐹 =  −
𝑑𝑊

𝑑𝑧
=  −

𝑑𝑊

𝑑𝐶
∗
𝑑𝐶

𝑑𝑧
 

Right- hand rule 

1. Close around wire, thumb in I-direction  ->  Rest B-field 

2. Lorentz:   𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛 →   𝑄 =  − 𝑒  ! 

 

Equation of motion 

𝑥(𝑡) = 𝑎0 ∗ 𝑡
2 + 𝑣0 ∗ 𝑡 + 𝑥0 

Wave equation 

𝑓𝑡𝑡 = 𝑐
2 ∗  ∇2 𝑓 

Heavyside / Dirac - function 

𝜎(𝑥) =  ∫ 𝛿(𝑥′) 𝑑𝑥′

𝑥

− ∞

 

𝑑𝑖𝑚 [ 𝛿(𝑥) ] =
1

𝑑𝑖𝑚 [  𝑥  ]
 

Integrals 

∫
1

√𝑥2 + 𝑎2
 𝑑𝑥  =   𝑙𝑛( 𝑥 + √𝑥2 + 𝑎2 ) 
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2. Electromagnetism 

1 𝑒 = 1.602 ∗ 10−19 𝐶     ,      𝜀0 = 8.85 ∗ 10
−12 𝐹/𝑚 

1. Coulomb’s law 

Charge density 

𝜌 =
𝑑𝑄

𝑑𝑉
     ;    𝑄 =  ∭𝜌(𝑥, 𝑦, 𝑧) 𝑑𝑥𝑑𝑦𝑑𝑧 

𝑑𝑄 =  𝜌 𝑑𝑉 = 𝜌 4𝜋 𝑟2 𝑑𝑟     𝑜𝑟   𝑑𝑄 =  𝜎 𝑑𝐴 =  𝜆 𝑑𝑙 

Coulomb’s force 

𝑭⃗⃗ 𝟏𝟐 = −
𝒅𝑾

𝒅𝒙
=

1

4 𝜋 𝜀0
∗  
𝑞1 ∗  𝑞2
𝑟2

∗  𝑟̂12 = 𝒒𝟐 ∗  𝑬⃗⃗ 𝟏  

Energy inside the field 

𝑊 = − ∫𝐹   𝑑𝑠 

𝑏

𝑎

  =  − ∫𝑞 ∗  𝐸⃗    𝑑𝑠 

𝑏

𝑎

 

𝑈 =  ∑
𝑞𝑖   𝑞𝑗

4𝜋𝜀0  𝑟𝑖𝑗
𝑖,𝑗

= 𝑞 ∗ 𝜑    , 𝑑𝑈 =  
𝑄𝑟 𝑑𝑄

4𝜋 𝜀0 𝑟
 

Electric field 

𝑬⃗⃗  =
𝟏

𝟒 𝝅 𝜺𝟎
∗
𝑸

|𝒓⃗ 𝟐|
∗  𝒓̂ 

Zylinder :         ∫𝐸  𝑑𝐴 =
𝑄

𝜀0
   →   𝐸(𝑟) =

𝑄

2𝜋𝜀0 ℎ 𝑟
 

Superposition principle 

𝐸⃗ 𝑡𝑜𝑡 = ∑𝐸⃗ 𝑛0 

𝑛

  ;    𝐸⃗ (𝑟) =  ∭
𝜌(𝑟)

4 𝜋 𝜀0
∗
( 𝑟 − 𝑟′)

|𝑟 − 𝑟′|3
𝑉

 𝑑3 𝑟′ 

   𝐸(𝑥, 𝑦) =
𝑄

4𝜋𝜀0
∗  

1

( (𝑥−𝑥0)
2+(𝑦−𝑦0)

2)
       mit Zentrum (𝑥0, 𝑦0) 

𝐸⃗ (𝑥, 𝑦) = 𝐸(𝑥, 𝑦) ∗ ( 𝑥̂ √2⁄ + 𝑦̂ √2⁄  )                                  

2. Gauss’ law 

Flux (« Durchfluss ») 

𝑑 𝛷 = 𝐸⃗ ∗ 𝑑𝐴 =  |𝐸⃗ | ∗  |𝑑𝐴⃗⃗⃗⃗  ⃗| ∗ cos 𝜃 

Gauss’ law                       𝑄𝑖𝑛 𝑒𝑛𝑐𝑙𝑜𝑠𝑒𝑑 𝑐ℎ𝑎𝑟𝑔𝑒 

Global form 

𝛷 =∬𝑑𝛷

𝛴

=      ∯ 𝐸⃗    𝑛⃗    𝑑𝐴

𝛴

= 
𝑄𝑖𝑛
𝜀0
   

∬𝐸 𝑑𝐴 =  ∭∇⃗⃗ ∗ 𝐸⃗  𝑑𝜏

𝑉

= ∭𝑑𝑖𝑣( 𝐸⃗  ) 𝑑𝜏

𝑉

 

Local form 

∭𝑑𝑖𝑣( 𝐸⃗  ) 𝑑𝜏

𝑉

=
1

𝜀0
 ∭𝜌(𝑟) 𝑑𝜏

𝑉

 

→   𝑑𝑖𝑣( 𝐸⃗  ) =  ∇⃗⃗ ∗ 𝐸⃗  =   
𝜌

𝜀0
 

Charged line 

𝐸 =  
𝜆

2 𝜋 𝜀0 𝑟
  , 𝜆 =

𝑄

𝐿
 

3. Electrostatic potential 

Electrostatic potential   ( must be continuous ) 

𝛷 =
𝑊

𝑞0
= − ∫ 𝐸⃗ 

𝑏

𝑎

 𝑑𝑠 =  
𝑞

4 𝜋 𝜀0
 [ 
1

𝑟𝑏
−
1

𝑟𝑎
 ] 

𝛷(𝑟) =
𝜇0
4 𝜋
 ∭

𝑗 (𝑟)

|𝑟 − 𝑟 ′|
 𝑑𝜏

𝑉

=
Q

4π𝜀0
∗  

1

√𝑥2 + 𝑦2
 

Mostly: Assume 𝑟𝑎 →  ∞   ; independent from path! 

𝑉 =  𝛷(+𝑞) −  𝛷(−𝑞) =  − ∫ 𝐸⃗ 

𝑏

𝑎

 𝑑𝑠  

Second law of electrostatics 

𝐸⃗ =  −𝑔𝑟𝑎𝑑(𝛷) =  − ∇⃗⃗  𝛷            1𝐷:    𝐸(𝑥) =  −
𝑑

𝑑𝑥
 𝜑(𝑥) 

∇⃗⃗  𝑥 ( − 𝐸⃗  ) =  − ∇⃗⃗  𝑥 𝐸⃗ = 0 

Poisson equation 

∇⃗⃗ ∗ 𝐸⃗ =  
𝜌

𝜀0
                       ( 𝐿𝑎𝑝𝑙𝑎𝑐𝑒 ∶  𝜌 = 0 )    

∇2 𝛷 =  − 
𝜌

𝜀0
                   1𝐷:    

𝑑2 𝛷

𝑑 𝑥2
= − 

𝜌

𝜀0
 

Calculate field/potential from charge density 

1. 𝜌 →  𝛷 ∶           ∇2 𝛷 =  − 𝜌/𝜀0 

2. 𝛷 → 𝐸 ∶            𝐸 =  −
𝑑𝛷

𝑑𝑥
          ( → 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑒 1. ) 

3. 𝐸 →  𝛷 ∶           𝛷 =  − ∫𝐸  𝑑𝑥 

For border problems with charge density given 

1. 𝜌𝑣 = 0    →   𝐿𝑎𝑝𝑙𝑎𝑐𝑒:  ∆ 𝛷 =  ∇
2 𝛷 =

𝑑2 𝛷

𝑑 𝑟2
+ … 

𝜌𝑣  ≠ 0   →    𝑃𝑜𝑖𝑠𝑠𝑜𝑛:                ∇
2 𝛷 =  − 

𝜌

𝜀0
                

2. Apply boundary conditions 

3. Find E from 𝛷 𝑤𝑖𝑡ℎ  𝐸 =  − ∇ 𝛷 

4. 𝑄 =  𝜀0  ∫ 𝐸   𝑑𝑠   → 𝐶 =
𝑄

𝛷2−𝛷1
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Field behind a grid           

𝑧0 =
𝑎

2 𝜋 𝑛
  , 𝐹𝑛(𝑧) =  𝐴𝑛 ∗ 𝑒

− 
2 𝜋 𝑛 𝑧
𝑎  

a : distance between wires,    z : distance to grid 

Polarisation vector p           “oriented from –q to +q” 

|𝑝 | = 𝑞 ∗ 𝑑 

𝛷(𝑟 ) =
1

4 𝜋 𝜀0
∗  
𝑝 ∗ 𝑟 

𝑟3
 

𝐸(𝑟 ) =
1

4 𝜋 𝜀0 𝑟
3
∗ [ 
3 𝑝 ∗ 𝑟 

𝑟2
∗  𝑟 −  𝑝  ] 

Capacitance 

𝐶 =
𝑄

𝑉
                [ 𝐶 ] =

𝐶

𝑉
 

Plate capacitor 

𝑉 =  − ∫𝐸 𝑑𝑠 = 𝐸 ∗ 𝑑 =
𝑞

𝜀0 𝐴
∗ 𝑑  →    𝐶 =  

𝜀0 𝐴

𝑑
 

Energy of a charged capacitor 

𝑑𝑊 = 𝑉 𝑑𝑞 =
𝑄

𝐶
 𝑑𝑞 →   𝑊 = ∫𝑉 𝑑𝑄

𝑄

0

=  
1

2
 
𝑄2

𝐶
=
1

2
 𝐶 𝑉2 

Energy stored in the field E 

𝑈 =
1

2
∗ 𝜀0 ∗ 𝐸

2 

𝑈𝑡𝑜𝑡 =
1

2
 ∭𝜀0 ∗ 𝐸

2 𝑑𝜏

𝑠𝑝𝑎𝑐𝑒

=
1

2
 ∭ 𝜌(𝑟) 𝛷(𝑟) 𝑑𝜏

𝑉𝑜𝑙𝑢𝑚𝑒

 

or use                   𝐸𝑝𝑜𝑡     =   𝑄 ∗  𝜑 

 

Thermal energy:  𝐸𝑅𝑇 = 𝑘𝐵 ∗ 𝑇   , 𝑘𝐵 = 1.38 ∗ 10
−23  𝐽/𝐾  

4. Dielectrics 

𝜅 =  1 +  𝑋 =  1 −  
𝜔𝑝
2

𝜔2
           ∶ 𝑑𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 

𝐶 =  𝜅 ∗  
𝜀0 ∗ 𝐴

𝑑
 

Polarisation vector   𝑝     [𝑝] = 𝐶/𝑚2 

𝑃⃗ =
1

∆𝑉
 ∑𝑝𝑖⃗⃗⃗  

𝑖

=  𝜌 ∗ 𝑑                ,       𝑝𝑖⃗⃗⃗  =  𝑞𝑖 ∗ 𝑑𝑖 ∗  𝑛̂ 

𝑃⃗ = 𝑋 ∗  𝜀0 ∗  𝐸⃗                               ,   𝑋 ∶ 𝑠𝑢𝑠𝑐𝑒𝑝𝑡𝑖𝑏𝑖𝑙𝑖𝑡𝑦 

𝐸⃗ =  𝐸0 −
𝑃

𝜀0
 ,        𝐸0 =

𝑞

𝜀0  𝐴
∶ 𝑓𝑖𝑒𝑙𝑑 𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝑑𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 

              →   𝐸⃗ ∗ (1 + 𝑋) =  𝐸⃗ ∗  𝜅 =  𝐸0⃗⃗⃗⃗  

Displacement field D  [𝐷] = 𝐶/𝑚2 

𝐷⃗⃗ =  𝜀0 ∗ (1 + 𝑋) 𝐸⃗ =  𝜀0 ∗ 𝜅 ∗ 𝐸⃗  

∇ 𝐷⃗⃗   =  ∇ 𝜀0 ∗ 𝜅 ∗ 𝐸⃗ =    𝜌𝑓𝑟𝑒𝑒  

Current density 

𝐽 =  𝜅 𝐸⃗         ;   𝐼 =  ∬ 𝐽   𝑑𝐴 

𝐴

 

Susceptibility X 

𝜔𝑝
2 = 

𝑛 ∗  𝑒2

𝜀0  ∗  𝑚𝑒
       "𝑝𝑙𝑎𝑠𝑚𝑎 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦" 

𝑋(𝜔) =  − 
𝑛 ∗  𝑒2

𝜀0  ∗  𝑚𝑒  ∗  𝜔
2
= − 

𝜔𝑝
2

𝜔2
 

 

Influenz: Ladung verteilt sich auf dem Leiter, s.d   𝐸𝐿𝑒𝑖𝑡𝑒𝑟 = 0 

Dielektrikum: elektr. Isolator, welcher durch ein externes Feld 

polarisiert werden kann 

5. Magnetostatics 

𝐼 =  
∆𝑄

∆𝑡
=  
𝑉 ∗ 𝜌

∆𝑡
= ∬𝑗  𝑑𝑠 

𝛴

   ,    𝑗 =
𝐼

𝑆
 

Continuity equation 

∭( ∇⃗⃗ ∗  𝑗 +  
𝑑 𝜌

𝑑𝑡
)  𝑑𝜏 = 0  →     ∇⃗⃗ ∗ 𝑗 + 

𝑑 𝜌

𝑑𝑡
= 0 

Lorentz’s force 

𝐹 = 𝑞 ∗ ( 𝐸⃗ + 𝑣  𝑥 𝐵⃗  ) 

Force on an element of a wire 

𝑑𝐹 =  𝜌𝐴𝑣 ∗ 𝑑𝑙  𝑥 𝐵⃗ = 𝐼 ∗ 𝑑𝑙  𝑥 𝐵⃗  

Ampère’s law 

∮𝐵⃗  𝑑𝑠 =    𝜇0 ∗ 𝐼𝑡𝑜𝑡    =   𝜇0  ∬ 𝐽  𝑑𝐴 

 

magnetic fields are closed:       ∯𝐵⃗  𝑑𝑆 = 0 =  ∇ ∗ 𝐵⃗  

∬( ∇⃗⃗  𝑥 𝐵⃗ − 𝜇0 𝑗  ) 𝑑𝑆 = 0  →   ∇⃗⃗  𝑥 𝐵⃗ =  𝜇0 𝑗  

Induction rule 

∇ 𝑥 𝐸⃗ =  − 
𝑑 𝐵⃗ 

𝑑𝑡
 

Lenz’s rule 

𝐵𝑖𝑛𝑑  𝑖𝑠 𝑜𝑝𝑝𝑜𝑠𝑒𝑑 𝑡𝑜 𝑡ℎ𝑒 𝑎𝑝𝑝𝑙𝑖𝑒𝑑 𝐵 𝑓𝑖𝑒𝑙𝑑 

Magnetic field of a wire 

𝐵 = 
𝜇

2 𝜋 𝑟
∗ 𝐼 

Laws of magnetostatics 

∇⃗⃗ ∗ 𝐵⃗ = 0     , ∇⃗⃗  𝑥 𝐵⃗ =  𝜇0 ∗  𝑗  

𝐵⃗ =  ∇⃗⃗  𝑥 𝐴    ,          ∇⃗⃗ ∗  𝐴 = 0 
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Vector potential A 

∇2 𝐴 =  − 𝜇0 ∗  𝑗        ,    ∇ 𝑥 𝐴 =  𝐵⃗  

𝐴 (𝑟) =  
𝜇0
4 𝜋
 ∭

𝑗 (𝑟′)

|𝑟 −  𝑟 ′|
 𝑑𝜏

𝑉

 

Magnetic moment 𝜇 

𝐴 =  
𝜇0
4 𝜋

∗  
𝜇  𝑥 𝑅⃗ 

𝑅3
          ,   |𝜇 | = 𝐼 ∗ 𝑎 ∗ 𝑏 = 𝐼 ∗  𝑆0 

Law of Biot-Savart 

𝐵⃗ ( 𝑟  ) =
𝜇0
4𝜋
 ∭𝐽 

𝑉

( 𝑟  ′)  𝑥 
𝑟 −  𝑟 ′

|𝑟 − 𝑟 ′|3
 𝑑𝑉′ 

For a wire:       𝐵⃗ =  − 
𝜇0

4 𝜋
 ∫

𝐼∗ 𝑒𝑟⃗⃗⃗⃗  𝑥 𝑑𝑠 

|𝑟12|
2𝑤𝑖𝑟𝑒

 

6. Magnetism in matter 

a) Diamagnetism: material repelled by strong fields 

b) Paramagnetism: material is attracted to B-field 

c) Ferromagnetism: has hysteresis, saturates 

Angular momentum L 

𝐿⃗ =  𝑟  𝑥 𝑝 =  𝑟  𝑥 𝑚 ∗ 𝑣    ,     |𝐿⃗ | = 𝑚 ∗ 𝑣 ∗ 𝑟 

𝜇𝑒 = − 
1

2
∗
𝑒

𝑚
∗ 𝐿    ,   𝜇𝑆 = −

𝑒

𝑚
  𝑆     (𝑠𝑝𝑖𝑛) 

Magnetization vector M 

𝑀⃗⃗ =  
𝑁

∆𝑉
∗ 〈𝜇 〉 =  𝑋𝑚 ∗  𝐻⃗⃗      , ∇ 𝑥 𝑀⃗⃗ =  𝐽 𝑔𝑒𝑏𝑢𝑛𝑑𝑒𝑛  

∮ 𝐻⃗⃗  𝑑𝑠 =  𝐼𝑓𝑟𝑒𝑒  , ∇⃗⃗  𝑥 𝐻⃗⃗ =  𝑗 𝑓𝑟𝑒𝑒 

𝐵⃗ =  𝜇0 ∗ 𝐻⃗⃗ +  𝜇0 ∗ 𝑀⃗⃗ =  𝜇0 ∗ (1 + 𝑋𝑚) ∗ 𝐻⃗⃗ =  𝜇 ∗ 𝐻⃗⃗  

 

7. Law of induction 

∮ 𝑬⃗⃗  𝒅𝑺⃗⃗ =  𝑽 =  − 
𝒅

𝒅𝒕
 ∬ 𝑩⃗⃗  𝒅𝑺⃗⃗ 

𝜮

    =  −
𝑑𝛷

𝑑𝑡
 

∇⃗⃗  𝑥 𝐸⃗ =  − 
𝑑

𝑑𝑡
 𝐵⃗  

Electrical generator 

∬𝐵⃗  𝑑𝑠 = 𝐵 ∗ 𝑎 ∗ 𝑏 ∗ cos( 𝜃(𝑡))  →   𝑉 =  ∮ 𝐸⃗  𝑑𝑠 =  … 

Inductance 

𝜱𝒎 = ∬ 𝑩⃗⃗  𝒅𝒔⃗ 

𝜮

 =  ∮𝐴   𝑑𝑆      ∶ 𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑐 𝑓𝑙𝑢𝑥 

𝛷𝑚 = 𝐿 ∗ 𝐼      → 𝐿 =  
𝑁 𝛷

𝐼
     [𝐿] = 𝐻 =

𝑇 ∗ 𝑚2

𝐴
 

𝑽𝒊𝒏𝒅 = ∮ 𝐸⃗  𝑑𝑠 =  −
𝑑

𝑑𝑡
 𝛷𝑚 = −  𝑳 ∗

𝒅

𝒅𝒕
 𝑰 

Inductance of a solenoid 

𝐵𝑖𝑛 = 𝜇0 ∗
𝑁

𝑙
∗ 𝐼    ,   𝛷𝑚 = 𝑁 ∗ 𝑆 ∗ 𝐵 =  𝜇0 ∗

𝑁2 ∗ 𝑆

𝑙
∗ 𝐼 

    𝐿 =  𝜇0 𝜇𝑟 ∗
𝑁2 ∗ 𝑆

𝑙 + 𝑥 𝜇𝑟
             x ∶ Luftspalt/Gap 

Mutual inductance M 

𝑉𝑖𝑛𝑑
(2)
= −𝑀21 ∗  

𝑑 𝐼1
𝑑𝑡
    →     𝑀 =  𝜇0 ∗

𝑁1 ∗ 𝑁2 ∗ 𝑆

𝑙
 

𝑉𝑖𝑛𝑑
(1)

𝑉𝑖𝑛𝑑
(2)
= 
𝑉𝑖𝑛
𝑉𝑜𝑢𝑡

= 
− 𝑁1 ∗  

𝑑 𝛷𝑚
𝑑𝑡

− 𝑁2 ∗  
𝑑 𝛷𝑚
𝑑𝑡

=  
𝑁1
𝑁2

 

Energy stored in inductance 

𝐸𝑝𝑜𝑡 =
1

2
 𝐿 ∗ 𝐼2 =

1

2
 
𝛷𝑚
2

𝐿
=
1

2
 ∫𝐵 ∗ 𝐻 𝑑𝑉 

𝐷𝑒𝑛𝑠𝑖𝑡𝑦  𝑈 =  
𝐸𝑝𝑜𝑡

𝑉𝑜𝑙𝑢𝑚𝑒
=   
1

2
 ∗   
𝐵2

𝜇0
 

Hall-Effekt: ungleiche Ladungsverteilung 

𝑞 |𝐸| =   𝑞 |𝑣||𝐵| 

𝐽 = − 𝑛 𝑒 𝑣𝑑           , 𝑛 𝐿𝑎𝑑𝑢𝑛𝑔𝑠𝑑𝑖𝑐ℎ𝑡𝑒 , 𝑣𝑑  𝑑𝑟𝑖𝑓𝑡 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦  

𝐸 =  𝜌 𝐽 =  𝜌 ∗ 𝑛 𝑒 𝑣𝑑                                                                      

 

8. Maxwell’s equations 

∇⃗⃗  𝑗 +  
𝑑 𝜌

𝑑𝑡
= 0 

Ampère 

∇⃗⃗  𝑥 𝐵⃗ =  𝜇0 ( 𝑗 + 𝜀0 ∗  
𝑑 𝐸⃗ 

𝑑𝑡
 ) = 0 

Displacement current:   𝐽 𝑣 = 𝜀0
𝑑𝐸⃗ 

𝑑𝑡
 

Faraday 

∇⃗⃗  𝑥 𝐸⃗ =  −
𝑑

𝑑𝑡
 𝐵⃗  

Gauss 

∇⃗⃗  𝐸⃗ =  
𝜌

𝜀0
 

 

Equations in matter 

𝛻⃗  𝐷⃗⃗ =  𝜌                 ,    𝛻⃗  𝐵⃗ = 0 

𝛻⃗  𝑥 𝐸⃗ =  − 
𝑑 𝐵⃗ 

𝑑𝑡
    ,     𝛻⃗  𝑥 𝐻⃗⃗ =  𝑗 +  

𝑑 𝐷⃗⃗ 

𝑑𝑡
 

𝐷⃗⃗ =  𝜀0 𝐸⃗ + 𝑃⃗     ,         𝐻⃗⃗ =  
𝐵⃗ 

𝜇0
− 𝑀⃗⃗  

 

Wave vector 𝑘⃗   ∶   𝐸 ⟘  𝐵   ⟘  𝑘 

Poynting vector      𝑆 =  𝐸⃗  𝑥 𝐻⃗⃗          ( direction of energy flux ) 
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9. Special relativity 

Galilean transformation 

𝑥′ = 𝑥 − 𝑣 ∗ 𝑡        ;   𝑦′ = 𝑦   ;   𝑧′ = 𝑧   ;   𝑡′ = 𝑡 

Lorentz’s transformation 

𝑥′ = 
𝑥 − 𝑣 ∗ 𝑡

√1 − 𝑣2/𝑐2
 

𝑡′ = 
𝑡 − 𝑥 ∗ 𝑣/𝑐2

√1 − 𝑣2/𝑐2
 

Lorentz contraction 

𝐿ä𝑛𝑔𝑒𝑛𝑘𝑜𝑛𝑡𝑟𝑎𝑘𝑡𝑖𝑜𝑛:                  𝐿 =  𝐿0 ∗  √1 − 𝑣
2/𝑐2 

𝑍𝑒𝑖𝑡𝑑𝑖𝑙𝑎𝑡𝑎𝑡𝑖𝑜𝑛:                             𝑡 =  
𝑡0

√1 − 𝑣2/𝑐2
 

Relativistic frequency shift 

𝑓𝑟 = 𝑓0 ∗  
√1 + 𝑣/𝑐

√1 − 𝑣/𝑐
 

𝑣

𝑐
> 0 : nearing each other    ;     

𝑣

𝑐
< 0  : striding away 

Addition of velocities 

𝑣𝐴
(𝐶)
= 

𝑣𝐴
(𝐵)
+ 𝑣𝐵

(𝐶)

1 +
𝑣𝐴
(𝐵)
∗ 𝑣𝐵

(𝐶)

𝑐2

 

Relativistic dynamics 

𝑚(𝑣) =  
𝑚0

√1 − 𝑣2/𝑐2
 

𝐸 = 𝑚 ∗ 𝑐2 

Principle of Equivalency 

𝑖𝑛𝑒𝑟𝑡𝑖𝑎𝑙 𝑚𝑎𝑠𝑠 ≡ 𝑔𝑟𝑎𝑣𝑖𝑡𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝑚𝑎𝑠𝑠 

General relativity 

𝑓2 =  𝑓1 ∗ [ 1 − 
∆ 𝛷

𝑐2
 ] , ∆ 𝛷 =  − 𝐺 𝑀 (

1

𝑟2
−
1

𝑟1
)  , 𝑟2 > 𝑟1 

Special relativity:  𝑇1 = 𝑇2 ∗ 1/√1 − 𝑣
2/𝑐2      

3. Quantum physics 

10. The photon of Planck & Einstein 

Blackbody spectrum 

A heated cavity emits radiation that only depends on T 

The photon of Einstein 

𝐸 = ℎ ∗ 𝑓  = ℎ′ ∗  𝜔       , ℎ ∶  6.625 ∗ 10−34 𝑗 𝑠 

ℎ ∗ 𝑓 − 𝛷0 =
1

2
 𝑚 𝑣2  = 𝑒 𝑉   𝑓𝑜𝑟 𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑒𝑑 𝑒− 

Blackbody radiation (3D)               𝜔 = 𝑐 ∗ 𝑘  , ℎ′ =
ℎ

2𝜋
 

𝐸𝑥(𝑥, 𝑦, 𝑧) = 𝐸𝑥0 ∗ cos(𝑘𝑥𝑥) sin(𝑘𝑦𝑦) sin(𝑘𝑧𝑧) , 𝐸𝑦 = … 

𝐵𝑜𝑢𝑛𝑑𝑎𝑟𝑦 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛: 𝐸𝑦 , 𝐸𝑧 = 0    𝑓𝑜𝑟 𝑥 = 0                        

𝑘𝑥 = 𝑛 ∗
𝜋

𝐿
 , 𝑘𝑦 = 𝑚 ∗

𝜋

𝐿
  , 𝑘𝑧 = 𝑙 ∗

𝜋

𝐿
  ;
𝜔2

𝑐2
= 𝑘𝑥

2 + 𝑘𝑦
2 + 𝑘𝑧

2  

Number of state: 𝑁(𝑘 < 𝑘0) = 2 ∗
1

8
∗ (

4

3
 𝜋 𝑘0

3 ) ∗
1

(
𝜋

𝐿
)
3 

Density of state:           𝐷(𝜔) 𝑑𝜔 =
𝜔2

𝜋2  𝑐3
 𝑑𝜔 =  

𝑑( 𝑁(𝑘) )

𝐿3
 

Boltzmann:     
𝑁2

𝑁1
= 𝑒− 

ℎ′ 𝜔

𝑘 𝑇        , 𝑤ℎ𝑒𝑟𝑒𝑏𝑦 𝑁1/𝑁2  𝑒𝑛𝑒𝑟𝑔𝑦 𝑙𝑒𝑣𝑒𝑙𝑠  

Density of energy:     𝑈(𝜔) 𝑑𝜔 =
𝜔2

𝜋2 𝑐3
 

ℎ′ 𝜔

exp(
ℎ′𝜔

𝑘 𝑇
) −1

 𝑑𝜔 

Power of radiation:  𝐼(𝜔) 𝑑𝜔 = 𝑐 ∗ 𝑈(𝜔) 𝑑𝜔   c: speed of light 

 

Johnson noise 

𝑉(𝑥, 𝑡) = 𝑉0 ∗ sin(𝑘 ∗ 𝑥)    , 𝑘 = 𝑛 ∗
𝜋

𝐿
 

               Number of states up to k:        𝑁(𝑘) =
𝑘

(𝜋 𝐿⁄ )
 

< 𝑉 >2 =  4 𝑅 𝑘 𝑇 ∆𝑓 

Lasers 

𝑒𝑥𝑐𝑖𝑡𝑒𝑑 𝑠𝑡𝑎𝑡𝑒 𝑛2  ↔ 𝑔𝑟𝑜𝑢𝑛𝑑 𝑠𝑡𝑎𝑡𝑒 𝑛1 

𝑛1 → 𝑛2 ∶  𝐵12 ( 𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 ) 
𝑛2  →  𝑛1  ∶ 𝐴21 (𝑠𝑝𝑜𝑛𝑡𝑎𝑛𝑒𝑜𝑢𝑠 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛)  , 𝐵21 (𝑠𝑡𝑖𝑚𝑢𝑙𝑎𝑡𝑒𝑑 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛) 

𝑑 𝑛2
𝑑𝑡

= ( 𝑔𝑎𝑖𝑛𝑒𝑑 ) − ( 𝑙𝑜𝑠𝑡 ) 

          = 𝑛1 𝑈(𝑓) 𝐵12 − 𝑛2 𝐴21 − 𝑛2 𝑈(𝑓) 𝐵21 

Steady state:    
𝑑 𝑛2

𝑑 𝑡
= 0                     ( use Boltzmann (Blackbody) ) 

𝐴21 = 𝐵 ∗ ℎ 𝑓 ∗ 𝐷(𝜔) =  
8𝜋 ℎ 𝑓3

𝑐3
 𝐵 

𝐵 = 𝐵21 = 𝐵12               𝑓𝑜𝑟 𝑇 →  ∞ 

 

11. Wave mechanics 

De Broglie relations                𝑘 =
2𝜋

𝜆
  ∶  𝑑𝑒 𝐵𝑟𝑜𝑔𝑙𝑖𝑒 𝑤𝑎𝑣𝑒𝑙𝑒𝑛𝑔𝑡ℎ 

𝑚𝑜𝑚𝑒𝑛𝑡𝑢𝑚 ∶     𝑝 = ℎ′ ∗  𝑘⃗  = ℎ′ ∗
2𝜋

𝜆
       , 𝑘⃗  𝑤𝑎𝑣𝑒𝑣𝑒𝑐𝑡𝑜𝑟 

𝐸 = ℎ ∗ 𝑓 = ℎ′ ∗  𝜔                    ,    ℎ′ = 1.054 ∗ 10−34 𝑗 𝑠 

Evidence of matter waves:  𝐸𝑘𝑖𝑛 =
1

2
𝑚𝑣2 =

𝑝2

2𝑚
  →  𝑝 =  √2𝑚𝐸 

Compton scattering 

𝜆2 − 𝜆1 =
ℎ

𝑚0 ∗ 𝑐
 ( 1 − cos 𝜃 ) 

 

Young’s double slit 

Laufzeitunterschied:                   𝛿 = 𝑑 ∗ sin 𝜃 

Constructive interference:       sin 𝜃 = 𝑛 ∗
𝜆

𝑑
  

d : distance between the two splits 
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Heisenberg’s uncertainty relation 

∆𝑥 ∆𝑘 ≥ 1     ↔   ∆𝑥 ∆(ℎ′𝑘)  ≥ ℎ′ 

Position-momentum:                  ∆ 𝒙  ∆ 𝒑   ≥ 𝒉′ 

One cannot measure the position along one axis and the 

corresponding momentum with high accuracy. 

Time-energy:       ∆ 𝑬 ≥
𝒉′

∆𝒕
         ∆ 𝒕 ∆ 𝑬 ≥ 𝒉′ 

→ 𝑌𝑜𝑢𝑛𝑔′𝑠 𝑑𝑜𝑢𝑏𝑙𝑒 𝑠𝑙𝑖𝑡:  ∆ 𝑥 =   𝜆 ∗   
𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑡𝑜 𝑠𝑐𝑟𝑒𝑒𝑛

𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑠𝑝𝑙𝑖𝑡𝑠
 

Bohr-Sommerfeld quantization condition 

On a stable orbit: 𝑛 ∗  𝜆 = 𝐿 = 𝑛 ∗
2𝜋

𝑘
 

⟹ ∫ 𝑝  𝑑𝑠

𝑜𝑟𝑏𝑖𝑡

    = 𝑛 ∗ ℎ  ≅  𝑚 𝑣  ∗ 2𝜋𝑟 

 

12. Quantum mechanics 

The wavefunction  𝜓(𝑥 , 𝑡 ) 

complex function, represents amplitude of the matter wave at point (x,t) 

Probability:         𝑝( 𝑥  , 𝑡)   𝑑3𝑟 =   |𝜓 ( 𝑥  , 𝑡)|2   𝑑3𝑟 

Particle must be somewhere:  ∭ |𝜓 ( 𝑥  , 𝑡)|2   𝑑3𝑟
𝑠𝑝𝑎𝑐𝑒

= 1 

Hydrogen atom:  𝜓( 𝑟, 𝑡) =  
1

√𝜋 𝑎0
3
∗  𝑒

−
𝑟

𝑎0 ∗  𝑒− 𝑖 ( 𝐸𝑅𝑦 / ℎ
′) 𝑡 

Plane wave:  𝜓( 𝑥 , 𝑡) = 𝐴 ∗ 𝑒𝑖 ( 𝑘⃗
  𝑥 − 𝜔 𝑡) = 𝐴 ∗ 𝑒

𝑖 ( 
𝑝⃗⃗ 

ℎ′
 𝑥 − 

𝐸

ℎ′
 𝑡)

 

 

 

Observables 

Position operator 

𝑥 ⃗⃗⃗  ̂ =  ∭|𝜓 ( 𝑥  , 𝑡)|2 𝑥   𝑑3𝑟

𝑠𝑝𝑎𝑐𝑒

= ∑𝑥𝑖  𝑝(𝑥𝑖) 

Momentum operator 

𝑝 ̂ =  −𝑖 ∗ ℎ′ ∗ ∇ 

𝑝 ̂ ∗  𝜓 ( 𝑥  , 𝑡) =  −𝑖 ∗ ℎ′ ∗ ∇ 𝜓 ( 𝑥  , 𝑡) 

Non-commutative:     ( 𝑥̂ 𝑝𝑥̂ − 𝑝𝑥̂  𝑥̂ ) = [ 𝑥̂, 𝑝𝑥̂  ] = 𝑖 ℎ′ 

Scalar product        … = 0 ∶ 𝑜𝑟𝑡ℎ𝑜𝑔𝑜𝑛𝑎𝑙 ;… = 1 ∶ 𝑙𝑖𝑛𝑒𝑎𝑟  

<  𝜑 | 𝜓 > =  ∭𝜑∗( 𝑟 , 𝑡) ∗  𝜓( 𝑟 , 𝑡) 𝑑3 𝑟

𝑠𝑝𝑎𝑐𝑒

 

Average value of an operator 𝒙 

𝑥 ⃗⃗⃗  ̂ = <  𝜓 | 𝑥 ⃗⃗⃗  ̂ | 𝜓 > =  ∭𝜓∗( 𝑥  , 𝑡) ∗  𝑥  ∗   𝜓 ( 𝑥  , 𝑡) 𝑑3𝑟

𝑠𝑝𝑎𝑐𝑒

 

Schrödinger equation 

𝑖 ℎ′  
𝑑 𝜓

𝑑 𝑡
=  𝐻̂ 𝜓 =  

𝑝̂2

2𝑚
 𝜓 

Hamiltonian (energy for a free particle) 

𝐻 =
𝑝2

2𝑚
= ℎ′ ∗  𝜔 

 

Harmonic oscillator 

𝐻 =
1

2
𝑚 ∗ 𝑣2 +

1

2
∗ 𝑘 ∗ 𝑥2 =

𝑝2

2𝑚
+
1

2
∗ 𝑚 ∗ 𝜔2 ∗ 𝑥2   , 𝜔 = √

𝑘

𝑚
 

Hydrogen atom :         𝐻 =
𝑝2

2𝑚
− 

𝑒2

4𝜋 𝜀0 𝑟
 

Time-independent Schrödinger equation 

Separation of Var. :       𝜓 ( 𝑟  , 𝑡 ) =  𝜑( 𝑟  ) 𝑋 ( 𝑡 ) 

assume that H does not depend on time ! 

𝐻̂ ∗  𝜑( 𝑟  ) = 𝐸 ∗  𝜑( 𝑟  ) 

𝑖 ∗ ℎ′  
𝑑 𝑋(𝑡)

𝑑𝑡
= 𝐸 ∗ 𝑋(𝑡)   →   𝑋(𝑡) =  𝑒

− 𝑖 𝐸
ℎ′
⁄  ∗ 𝑡

 

𝐸𝑛 = 
ℎ′
2

2𝑚
 𝑘𝑛
2  , 𝑘𝑛 = 𝑛 ∗

𝜋

𝐿
  ,        𝜑𝑛(𝑥) = 𝐴𝑛sin(𝑘𝑛𝑥) 

𝜓( 𝑟 , 𝑡 ) =  ∑  𝑎𝑗   𝜑𝑗( 𝑟  ) ∗  𝑒
− 𝑖 

𝐸𝑗
ℎ′
⁄  ∗ 𝑡

∞

𝑗=1

   ,   <  𝜓, 𝜓 > = 1 

Quantum wells (QW) 

( −
ℎ′2

2𝑚
∗ 
𝑑2

𝑑 𝑥2
+ 𝑉(𝑥) )  𝜑(𝑥) = 𝐸 ∗  𝜑(𝑥) 

( 
𝑑2

𝑑 𝑥2
+ 
2𝑚 ( 𝐸 − 𝑉)

ℎ′2
 )  𝜑(𝑥) = 0 

Solutions must satisfy boundary conditions & be continuous! 

 

𝐼 ∶ [ − ∞,−
𝑎

2
 ] ; 𝐼𝐼 ∶ [ −

𝑎

2
,
𝑎

2
 ] ; 𝐼𝐼𝐼 ∶ [ 

𝑎

2
,∞ ] 

𝐼 ∶  𝜑𝐼(𝑥) = 𝐵1 ∗ 𝑒
𝜌𝑥 + 𝐵1

′ ∗ 𝑒−𝜌𝑥           , 𝜌 =  √− 
2𝑚 𝐸

ℎ′
2   

𝐼𝐼 ∶  𝜑𝐼𝐼(𝑥) = 𝐴2 ∗ 𝑒
𝑖𝑘𝑥 + 𝐴2

′ ∗ 𝑒−𝑖𝑘𝑥      , 𝑘 =  √
2𝑚(𝐸+𝑉0)

ℎ′
2   

𝐼𝐼𝐼 ∶  𝜑𝐼𝐼𝐼(𝑥) = 𝐵3 ∗ 𝑒
𝜌𝑥 + 𝐵3

′ ∗ 𝑒−𝜌𝑥     , 𝜌 =  √− 
2𝑚 𝐸

ℎ′
2   
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Transmission through a barrier 

 

Particle cannot “climb” barrier:         𝐸 < 𝑉0 

𝐼 ∶    𝜑𝐼 = 𝐴1 ∗ 𝑒
𝑖𝑘𝑥 + 𝐴1

′ ∗ 𝑒−𝑖𝑘𝑥 

𝐼𝐼 ∶  𝜑𝐼𝐼 = 𝐵2 ∗ 𝑒
𝜌𝑥 + 𝐵2

′ ∗ 𝑒−𝜌𝑥 

𝜑𝐼(0) =  𝜑𝐼𝐼(0)    ;     
𝑑 𝜑𝐼(0)

𝑑 𝑥
=  
𝑑 𝜑𝐼𝐼(0)

𝑑 𝑥
 

→    𝜑𝐼(𝑥, 𝑡) = 𝐴1 ∗ 𝑒
𝑖(𝑘𝑥−𝜔𝑡) + 𝐴1

′ ∗ 𝑒𝑖(−𝑘𝑥−𝜔𝑡) 

 

 

𝑇 =
4 𝐸 ( 𝑉0 − 𝐸 )

4 𝐸 ( 𝑉0 − 𝐸 ) + 𝑉0
2 ∗ sinh2 ( √2𝑚(𝑉0 − 𝐸) ∗

𝑙
ℎ′
 )
 ( 𝐸 < 𝑉0) 

𝑇 =  
4 𝐸 ( 𝐸 − 𝑉0 )

4 𝐸 (𝐸 − 𝑉0 ) + 𝑉0
2 ∗ sin2 ( √2𝑚(𝐸 − 𝑉0) ∗

𝑙
ℎ′
 )
    (𝐸 > 𝑉0) 

 

 

 

 

 

 

 

Solution for quantum wells 

1. Potential einzeichnen 

2. Regionen mit V = const. Definieren 

3. SGL für einzelne Regionen lösen 

4. Randbedingungen: keine Terme 
𝑥 → ∞
→    ∞ 

( da sonst nicht normierbar) 

5. Randbedingungen erfüllt, s.d. kontinuierlich: 

a) 𝜑1(𝑥0) =  𝜑2 (𝑥0 ) 

b) für endliche Potentiale:     
𝑑 𝜑1(𝑥0)

𝑑 𝑥
= 

𝑑 𝜑2(𝑥0)

𝑑 𝑥
 

6. Gleichung für 𝑘 →    𝑘𝑛 , 𝐸𝑛 

7. Vorfaktoren durch Normalisierung anpassen, s.d. 

<  ψ , ψ > =  ∫|𝑢(𝑥)|2 𝑑𝑥

∞

− ∞

= 1 
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4. Tabellen 

 

 

𝑖 =  √1 =  𝑒𝑖 
𝜋
2  

tan′ 𝑥 = 1 + tan2 𝑥 

sin2 𝑥 + cos2 𝑥 = 1 

cosh2 𝑥 − sinh2 𝑥 = 1 
 

cos(𝑧) = cos(𝑥) cosh(𝑦) − 𝑖 sin(𝑥) sinh (𝑦) 

sin(𝑧) = sin(𝑥) cosh(𝑦) + 𝑖 cos(𝑥) sinh (𝑦) 
 

 

 

Additionstheoreme 

 

Doppelter und halber Winkel 

 

Umformung einer Summe in ein Produkt 

 

Umformung eines Produkts in eine Summe 

 

Reihenentwicklungen 

 

Summe der ersten n-Zahlen 

 

Geometrische Reihe 
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Ableitungen 

 

Stammfunktionen 

 

Standard-Substitutionen 

 

 


