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Die Menschen stärken, die Sachen klären. 
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Primum movere, deinde docere.*1 

(Antiquity) 

 

Қӥ ᵝ ꜚ ӊ Ȃ ȁ҆ ȁ Ἕȁ ᵥ

ꜚ̙ҹ ̆ ױ ҉ѿ ұ ӊ Ȃ ̆῏Ӎ ѿ↕ ̔

Ҭ ѿҩ Ȃ ҩ ̆֞ ꜚᵬ ̆Ỳ ԅ

ȂFigure 1 ף 8 ̆ ῒ 4Ȃ 
 

ⱬ ̆ Έ ̆ Έ ԍ 1990 ץ

҈ ץ̔ ȁ ȁ ֲ῀ ꜚȂ   
 

ҹ ̆ ᶷ ̆ ᵞ Ȃ Ὲ

ҹ Ȃ Ȃ 
 

ҹ ̆ ԅ Ҭ ҍ Ȃ 
 

ҹ ֲ῀ ̆ ñ ò Ȃ ̔

̆ ̆ ῀ ̆ Ȃ ױ ̆ ᵣ Ȃ

̆ץ ѿᴍ ᶫ Ȃ 
 

ӥ ñdie Menschen stärken̆ die Sachen klären. (To 

fortify people, to clarify things./ ָЇ )òȂҌ ̆ Ԋ ȁ ̆

שּׂ Ȃֲױ ̆ ᵄ Ȃ ᾥ ̆ ⱬ

̆ Ȃ ӊ ̆ ̆ ꜚ̆ ῒ↓Ȃ֣

ӊ Ȃ 

 

 

ᾥ ·  (Christoph Schiller) יּ

 

 
1* ñᾢ ꞉̆Ῥ Ȃò ף ꜚ ꜚ(moving) Ạ ꞉(motivating)̕ ңҩ

Ҁ Ȃ 
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ᵓ⌐  Ⱶ   

 
꜠ ҕ ̔ ғ ֲ Ȃ 

̔ ꜚ, ӏ, , ,  

, (vol.I) 

ᶏ ᾣ, , ,ԅ ֲҍ (vol.III) 

 

ҏ /-Ἡ 
̔  ₮  ,  

֙, , , ,  

, , ,

֟ҙ 
(vol.IV and vol.V) 

( ‼ )   

ҏ  Ἡ-ע
̔ ⱴ ,

ᾥ, ᵣ, ץ,

, ,

 
(vol.V) 

῝ Ⱶ  

ҏ /-2ׄ  
̔  

 ,

, ,

 
(vol.I) 

ӎ   

ҏ 2-2ׄע  
̔ ,

ғ ꜚ

,

ץ ,

, (vol.II) 

῝ Ⱶ   

̔ Ҭ

 
(vol.V) 

ҏ /-2ׄ Ἡ 

ҏ  ע

꜠ ҅  

ҏ 2-2ׄע  Ἡ 
̔ ҅⅓ ꜚ, ,֣

, ҍ , ѿ ӏ(vol.VI) 

̔ 

꜠ᵲ (least action principle)

‰ ꜚ 

   ╠ ̔ 

ⱴ ꜠ (motion limit) 

‰  

ṱ 
└ 

 

ꜚ 

Ἡẉẏ 
└ 

 

ꜚ 

ẇ  
└ 

 

ꜚ 

ӎ   

̔ᾣ  

   

עױ;ׂ.
0 

(vol.II) 

Figure 1 ᵣ̆ ꜚ Ȃ Ŀ (Matvei Bronshtein, b. 1907 Vinnytsia, 

d. 1938 Leningrad) ₮Ȃ ᵣ׆ ꜚ ̆ ԅ ף ҩ

Ȃ ף ѿ ꜚ ̆ ⌠ ‰ Ȃ ⱬ ׄ └

ꜚ̆ ꜚ ↕ ᾣ ע ₮̆ ꜚ №≢ ( ) ᾥ Ἡȁ פ

ῗ ת ₮Ȃ 
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Chapter 1 

01. ꜚᵬ ̔ ֲ 

 

Natura [in operationibus suis] non facit saltus.*1  

15ҕ   

 

ꜚ ̆ ױ ԅ҈ Ȃ ױ ԅᵍ≠ ⱬ (ҹ

ꜚ )̆ ԅ (ҹ Ạ ꜚ )̆Ῥ

ԅ ᾥ ꜚⱬ (ҹ ҙֲ ꜚ ↕)Ȃ ҈ ῖ ꜚ ӂ

┴ȁ Ҽȁ Ȃ ҩ ̔ ױ Ҍ Ȃ ץ ҹ̔ ױ Ҍ

Ȃ 

ᵰ ҍ ̙ Figure 2̆ ҍ ῒץ ꜚ ̆ ȁ

̆ ȁ ̆ ֲ Ȃᵖ ױ ̔ 

 

 ῖ Ҭᴋᵥ (scale)Ȃ 

 

̆ ȁꜚ ȁ ̆ ȁ ȁ ᶛ̆

ױ Ȃ ῖ ѿ℗ ̆ ҹ 

 

 ῖ ̔ ⱬ ȁׄ ᵣ ȁᾣח ȁע ׃

їȁ їȂᵖ ױ ҩ ᴋ ̆ Ҍ ӈ

ᵝ̆ Ҍ └ץ Ȃ 

 

Ԋ ҉̆ ע ₃№ӊ₃̆ ᶏⱬ ׄ-ϩע № Ṑ̆ᵖ ῖ

ⱬ̔ ҹ ₮ ֓№ ̆ ױ ᾢ ӈ№ ̆ ӈ№

ҍ ᵝ̆ ῖ ᶫ Ȃ 

̆ ˻ ױ ̆ ᶫ ױ ѿ℗

ҍḤ Ȃ ԍ ῖ Ҍ ᶫ ̆ ױ ̔ 

 

 ῖ Ҍ ץ ױ ҍ Ȃ 

 

֓ ̔ 

 

 ֽ₡ ῖ ᴋᵥ Ȃ  

 
1* ñ ( ῒ ᵬҬ)Ҍᴪ Ȃò Ref 1 
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Ȃ ̆ ᴋᵥ ѿ ̆ ѿ

ῤ ̆ ӈ ̆ ѿ ῤ ᵝȂ ҹ ῖ ᶫᴋ

ᵥ ̆ ץ ῖ ᵬ ̆ └̆

Ȃ 

ҍ ̆ ױ ῖ Ȃץᴋᵥֲפ ҹᶛ̆*1

Ҽ ȁ ȁ ȁ ̆ ῖ ῒץҊ

̔ѿ ῒ ̕ԋ ѿ℗ ȁ ȁ ᶛ̕҈ ҍ

̕ ѿ℗ ̆ ױ ῖ Ҭᶭ Ȃҹԅ

֓ ̆ ױ Ȃ ױ ᴪ ̆ ҍ Ҭ ѿ℗ ӏ

ꜚ ᶛȂ Ȃ 

̆ ҍ ӏ Ҍ ҹѿ Ҍ ̆ ҹ

ҍ ̆ ҹҍ ꜚ ῏Ȃ ԍ ֲ ̆ ӏ ҩҌ

Ҥ Ȃ ̆ ױ ԅ ⌠̆      

̆ ԍ ꜚ ̔ ꜚ̆ Ȃ ѿ℗

 
1* Page 14 ѿ (Lampyris noctiluca)̆ (© John Tyler, 

www.johntyler.co.uk/gwfacts.htm )Ȃ 

Figure 2 ᶛ(© Linda de Volder) 

Challenge 2 s 
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Ȃ Ҭ̆ ױ ̔ ѿ℗ № ꜚ Ȃ

ȁ↨ ȁ ѿ℗ ԍ ҹ̆ №

ȁ ȁ Ȃ ̆ ꜚ Ȃ ῖ ꜚⱬ Ҍ

֓ №̕ ᾣ ҹӞҌ ῖ Ȃ ῖ ȁᾣȁ ̆

₮ԍ ῖ Ȃ 

ῒ ̆ ῖ ѿ ᾥ*11899 ̔ 

 

 Ҭ̆ ⌠ ԍ Ἡ;/,.4/.оϩHq ꜚᵬ Ȃ 

 

ꜚᵬ ԅ*2Ȃ ӊ̆ Ἕ ѿ ̆

ѿ ↓ꜚᵬ(action) Ȃ ꜠ᵲ *3(smallest action) ̆

(quantum principle)̆ҍ ῖ Ȃ(ҹָӇ̙) ԅ

̆ῒҬ Ύ Ȃ ׆ ѿ Ȃ Ἡ(

ᵬñaitch bar( )ò)̆ ᵬ꜠ᵲ (quantum of action)̆ ᾫ (Planckôs 

constant)Ȃ ᾥ ᾣ( ᵣ ₮ ᾣ) ԅ Ȃ

ԍѿ ꜚ̆ ̆ ױ ⌠ ̆ Ӟ ԍ

ꜚ̆ ⱬ Ȃ 

₮̔ ԍ Ἡ ꜚᵬ Ȃ

ѿ ̆ᵖז ץ ̔ ̆

Ҍᾛ Ȃ ῒז Ӟ ⌠ԅ ’Ȃ  

 
1* ᾥ · ᾥ(Max Planck, b. 1858 Kile, d. 1947 Göttingen)̆ ̆ ҍ ף

ֲ Ȃז ԅ ῗ ת ҹ ᾥ ꜚᵬ ז̆ק ₮

Ẋ Ỳ ԅ ז̆ ׃ ⌠ ̆ ҹ

ԅѿᴍ ᵬȂ1918 ̆ ᾥ ԅ Ȃז ֲ ̆Ӟ

שּׂ · יּ ‗ ֲӊѿ( יּ )Ȃץז

̆ҩֲ Ҍ ̆ ӊֲ ז Ȃ  

2* ῒ ̔ ᾥ ∆ ῀ ( ) 0ἩȂ;ק Ҭ 0

ῒז ֲ ᾟȂ 

₮ ̆ · Ȃ Ȃ 

· (Niels Bohr, b. 1885 Copenhagen, d. 1962 Copenhagen)ף Ȃז ᵝ

Ὢ ̆ᶏ ҹ Ҭ ̆ Ȃץז ԅ

̆ 1922 Ȃ1943 ῀᷅ ז̆ ῒ ₮ Ҍ Ҍ Ҹ

̆ ԍ ̆ ῃ ╠ ֜ ᵬȂ 

3* ̔smallest action ᵬñ ꜚᵬ ò̆ Ӟ ꜚᵬ ̕the principle of least action ᵬñꜚ ᵬ

òȂ 

Vol III Table 17 

Vol III Equation 76 

Ref 2 

Challenge 3 

Ref 3 , Ref 4 

Vol III Equation 76 

 

Vol III Ä06 
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ҍ ▲ѿ ᵬ(action)ꜚץ̆ Ҭ Ȃ ̆ Ӟ

ץ ҹ 

 

 Ҭ̆ ⌠ ԍ Ἡ;/,.4/.оϩHq Ȃ 

 

̆ ꜚᵬ ѿҩ Ȃ ᴋ ңᴍ

̆ ӊױ Ҍ Ȃ ̆ꜚᵬ Ӟ ҹ (quantum of 

change)Ȃ 

Ҭ ̙ ѿ ̆ ҈ ̆ Table 1Ȃ

ױ ̔ Ҭ׆ ⌠ ̆ӞҌ ⌠ ̆

ѿ ѿ℗ ԍ ȂԊ ҉̆ ֓ ԅ

ῃ ̆ ֓ ̆ ױ ѿ ӊ ᴋⱵȂҌ

ӊ╠̆ ױ ᾢ ѿ֓ ֲפ Ȃ 

 

 

 

  

Figure 3 ᾥ · ᾥ 

(Max Planck, 1858ï1947) 

Figure 4 ·  

(Niels Bohr, 1885ï1962) 

Table 1 ᵥ ֲ̆ז Ҭ ꜚᵬ ἩȂ 

ҍ ԋ Ҭ ңҩ ̆ Table 2 Table 3 ⱬ Ȃ 

  

ꜚᵬ ṿ Ἡ Ҍ  ѿ℗  

⌠ ꜚᵬ ṿ:Ἡ ѿ℗  

ᶏ ꜚᵬ ṿ:Ἡ ѿ℗  

ꜚᵬ ṿ:Ἡ ‗ѿ℗  

ꜚᵬ ṿ Ἡ̆ 

ѿ  

ӊ ₮  

 ѿ℗  

 

Vol I Ä08  
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ꜚᵬ   

 

ꜚᵬ Ȃ ꜚᵬ ̆ ᶏ ѿ ңᴍ

Ӟ Ἡ Ȃ ҩ Ȃ ץ ̔ 

 

 Ҭ Ȃ 

 

ѿ℗ ҌẢ ꜚ̆ ғ Ӟ ꜚ ἩȂNatura facit saltus.*1 ֓

̆ ױ ᴋᵥ ἩȂ ױ ҉ ⌠ ̆

ꜚ Ȃ ᶏ Ҍꜚ ̆ꜚᵬ Ӟ ῒ

Ҍ ᵬ Ȃ ӊ 

 

 ῤ ꜚȂ 

 

ԍ Ӟ ꜚᵬ ̆ Ӟױ Ҍᴪ ̆ ̔ 

 

 Ҭ ꜚȂ 

 

ꜚ ѿ ᵌ˻ ȁ ̆ ᵌ ꜚ Ȃ

ױ ⌠̆ ᵣ ̆ ᵌ ᶃȂ(ᵰ ̙) ץ ׅ ץ

҉ ̆Ӟ ̆ ӈ ҍץ Ȃ 

ᵣ ꜚ̆Ӟֽᵬҹ Ȃ Ἡ ꜚᵬ̆ 

ԍ ᵣ ӈ ӞҌῬ ȂԊ ҉̆ ҍ ӈ

( ҍ ) ̆ ѿ ( ԍ )Ȃ ױ

ԅ ῳ ( Έ )Ȃ ̆ ᾢױ Ҍ ⱬ ’Ȃ 

 

 

ꜚᵬ ᵣ  

 

ҹָӇ ̙ᵰ ᴪ ̆ ҹ ױ ( ) ᾣ (ᵞ ) ᾣ̆

(Ҭ ) ᾣȂ ֓ ᵥ ᵞ ᾣ̆ ▼ҊҬ

ᾣ ̙ ץ ԅ Ȃᵖ ױ ⌠̆ ῖ

( ) ̆ ҹ₄ ⌠ ᵝ̆ ῖ ӈ ᵝȂ

̆ ̆ ԅꜚᵬ Ἡ(ץ ᾥ ῗ Ḃ̆(ת ӈ

ᵝ̆ Ȃ(ᵰ ᾣ ȁע ⱬ ׄȁꜚ

ᵬ Ἡ̆ ₮ ̙ Ȃ)  

 
1* ñ Ȃò 

Challenge 5 s 

Vol I Ä15:  

Challenge 4 s 

 Ä01  
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ӊ̆ ԍ ꜚᵬ ̆ ҹ Ȃ 

 

 ѿ℗ Ȃ 

 

ᾥ ⌠ꜚᵬ ӈ Ҭ ᵝ̆ז ῐ Ἕҩ ̕

Ҍ ( 1899 )̆ᵖז ┴ ԅ қ Ȃ ז ᾙ

̆ Ԋ ԅז҂ ᾙ (Erwin)Ȃ ᾥ ᾙ

ז̆ ҆ ⱬ Ȃ ᾥ ז̆⌠ ԍ

ҹ῏ Ȃ 

 

 Ҭ ѿ℗ ѿ℗ ꜚᵬ Ȃ 

 

ѿ℗ Ȃ ӊ̆ Ṝ(waiting) ѿ ˻

≢ ̆ ꜚᵬ ̆ ꜚҍ ꜚ Ҍ ̔ 

 

 Ȃ 

 

Ȃ ᾥ ⌠̆ꜚᵬ ץ ѿ℗Ԋ Ȃ 

 

 ҩ Ȃ 

 

ᵰ ׄ*ע *Ἡ ₮ ̙ ԅꜚᵬ ̆ ȁ ȁֲᵣ

Ȃ ᾥ ̆ꜚᵬ ԍ ԅᵍ≠ ̔ѿ℗

Ҭ ‗ Ȃ 

ᾥ ⌠̆ꜚᵬ Ἡ Ȃ ԅ Ἡ̆ ҹ

Ҭ ӈѿҩ ᵣ(natural unit)Ȃע*ׄ *Ἡ ῍ץ ӈ ԍ

ᵝ̆ ᶏ ֲӞ *1Ȃ ӊ̆Ἡ ѿ℗ ̆Ἡ

ҍ └ Figure 1̆ ԅ ѿ℗ ꜚ̆ ҩ Ȃ 

ѿ℗ ᵣ ҍ ῏Ȃ ꜚᵬ Ȃ

ҹ ϓȁױ ҹ פ ꜚ ₮̆ғ ꜚᵬ ̆ᵰ

₮ ᵌ ̙ ҩ Ὲ ̆ · · (Arthur Erich Haas)

ԍ 1910 ̆ ₮ ԅ 15 Ȃ 

 

 Ȃ  

 
1* ῒ ̆ ᾣ ȁע ⱬ ȁׄ פ̆ Ӟ ӈ ᵝȂᵖҹָӇ Ҍ ῃפ

ֲ ̙ 

Challenge 8 s 

Challenge 6 e 

Vol I Ä11:  

Ref 5 

Challenge 7 s 
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̆ *1Ȃ זׂ̆ Ὲ ῀ԅ ӥ̆

ӥȂ ̆ꜚᵬ ₮ ѿҩ ̔  

 

 ↓ᵫ ӊ (Gulliverôs travels)̆ Ҍ Ȃ 

 

ֲӞ ֲȂ ῖ ̆ᵖ ԇץ Ȃᵰ ᶫ

̙ 

ᵖ ҕ Ҍ ̆ Ӈᴪ ̙ ̆ѿ℗ ᵣ ̆ 

ῒ ҩ № Ȃѿ℗ Ӟ №ӊ ԑᵬ ̆

№ ҉ ҹ Ȃѿ № (ᶛ Figure 5 № FфM) ᵥΐ

ԅ ̙Ȃῒ № Ҍ ̆ꜚᵬ ῒ ᴪ ꜚ Ȃ

ꜚ̆ᵖ ҩ№ ҩ ̆ ҹҌ ԍҌ Ȃ

֓ ̆ ԍꜚᵬ ֟ Ȃ ꜚᵬ ̆

ԅȂ 

 

 ѿ℗ Ȃ  

 

ѿ℗ № Ȃ  

⌠̆ ᵣ Ӟ ꜚᵬ Ȃ ԍѿ℗ ( ȁ

ȁ↨ ȁ ) ӈҹ ȁ ȁ ᵝ ̆ ̔ 

 

 ѿ℗ ԍꜚᵬ Ȃ 

 

ӊ̆ꜚᵬ ‗ ԅѿ℗ ᵣ ȁ ȁ ȁ ѿ℗ Ȃ 

 

 

 

 

 

 

 

 

 

  

 
1* ӊ╠̆ ѿ e 2/(4ˊŮ0mec 2)å3 fm̆₃Ӎ ҆№ӊѿ Ȃ

ױ ̆ᴋᵥ e ̆ Ҍ ῖ ̆ ҹ e Ȃ 

Equation 98 

Challenge 9 s 

Figure 5 № ̔ ң (H)

ѿ (O) Ȃ 

H 
H 

O 
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Table 2 ѿ֓ ꜚ ῒꜚᵬ ṿȂ 

ҍ  ꜚᵬ  ꜚ  

ᾣ 

ᾣ  /Ἡ  

ᾣ׆ ‖₯ 0Ἡ  

ᾣ   3Ἡ,ע 

ᾣ  /Ἡ  

  1Ἡ,ע 

ᾣ ע,/.ЕзἩ ῖ 

 

׆ № Ҭ   0Ἡ|/,ע ₮

׆ Ҭ   0Ἡ|/,ע ₮

ῤ   4Ἡ|0,ע ꜚ

Ҭ Ḥ ᴰ №ѿҩ׆̆ ⌠Ҋѿҩ№   3Ἡ,ע 

Ҭ  оϔἩ ῖ./,ע 

 

ңҩ   0Ἡ|/,ע 

 оϧἩ ῖ./,ע 

ῤ  /Ἡ  

ᵣ ῤ  /Ἡ  

 /Ἡ  

 

Ҋ ᵣҬ  /Ἡ  

№   3Ἡ|/,ע 

№ ̆ᶛ Ҭ 3|/,עἩ  

  4Ἡ|0,ע 

mozzarella ңҩ№   Ἡ..1,ע 

ѿ №   Ἡ./,ע 

ѿ Ҭ  озἩ ῖ./,ע 

 

№ ₯   0Ἡ,ע 

⌠ Ḥ  Challenge 10 ny  

№ DNA └ ҩ   Ἡ../,ע 

 ЕϩἩ ῖ./,ע 

№ Ҭ   3Ἡ,ע 

ꜚѿҩ  ЕϧἩ ῖ./,ע 

№  ЕЌἩ ῖ./,ע 

ѿ  фϩἩ ῖ./,ע 

ֲ ѿҩ  оиἩ ῖ./0,ע 

ҍ  

Ҭ   3Ἡ|/,ע 

ɔ  ϔїἩ ῖ./,ע 
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ᵥ  quantum ?  
 

Ҍ Ȃᵖꜚᵬ ̆ ꜚ Ҍ ԍȁᵖҺ ₮

Ȃ ̆ ῒҺ ӊѿ ᾥ · ҹ

Ⱶ (quantum mechanics)*1Ȃ ̆ (quantum theory) ѿ Ȃ 

ԍ Ҭ ṿ ̆ ԅ 17ҕ ᵍ≠ Ȃ

ױ ׃ ⌠̆ᵍ≠ ñ (piccolissimi quanti)ò ῀ Ȃ ױ

ᴪ ̆ ‰ ҩ Ȃ ԅᵍ≠

№ ̆ ӊ ҹñ (Quantentheorie)ò ñ

(theory of quanta)ò( Ҁ óquantumô̆ ῒ óquantaô)Ȃ 

̆ ñ (quantum)ò Ҍ ѿ℗ ṿ ṿ Ṑ ̆

’Ҋ Ȃ 

Table 2 ̆ ñ (microscopic)ò ӈҌ ̔

̆ ñ òԅ̕ᵖ ̆ ꜚᵬ

ꜚᵬ ̆ ҩ Ȃ ӊ̆ (ᾣ )

ҊҌ Ȃ ׂ ֓ ױז ҹñ׃ (mesoscopic)ò̆

 
1* ᾥ · (Max Born, b. 1882 Breslau, d. 1970 Göttingen) ᾢ ̆ Ȃᵬҹ

ᶏז̆ ҹҕ Ҭ ӊѿȂזҍꜛ · (Werner 

Heisenberg)ȁ · (Pascual Jordan)ѿ ԅ ⱬ ̆ ӊ ԍ ȁ ᵣ ȁ

ᾣ ȁ ᵣȂז ᵝ ⌠ ₱ ₱ ֲȂ ̆ ҍ ·

(Emil Wolf) ԅ ׂׅ ᾣ ӥȂ ӥ ᴰҕ ῖȂ 

ҹ ԅ ₮ ֲ ̆⌠ (Hund)ȁ ≠(Pauli)ȁ

(Nordheim)ȁ (Oppenheimer)ȁ ᵹ - (Goeppert Mayer)ȁ (Condon)ȁ

(Pauling)ȁ ᾥ(Fock)ȁ ᾥב (Frenkel)ȁ (Tamm)ȁ ᾥ(Dirac)ȁ (Mott)ȁᾥ

(Klein)ȁ ȁᴶ(Heitler)יּ (London)ȁ–· ᶭ (von Neumann)ȁ ȁ(Teller)יּ (Wigner)

ֲȂ ԅ ̆ ҹ ֲ ԍ 1933 ҙȂז ̆ ҹ Ҁ

̆ ԅ 20 Ȃ ׆ ѿ Ҍ Ȃ ԍ ԅ ₱ ӈ̆ז ԅ

1954 Ȃ 

Figure 6  

ᾥ ·   

(Max Born,  

1882 ï1970) 

Ref 6 

Figure 7  

·  

(Werner Heisenberg, 

1901ï1976) 

Vol I Ä11:  
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ֲ ױז ҹñ (nanoscopic)òȂ ῀ ңҩ ҹԅ ȁ

ⱬ ̔ ↕ ҉ Ȃ 

 
 

ꜚᵬ ꜚ   
 

┴ ҍ ῖ ӊ Ȃ ꜚᵬ

̆ ѿ ( ᴃ) ң ꜚᵬ ӊט Ҍᴪ ̆  
 

zט&ᴃ) ᴃ' ׂ&ᴃ'z;z&ט 'ׂ&ᴃ) ᴃ' ׂᴃz;zׂ ᴃ ᴃׂ ׂ ᴃz
Ἡ

0
&/' 

 

1/2 ₮ ҹ ꜚᵬ Ἡ ꜚ ꜚᵬ Ҍ ҹῒṿ ѿ Ȃ

Ẋ ԅ ̆ ׂҍ ᴃ ṿ ҹ ̆ ԅ̆ ׂ ᴃ

ṿҌ Ȃ ̆ꜚᵬ ᴋᵥ Ҋ  
 

ׂ ᴃ
Ἡ

0
&0' 

 

ҍׂ ׂ ҍ ̆ᴃ ̆ ᴃ ң Ȃ 

̆ᴋᵥ ᵝ ҍꜚ ԍ 
 

ᴇ ״
Ἡ

0
&1' 

 

ῒҬ̆ ᴇ ᵝ Ҍ ̆ ״ ꜚ Ҍ Ȃ ң ῏ ױ

· ҹҒ ῗ (indeterminacy relation)*1Ȃ Ҭ̆ ױ

ҹñ Ғ‼ῗ (uncertainty relation)ò̆ ᵖ ҩ Ҍ ̔ ֓ ֲ Ҍ‰ 

(uncertain)̆ ‗ (undetermined)Ȃ ԍ ꜚᵬ ̆

ṿȂ ҹꜚ ȁᵝ ᴋᵥῒ ṿȂ ױ ᶏ

ñҒ ( ” )ῗ (indeterminacy relation)òѿ Ȃ ̆ ῏ ҹñ

(principle)ò ӟ Ҍ Ȃ 

 
1* ֲ ױ ̆ - Ҍ ῏ ҍꜚ -ᵝ Ҍ ῏ Ҍ Ȃ Ҍ ̆ ѿ

ᴰ ̆ ӥҬ ԅ 70 Ȃ ԅ Ȃ ̆Ҍ Ҭ₮

ҩ ῤ Ȃ ῒ̆ᴃ ׆ ῤ ⌠ ₮ ̆

̕ᵝ ᴇҌ ῒ ̆ Ȃ 

· (Werner Heisenberg, 1901ï1976)̆ ̆ᴨ ӑӒ

ꜚ Ȃ1925 ̆ ҍ ꜛҊ̆ז ₮ԅ ҩ ̆ ₮ԅҌ ῏ Ȃ

₡ ֓ ԍז̆ 1932 Ȃז Ԋ׆ Ȃԋ ̆ ҍԅ

⅞̕ ̆₮ ԅ₃ ῏ԍ ⱳ ᵬȂז ѿҩ ֲ̆ ≠

ꜛҊ̆ז ⌠ ԍ ѿ ̆ ñҕ Ὲ (world formula)ò̆ ᵖ ⱳȂ 

Challenge 11 e 

Ref 7 
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Ҍ (indeterminacy)ҹ Ἡ ̕ Ҍ ӊ Ἡ

̆↕ ῖ ̆ ῖ ץ Ȃ ̆ ῖ Ẋ Ҭ Ҍ

̆ᵖῒ ῖ Ҍ ԍ Ἡ ˻ 

ӊ̆ ‰ ֓ ̆ ȂԊ ҉̆

ѿҩ ȂҌ ῏ Ȃꜚᵬ  

 

 ‰ ꜚȂ 

 

Ӟ ̆ ҕ (fuzzy)Ȃ ֟ ԅ ȁ Ȃᶛ ̆

Ҍ ץ ꜚ̆ ꜚ ̆ ҹ Ҍ ԍ ֓

’Ȃ׆ ӈ҉ ̆ ױ ѿ Ȃ 

Ԋ ҉̆ ױ Ҋ ̆ ғḠ (flat) ̆ ױ

ׅ ץ ꜚ Ȃ 

 
 

₮ ꜚᵬ  
 

ꜚᵬ Ἡ ѿ℗ ꜚ ̆ ᴪ

ῤẒ ȁꜚ ȁ ꜚ Ȃ ̆ ̆ᶛ ѿ

̆ Ȃᵖ ̆ ױ ѿ ̆ᴋᵥ Ҍ

₮ Ȃ ̆ ̆ ѿ֓Ȃ 

ԍ Ҥ ꜚ̆ ֽ ѿҩ ҉ ꜚ ( )

ꜚѿ֓̆׆ Ҍ‰Ȃ ̔ 

 

 Ҍ Ȃ 

 

ѿ ┴ ӈ Ȃ 

̆ ᾧ ᵣ ᶷ ֟ ᵝ ȂҤ ̆ 

 

 Ҍ ꜚ̆ӞҌ ѿ ꜚȂ 

 

̆ Ӟ Ȃ Ḡ ԍ ῃ Ȃ ̆ꜚᵬ

Ῥ ̆ ̆ᵖ ̔ 

 

 Ȃ 

 

ꜚᵬ ᵣ ̆ ᵌ ꜚȂ 

 

 Ҍ Ȃ  

Vol I Ä07:  
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ֲ Ҍ ̆ Ҍ ӞҌ ꜚԅȂ 

ԍ ꜚ ̆  

 

 ̆ ᾣ ꜚȂ 

 

ῤ (tachyon)Ȃ₮ԍ ̆ 

 

 ҉̆ ꜚ Ȃ 

 

ӊ̆ꜚᵬ Ȃᵖ ̆ Ҭ̆ ׅ

Ҍ Ȃ 

̆ ӄ ₡ ԅ̆ ῒꜚ Ҍ

Ȃ ꜚᵬ ҍ Ἡ (֪ ѿ )̆ ץ

ᴪҍ ῖ Ȃҍ Ҍ ̆ꜚᵬ ᾛ ( ) ῤ

̆ Ҍӄ ₮ Ȃ 

 

 ꜚᵬ Ҭ Ȃ 

 

ꜚᵬ ̔ 

 

 Ҍ Ȃ 

 

ױ ⌠ ̆ Ῥ ѿ ̆ ⌠ѿ֓

Ȃ ̆ꜚᵬ ⌠ Ȃ ץ ᴋ

ᵥ ₮ ̔ ꜚᵬ Ȃ ӊ̆ ῤ

Ȃ ӊ̆ Ҭ̆ ῖ Ȃ 

ꜚᵬ ‰ ᵬȂ ῒ ң (

ѿ )̆ ᴪױ ⌠ῒ Ḡ Ҍ Ȃ ԍꜚᵬ ҍ ꜚ ΐ

̆ ꜚᵬ Ӟ ꜚ Ȃ Ḃ ᵣӞ ѿҩ Ȃ

ӊ̆  

 

 ѿ℗ Ȃ 

 

Ҭ̆ ᵣ ᵌҌ Ȃ  

ΐᵣ Ȃ ’Ҋ̆ (ᶛ №

) ҹ ᵌ ᵣ̆ Ҍ ῒᵝ Ȃ ԍ ̆ꜚ

ᵬ ᴪ ῒ ꜚ └ҹ Ἡ-0 Ṑ Ȃ ≢ ̆ ̆ № ȁ

ȁ ̆ ꜚ №Ȃ  

Challenge 12 s 

Challenge 13 e 
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Ŀ Ŀ ᾥ≠   
 

ױ ⌠̆ ֲ №ԅ҈ ̔ ȁ ȁ ̕ ғ ᾥ≠

̆ ֓ ̆ ҍ ̆ ꜚ Ȃꜚᵬ ҹ Ȃ 

ᾢ̆ ꜚᵬ ꜚ ̆ ӞҌ ῃȂ׆ ҉ ̆

ѿ ̆ Ἕ ̆Figure 8 ӊ Ἕ

Ȃ ѿ ꜚ ҹ ״ ׆ ѿᶷ ̆Ẋ ҹ ᴇȂ 

ῖ Ҭ̆ ꜚ ױф-0״ ԍ ׂ̆ Ҍ

⌠ Ȃᵖ ꜚ ;״ ׂױ0 ״ ᴇ ״ Ἡ-0̆

Ҍ ̆ Ӟ Ȃ ӊ̆  
 

ᴇ
Ἡ-0

ׂױ0 ״
&2' 

 

↕ꜚᵬ ᶏӊҌ ҹ ױ Ȃ ԍ ꜚ Ӟ״ Ҍ ̆

ᶏ (4) ̆ Ӟ ץ ̆ ̆ ᵞȂӞ

ᴋᵥ ᾥץ ᴋᵥ Ȃ ҹ (tunnelling effect)Ȃ ῖ

̆ ̆ ҹ ₱ ῤҌᴪ ̆ҌҤ ̆

₱ ῤ ̆ Ӟ Ȃ ñ ò

Ȃ 

ӊ̆ ꜚᵬ Ҭ Ȃ ԍ ̆ 

 

 Ҍ ῀Ȃ 

 

ῖ ᵌӍ׆ ₮ᴋᵥ ῀ Ȃ ̆ Ҍ

̆ ᵌ ԅꜚᵬ ̆ Ӈ Ԋ ̙ 

Ḃ ѿ ̆ꜚᵬ ̆ ᶏ ꜚ ԍ ̆ Ӟ ץ

Ȃ Ӟ ῖ ҬҌ Ȃ 

ꜚᵬ ӥ ӞҌ Ȃӥ ꜚ ̆ῒ҉ ӥΎҍ Figure 9

Ҭ ᵣ ԍ ’̔ ᵣ ̆ Ҍ ⌠ ᵞ Ȃ

ᵖ ԍ ̆ ץ ȂᴋᵥԊ Ҍᴪ ѿ Ȃ ҉ ȁ

Figure 8 Ҍ Ȃ Figure 9 Ȃ 

 ״ ױ

. ᴇ 

 ׂ
 ױ

Еׂ 

фׂ 

Challenge 14 s 

Vol I Ä01:  

Figure 47 
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҉ Ҫ̆ ≢ ѿ ᾣ ̆ ̆ ױ ᴪ ⌠

ѿ Ȃ 

ӊ̆ꜚᵬ  

 

 (decay) ѿ №Ȃ 

 

Ҭ ̆ᵖ ҩҌ ̔ (breaking)ȂԊ ҉̆ѿ

℗ ꜚᵬ Ȃ (cause) ῖ ̆ᵖ

┼(mechanism) Ȃ ᵣ ᴪ Ȃ ӊ̆ Ҭ

Ȃ Ḃ ѿ ̆₮ԍ ̆ Ȃ(ᵰ

̙) 

׆ ̆ ҍ Ӟ ꜚᵬ ̆ ѿ ↓ Ȃ

└ԍ ֙Ҭ ̆ ѿ ̆ Ȃ ץ ֙ ѿ

Ȃ ῖҕ Ҍ ֙Ȃ Ӈ ֲ Ḥ Ҍ ̙ 

ױ ̆ ῖ Ҭ ꜚᵬ ӊ ץ ̆Ӟ ҹꜚᵬ Ȃ

(smallest)ꜚᵬ ῖ ꜚᵬ (least) Ȃ 

ꜚᵬ Ҍ ̆ ᵣ ȂԊ ҉̆ᴋᵥ

ҍ Ȃᵰ ̙ ̆ ױ ѿ

̆ Ҍ Ҍ ҹ Ȃᵖꜚᵬ ̆ Ḃ ӞҌ Ȃ

ᴿ · ᾢ ₮̆ᾣ Ȃ 

ѿ ̆ꜚᵬ Ҭ 

 

 ѿ℗ ꜚ ꜚ Ȃ 

 

ñ ò ñ ò Ҍ ̆ ҹ ֓ ҹҌἝ Ȃ ױ

⌠ԅѿ֓ ≢̆ ᴪ ⌠ ≢Ȃ ̆ ѿҩҒ

̆ (quanton) ̆ᵖ ╠ Ȃ 

ꜚᵬ ѿ֓ Ȃ ң ῃ ̆ № Ȃ

ԋ ֜ ̆ ֜ ױ ̆ Figure 10 Ȃ ꜚᵬ

̆ ̆ң ℗ץ ̆ғ ᾧ ⌠ ҩ Ȃ

̆ ԍꜚᵬ ̆ ѿ ᵣ ᵣҬ̆Ҍ ꜚ ҩ

ҩ Ȃᵰ Ҍ ῏ ↕ ̆ ᴆ ̙ ӊ 

 

 Ҭ̆Ҍ №Ὴ (identical particles)Ȃ 

 

̆ ᾣ ̆ᴪ ָӇ̙ 

  

Challenge 15 s 

Challenge 16 s 

Challenge 17 s 

Challenge 18 s 

Challenge 19 s 

Ref 8 
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῏ Ȃ ң (Ҍ )̆ № ̆ Figure 11 Ȃ

ױ ̆Ԋ ҉ ̆ ꜚᵬ ᶏ ҩ ῤ

֓ ̆ ֟ ҍ ȁꜚ ȁ ꜚ Ȃ ֓ ̆

↕ ץ ᴋ ꜚᵬ̆׆ ̆ᵰ ֪ץ ѿҊȂ

ӊ̆ 

 

 ꜚᵬ ᶏ (transformation)Ȃ 

 

Ӟ ץ ̆ꜚᵬ ᶏ (reaction) ҹ Ȃ ױ Ҭ

̆ ȁ ץ ῒ ҍ ̆ ԍꜚᵬ

Ȃ 

(growth) ѿ ױ ≢ Ȃꜚᵬ

(in small steps)Ȃ ̆ 

 

 Ҭѿ℗ Ȃ 

 

̆ ╠ ̆ꜚᵬ ԅ Ȃ ꜚᵬ ᶏ

ᴰ ҹ Ȃ₮ ȁ ȁ ֙ ꜚᵬ ҈ Ȃ 

ץ ̆ ᾥ≠ Ȃז № ̔

ȁ ȁ ז̆ ѿҹ ꜚ̆ ̕ᵖז

ҹ ֓ ҹ Ἕ Ȃ ҉̆ ױ ⌠̆

(quanton) ҹ̔ ױ ҹ ̆ ױ ꜚ ҹ̆Ӟ ҹȂ 

  

Figure 10 ңҩ ֜ ῃ Ȃ 

 ױ

 ױ

Figure 11 Ȃ 

 ױ

 Еױ ג

 оױ

 фױ

Challenge 20 e 



 

 

 

01.ꜚᵬ ̔ ֲ 

M
o
t
i
o
n
 
M
o
u
n
t
a
i
n
 

ï
 
T
h
e
 
A
d
v
e
n
t
u
r
e
 
o
f
 
P
h
y
s
i
c
s
 
c
o
p
y
r
i
g
h
t
 
É
 
C
h
r
i
s
t
o
p
h
 
S
c
h
i
l
l
e
r
 
J
u
n
e
 
1
9
9
0

ï
M
a
r
c
h
 
2
0
2
3
 
f
r
e
e
 
p
d
f
 
f
i
l
e
 
a
v
a
i
l
a
b
l
e
 
a
t
 
w
w
w
.
m
o
t
i
o
n
m
o
u
n
t
a
i
n
.
n
e
t

 

30 

ꜚᵬ ̔   

 

ѿҩ ԍꜚᵬ Ἡ ̆ᴪ ָӇ̙ ₮ԅ ̔ 

⌠ (random) Ȃ ѿ ̆ ֟ Ἡ-2 ꜚᵬ ̆ Ӈ

/-2 ֟ Ἡꜚᵬ̆ 1-2 *1̔ ҹ Ἡ-2Ȃ 

 

 Ἡ ꜚᵬ ᴪ ⌠ Ȃ 

 

ҹѿ ῏ ̆ ԅȂ 

ꜚᵬ ԅ Ȃ Ӟ ץ Ҋץ ⌠Ȃ ԍҌ

῏ ̆Ҍ ꜚ ᵝ ṿȂ ̆

ҩ ᴆӞҌ ℗ ṿȂ ̆ ̆ῒ∆ ᴆ

Ҍ ῃ ┴Ȃ ̆ꜚᵬ ̆ ҉ ң ̆ (

) ᴪҌ Ȃ ԍ ῃ ̆ Ȃ

̆ ԍ ꜚⱬ ԋ ꜚᵬ ̆ ┴ѿ Ҍ Ȃ ̆ 

 

 ҹ Ȃ 

 

ᴪ ѿ֓ ̆ᵖ ’Ҋ̆ (probabilistic)Ȃ

ֲ ҹ ѿ ץ ȂᵖԊ ̔ꜚᵬ ҹҍ

ῖ ҹ Ҍ Ȃ Ҍ ᾧ ̔ 

 

 ҹ Ȃ 

 

ױ ⌠ ̙ Ȃ ᵣ ҉

ҹȂ ̆ ױ ץ ̆Ӟ ῏ץ ῒ҉

Ἕ̆ ῤѿ֓ ֲȂ ӊ̆ Figure 12 ̆

ԅѿ֓ᾣ ̆ ѿ֓ᾣ Ȃ ℗ ̆ ѿ №ᾣ ̆

ғ - ᶛ( ) Ȃ № └ ᵌԍ

Ȃᾣ Ҭ № ꜚᵬ Ȃ ’ Ӟ ץ ῖ

̆ᵖ ̆ Ȃ ױ ̔ 

 

 (quanton) ꜚȂ 

 

ꜚᵬ ̆ ᴪ Ȃ  

 
1* ñ ò ñ ò̕ ᴪ ֓ ̆ᵖ ҬȂ 
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ꜚᵬ ̔ ꜚ   

 

ꜚᵬ ѿҩ Ȃѿ ׆ ꜚ⌠ ѿ ̆

₮ ң ӊ ԅ Ȃ №ң Ҍ ̆

ԍ Ἡ ꜚᵬ ̆ᵖ Ҍ Ȃ ≢ ̆ ѿ ң ̆

҉̆ Figure 13 ̆ ₮ ԅ Ȃ Ҍ

Ȃ 

ῒ ױ ԅѿ֓ ꜚ ̆ ԍ ֓ ̆ ױ ‰ ₮

ᵥ ꜚ ̆ ң ╠ ԅ ̆ ̔ ꜚȂѿ℗ ԍ

Ҋ Ҍ ῏  
 

ᴃ
/

0
װ ת ᴇ

/

0
&3' 

 

ꜚ̆ ᵝ ȂԊ ̆ Ӟ ԍѿ℗ ꜚȂ ≢ ̆

Ӟ ԍ Ȃ 

  

Figure 12 ̔ ᵥ ңҩ ⱴ Ἕ̙ (Photo © Greta Mansour) 

Figure 13 ѿ ң Ȃ 

Vol I Equation 102 
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╠ (2)ȁ (3) ⌠̆ ԍ 
 

ׂ ᴃ
Ἡ

0
װ ᴇ ״

Ἡ

0
&4' 

 

̆ ץ ҹ Ӟΐ ҍ ̔ 
 

ׂ;Ἡ װ Ἡ;תἩ;״
0

&5' 

 

ᾥ · ᾥԍ 1899 ₮ԅᾣ - ῏ ᴇ ꜚ - ῏ Ȃ 1905

₃ ̆ ̆ ֓῏ ԍѿ℗ ᾣ ᾣ ’Ȃ1923

1924 ̆ *1 ῏ Ӟ ԍѿ℗ ̆₃

Ȃ( Ӟ ⌠ԅ 20 ӊӄȂ) ӊ̆ꜚᵬ ̔  

 

 ₮ ꜚ Ȃ 

 

≢ ̆ꜚᵬ (interference)Ȃ 

 

 

ꜚᵬ ̔   

 

ꜚᵬ ̆Ӟ ̆ ᴋᵥ Ҍ ᴋ Ȃ ≢ ̔

ȁ ȁ ᵣ ȁᾣ ȁ ȁ ȁꜚ ȁ ꜚ ȁ ȁ

Ḥ ȁ ȁ ȁ Ȃ 

Ἕ Ҭ ѿ ̆ᴋᵥ Ҍ ᴋ ̔ꜚᵬ

Ȃ ΐᵣ ’̆ ᴪ № ȁ Ȃᶛ ̆ꜚᵬ

⌠ Ҭ Ȃ ԍѿ℗ ץ ꜚ̆ ꜚᵬ

̔ 

 

 ѿ℗ Ȃ 

  

 
1* · (Louis de Broglie, b. 1892 Dieppe, d. 1987 Paris)̆ ̆ Ȃᾣ

- ῏ ҹ ᾥ ԅ 1918 1921 ̕ ԅ

῏ ̆ ԅ ץ) ῒ ) ꜚ ̔ ז Ȃ₃

̆ 1927 ̆ ⌠ Ȃ ԍ ꜚ ̆ ԍ 1929

Ȃ ҹ ז ӊ ῬẠ Ȃ ̆ץ ΏҊԅ ꜚ ̆

Ӟ ץ ẠȂ 

Ä03:  

Vol I Ä12 
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̆ꜚᵬ ̆ ̆ ᾣҌ ᴋ Ȃ Ҭ ᾣ̆

ҹᾩ (photon) ᾩ (light quantum)ȂҌֽ ᾣ ̆ῒ ᴋᵥ Ӟ

Ȃ ӊ̆ꜚᵬ ̔ 

 

 ѿ℗ Ȃ 

 

ԍᾣ ȁ ȁX ȁ ȁ ᵣ ȁ ᵣ ⌠ ѿ

℗ Ȃᵖ ҩᶛ ̔ ₃ 2016 ̆ ԍ ⌠ԅ ⱬ ̆

Ӟױ ̆ Ⱶ (graviton)̆Ҍ ץ

Ȃ 

ӊ̆ꜚᵬ ̔ 

 

 ₄ ꜚ ̆ (quantum particle) (quanton) Ȃ 

 

̆ ױ ҍ ӊ ℗ ≢Ȃ ױ ̆

Ҍ ̆ῒ ꜚ Ҍ ̆ Ҋ Ҍ ̆ ֜ Ҋ ӞҌ Ȃ 

 

 

Ḥ   

 

Ҭ̆ ᵝ ҹñ /ᵝ (bit change)òȂ Ҭ

̆ ῒ ̆ ҕ ץ Ḥ

Ȃ ₃ ̆ ԅ ̆ ԅ ̔ Ḥ

Ữ ̙Ḥ ץ ₮ └ ̙Ḥ Ḡץ ᴰ ̙Ḥ ᴰ

Ữ Ҍ ̙ ץ └ ̙ ╠̆ ֓

̆ᵖ Ȃ 

ҍḤ ӊ ̔Ḥ ñ ᴆò

̕ ̆ ñ ᴆò Ȃ ῀ꜚᵬ

ṿ Ἡ̆ ᴆԅȂ 

ҍḤ ӊ ̆ ᴪױ ̆ꜚᵬ

Ҍ └̆ Ҍ ñᾥ òȂ Ҍᾛ └ ᵣȂ

ӊ̔ 

 

 Ҍ └ Ȃ 

 

ꜚᵬ ᶏ Ҍ ᶏ Ḥ ׆̆ Ҍ └ᵬ₮ ◐ Ȃ  
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└ Ῥ ̆ױ Ȃ

ṕ Ҍ ̆ ӊҹñ (commutation)òȂꜚᵬ ̔ 

 

 Ȃ 

 

ױ ̆ꜚᵬ Ҍ ̆ ᴪ (entangled)Ȃ 

₮̆ ԅ ӊѿȂ ᶏ Ҭ ѿ℗

ҍῒ ѿ℗ Ȃ ֟ (ᵖ ҉Ҍ) ᾣ Ȃ 

 

 (entanglement)֟ ԅѿ ( Ẋ ) Ȃ 

 

Ҍ ṿ Ḥ ḤȂ 

ױ ̆ (decoherence) ̆ ѿ℗

Ȃᶛ ̆ ѿ ᶏ ҹ ̆ ѿ ᶏ ҹҌ Ȃ 

 

 

̔ꜚᵬ  

 

╠ ᴋᵥ ҍ ꜚᵬ ̆ᵖ ꜚᵬ ҍ

Ȃ ≢ ̆ ꜚᵬ ҍ Ȃ Ҍ Ȃ 

* * 

̙ 

* * 

Ҭ̆ꜚᵬ ṿ( )ᶭ ל ̆Ӟ ‗ԍ Ȃᵖ ꜚⱬ

₮̆ Ҍ ѿ̆ ᴪ ꜚᵬ ṿȂ ̆ ҩ ꜚ

ᵬ Ȃ Ḡ ѿ ̆ Ҭ̆ Ҍ ᴋ ⁞̆

Ẽ ṐȂ ̆ ⌠ ԍ ᵬ ṿȂ 

* * 

ҬẢ Ȃ ᾣ ̆ ᴪẢ Ȃᵰ ѿ

ῖ ̙ 

* * 

Ҭ Ȃᵰ ꜚᵬ ԍ ̆

̙  

Challenge 21 s 

Challenge 22 s 

Challenge 23 s 

Ref 9 

Ä07:  

Ä07:  

Vol III Equation 46 
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* * 

ꜚᵬ ԍ ̆ ᶏ ᾣ ̙ ҩ Ḇᶏ ᾥ

̆ ⌠ז ׆̆ ׃ז Ȃ 

* * 

ꜚᵬ (Tom Thumb) ֲ Ҍ ̕ꜚᵬ

ҬҌ № ̕ ᵣ ñ (Mooreôs law)ò̆

҉ ᵣ ң ѿ ̆Ҍ Ȃҹ ̙ 

* * 

ץ ҹᶛ̆ῒң ӊ Ҍ ̆ ↕ ױ ᵝ ̆

ҍҌ ῏ Ȃ ̆ Ӟ ԍᴋᵥῒ ᵣȂ ӊ̆ ⱬ

ӈ Ҍץ ̔Ҍ ↨ᵣȂ 

* * 

ꜚ ҍꜚᵬ Ȃ ꜚᵬ Ҭ ѿҩ ꜚ Ȃᵖ

⌠ѿ֓ ҹ ̆ ꜚ ̙  

* * 

ץ ꜚ Ҍ ꜚᵬ ̆ ̙ 

* * 

· ԅᴰ ꜚᵬ ̆ ԝ (complementarity 

principle) Ȃ ҹ̆ ֓ ( ᵝ ꜚ )

ԑ῏ ̔ ѿ Ҭ ѿҩ ̆ ѿҩ ᵞ Ȃ

ᵰ ꜚᵬ ₮ ↕ ̙ 

 

 

ӯ   

 

ѿ ₮֟ ̆ ֓ Ҋץ̆

֓ ֟ ҉Ȃ ԅֲ ᵥ ױ Ȃ 

 

̔ ֟ ̔ 

Â ₮ Ȃ 

Â ֦ ᾣ ᴪ ֟ Ȃ  

Challenge 24 s 

Challenge 25 s 

Challenge 26 s 

Challenge 27 s 

Challenge 28 s 

Ref 10 
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̔ ֟ ̔ 

Â ῒҬѿ № ᴪ ̆ ѿ №ᴪ ‛̆ Ҥ ᴴȂ 

̔ ֟ ̔ 

Â ֟ 99.999 999 999 999% Ȃ 

Â ֟ ѿ ҆Ὲ Ȃ 

Â ֟ Ὲ ҍ ѿ *1Ȃ 

Â ֟ ҍ ̆ Ȃ 

Â ֟ ̆ᴪ ₮ ⱬ Ȃ 

̔ ֟ ̔ 

Â ⱬ ‗ԍῒ ҍ Ȃ 

Â ֟ ⱴ ᴪ ₮ Ȃ 

Â ֟ ץ ⁞ ⱴ ⱬ ῒ ᵣ̆ ӯ Ȃ 

̔ ֟ ̔ 

Â ֟ Ҍ ᵝ Ḡ Ȃ 

Â Ữ ₃Ὲ Ҋ̆ ↕ ̆ ᴪᶏ ֟

ΐ Ȃ 

Â ֟ 1035 ῤ№ Ȃ 

Â ᴪ ‛ ⌠ ҬȂ 

Â ֟ ᴪ ῒ ̆ Ữ Ȃ 

Â ᶏỮ Ҭ̆ ֟ Ӟᴪ ⌠ Ҭ ῒ ᵣ ̆

ᵰ ῈῈ Ȃ 

Â ֟ ׆ץ ╠ᵝ ̆ Ҭ ᴋᵥ ᵝ ₮ ̆

Ȃ 

̔ ֟ ̔ 

Â ᴪ ᵰ Ȃ 

̔ᶏ ֟ ̔ 

Â ᴋᵥ ᴪ ⱴ Ȃ 

Â ֟ №ҍ Ҭᴋᵥῒ ᵣ № ῃ ̆ Ȃ 

 

֓ Ȃ ᵌӍ ֲ Ҋԅ Ȃ 

  

 
1* ‰ ҹ 0.2ᾠ ̆Ӟ 20҆ TNT( ‰ ҈ )̆

1҆ 5 13ṐȂ1ᾠ (megatonne) ӈҹ 1 Pcal=4.2 PJ̆ TNT ᶫ

ҩṿ ᵞ 5%Ȃ ӊ̆1ᾠ 47ᾥ ̆ ԍ ᵣ ᵣ

̆ Ҍ ѿ Ȃ 

Ref 11 
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̔ ҍ   

 

ҹ ѿҩꜚᵬ ̆Ӟ ѿҩ ̆ ֟ ԅ ┴ ̔ 

ȁ ԋ ȁ ȁ ̆ ̆ ӟ Ȃ 

̆ ᵌ ꜚᵬ ₮ ̆

̙ ̆ ᵰ ᵰ ҉ ԅӊ╠ ֓ ̆

ᵰױ ̆Ӟ ῀ ˻ᵖ҉ ̔ ױ

Ȃ ױ ԊȂ ғᵰ ⌠ԅ̆ ╠ ᶛ Ҭ̆ ױ

ȁ ȁ ⱬ ԑᵬ Ȃ ֓ Ԋ ҹ Ȃ ȁ

ȁ ῤ ꜚȁ ȁ Ҭ ץ̆ ððӞ ѿ ðð

̆ᴪ ᵰ ̆ ױ ԅ ҉҆ ֲ Ȃ 

≢ ̆ꜚᵬ ֲפ ץ ḤȂ ѿҊ

Ȃ ֓Һ ῍ ױ Ȃꜚᵬ

̆ ꜚ Ȃ׆ ӈ҉ ̆ ṕ

ԅ ╠ӊױ ӈ̆ ҍ ӏ ῏ ꜚȂ 

Ҍ ̆ ֲ ָӇñ ֲ ⱬ òȂ Ҍ ̆ ̔

(indoctrination) (disinformation)Ȃ ױֲ ֣ Ȃ

Ԋ ҉̆ ҩֲ ץ ꜚᵬ ȂҹԅẠ⌠ ѿ ̆ ױ ӊ

ҊѿҩᴋⱵ ꜚᵬ ױ ῖ ꜚ ‰̔ᾣ ꜚȂ 

 

Nie und nirgends hat es Materie ohne  

Bewegung gegeben, oder kann es sie geben.  

· (Friedrich Engels) 

ȇ (Anti-Dühring )Ȉ*1 

 

 

 

 
1* ñ ᵥ ᵥ ̆ ӞҌ Ҍ ꜚ Ȃò · (Friedrich Engels, 

1820ï1895) ѿᵝ ᾥ Һӈ Ȃ 

Challenge 29 d 

Ref 12 

Page 152 
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Chapter 2 

02.ᾣ̔ꜚᵬ   

 

Alle Wesen leben vom Lichte, jedes glückliche Geschöpfe.  

ȇ(Friedrich Schiller)יּ · (Wilhelm Tell)Ȉ*1  

 

ԍ ѿ℗ ̆ ᾣ Ȃ

̆ Ӈ ҬӞ ᾣ Ȃᶛ ̆ᴚ (Epicurus, 341ï271 bce )

₮ԅ ѿ ז̆ ᾣ ѿ Ȃ Ӈ̆ ᾣ

ᾣ Ȃ ׂ̆ ҹᾩ (light quantum) ᾩ (photon)Ȃֲפ ץ Ḥ

̆ ᴚ ֲ ץ ז Ȃ 

 

 

ᾣ ҹ  

 

1930 ̆ ᴶ (Brumberg) (Vavilov) ԅѿ

ᾣ Ȃ ױ Ҍᾛ ױ ҩᾣ ̆ᵖ ᴶ

⌠ԅѿ ѿ └ Ȃ ̆₃ҩҕ ╠ץ Ặ

ֲ ⱬ Ȃ 

ᴶ ԅѿҩ ̆ ҹ 0.1 Ȃ Figure 14̆

ῃ ῤ̆ץ ῒ ᾣ( 200 aW, 505 nm) ֦ ̆ ѿᶷ

Ȃ ̆ 50 ᾣ ̆ ṿȂױז

̆ ̆ ֲפ Ȃ ױז ⌠ᾣ̆ ⌠̆ ⌠

ᾣ ῃ Ȃԋֲ ₮ԅ ̔ ᵞⱳ Ҋ̆ ԍ ̆ᾣ ѿ

ԍ ṿ̆ ѿ ᵞԍ ṿȂ ̆ ץ ᾣ

Ӟ Ȃṛ ᾣ ̆ Ҍᴪ ̆ ᴪ ̔ ѿ

⌠ᾣȂ( ̆ ᾣ Ҋ̆ ⌠ᾣ ᴪ ᵞȂ) 

ӊ̆ѿҩ ̔ 

 

 ᾣ ᾣ Ȃ 

 

ҩ ╠ 100 2500 ̆ ᾣ ᴪ ᵥ Ȃ  

 
1* ñ ῒ ̆ ԍᾣ Ȃò ·  Friedrich Schiller, b. 1759 Marbach, d. 1805)יּ

Weimar), ֲ̆▲ᵬ ̆ Ȃ 

Ref 13 

Ref 14 
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ꜛ̆ᾣ ᴪ Ḥֲפ Ȃѿҩ Figure 15 ̆

ᾣ ҉̆ᾣ № Ҍ Ȃ ̆ᾣ

Ҍ ᴋ ̆ ҹ ҍꜚᵬ Ȃ ↕ ̆ ѿ֓

Ȃᴋᵥ ᾣ ᴪᶏ ̆ Ҭ ᾣ Ҋ ̆ ᵞᾣ Ҋ Ȃ

ѿ ̆ ױ ̆ ᶏ ᾣ Ҋ̆ ҉Ӟ

↓ Ȃ Figure 16 ̆ ֓

̆ ԅ ᾣ Ȃ ԅ ѿ Ȃԋ ҕ

֟ └ ԅȂ  

Figure 14 ᵥᵣ ᾣ ( )Ȃ 

 

ᾣ

 

 
ῃ Ҭ

╠ 45

№ ֲ  

Figure 15 ᾣᾣ

҉ ָӇ ̙ (

҉ ᾣ , 

© Andrew Young, CRT

ԅᴨ ̆ Ҍ

̆ mintaka.sdsu.edu/GF/ex

plain/optics/rendering.html ) 

Figure 16 ᾣ ̆  (© Rich Evans) 

ᾣ 

 ᾣ  
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ᾣ ץ ᴨ ⌠̆ᶛ ץ Figure 17 ᾣ Ṑ

ȁᾣ ԋ ȁ ̆ Ҭ Ӟ Ȃ ֓ ̆ᵞ

ᾣҌᴪ֟ ̆ ᶏ ᵞ ᾣ ⌠ԅ ̆ ₮ῖ ꜚ

̆ ֓ Ӟ ̆ Figure 18 Ȃ ׂ̆

ҩᾣ ‰ Ȃᾣ ԍ ᾣ Ҭ̆ᶛ ԍ ᵞ

ᾣ ̆ ץ ԍ ֲ Ҭ (drug)Ȃ  

Figure 17  

ץ ᾣ ̔

ᾣ Ṑ (photomultiplier 

tubes, )̕ ᾣ ԋ

(avalanche photodiode

҉̆ 1 cm)̕

(microchannel platĕ

Ҋ̆ 10 cm)  

(© Hamamatsu Photonics) 

Figure 18  

ᾣ ̔ ֓ ҉ ̆ ᵞᾣ Ҭ̆ᶏ Ἕ ⌠ ᾣ

̆ ᾣ №≢ҹ 1ȁ2ȁ5  (© Delft University of Technology) 

Ref 15 
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ѿ℗ ₮ ̔₄ Ҭ̆ ‰ ᾣ

̆ ᴪ ᾣ ҹѿ ᾩ (light quantum)̆ ᾩ (photon, ҩ ₮

1926 )Ȃ( )ᾣ ᵞ̆ ԍᾣ Ȃ 

ᵞ ᾣ ѿҩ ҹ ᶛ Ȃ ҩ ̆ῒ ₮ ᾣ

X ̆ᵖ Ҭ̆ ₮ ᾣ׆ ̆

ҍ ױ Ȃᶛ Figure 19 Ҭ̆ ₮

̆ ѿҩ ̆ -

Ȃ ̆ №ᾣ ⌠Ȃ 

̆ѿ℗ ᾣ ̆ ᾣ Ҍ Ȃ ֓

ᾣ ̆ ᴚ ӊ Ȃ ԅꜚᵬ ᵬ

̔ ᾣ ᴪ Ȃ ᾣ ̆ ץ

̆ᶏ Ȃ ӊ̆ ᾣ ᾣ ֟

Ȃ 

ꜚᵬ (smallest)ṿ̆ ᾣ ᴋץ ѿᴍԅ̆ᵖ

ԊȂ ̔ ꜚᵬ ל ṫ&ᴃ*ẞ'

Ṱ&ᴃ*ẞ' ᾣẠ₮ ῖ Ȃ ₱ Ҍ ⌠ ̆

ḱ Ȃ ḱ ᵞᾣ Ҋ ӈ̆ ҹ ᾣ Ҋ̆ ῖ

Ȃ*1  

ᾣ̆ ⌠ָӇ ҌῬ ҹ ̙ ֲ̆ ᴆ ↕҉ №

ᾣ ̆ᵖֲ ⱬ Ạ⌠ ѿ Ȃ ץ ⌠ ᾣ ᾣ

ҹ 0.6 nW/m 2Ȃ ⌠ ץ̆ ױ ⌠ ҩᾣ ̆ᵀ ᾣ

ԍ 100 aJȂ ᴶ ₮ ҉ ҹ 20 aJȂ 

̆ ץ ₮ᾣ ꜚᵬ ℗ṿȂҊ ₮ѿ֓ ᶛȂ  

 
׆ *1 ῖ⌠ ̆ ҹ (quantization)Ȃ ῒ ׂ ӈȂ 

Figure 19  

₮ѿ ᾣ ̆ ᴪ ѿҩ

̆ ғ ᴪ ѿҩ ҉ ‖Ȃ 

 

ᾣ  

Ref 16 

Vol III Ä02:  
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ᾣ  

 

ѿ ̆ѿ℗ ̆‗ ᾣ ῒ Ȃ ҹ ҹ

ץ ᾣ ‰ ҹᾣ ̆ῒҬ ᾣ ׂ̆ Ҋ ₮ 

 

ׂ;Ἡ0ץ;Ἡ &6' 

 

ᾥ · ᾥԍ 1899 ₮ԅ ѿ῏ Ȃז ̆ᾣ ꜚᵬ

ṿ̆ ꜚᵬ Ἡ ₮Ȃ ӊ̆ ᾣ Ȃ ᾣ ᾣ

Ȃ 

ᾥ ṿ ץ ᵣ ῒ ᾣ Ȃ ѿ ҹ 

 

Ἡ;/,.3235/504&25'/.оϩHq &7' 

 

ҩṿ ̆ ᾣ ӄҌҹֲ Ȃ 333lk ᾣ .,15_HȂ

ᾣ Ҭ ᾣ ̆ ץ ᵣ ᵌ Ȃ Ҭ̆

ֲ Ḥ Ҍ ̆ ≢ ᾣ ᵣ ̆ᶏᾣ Ҍ Ȃᵖ

Ҍ Ȃ ҉ ₮ ῏ԍ ᾣ ̆ ױ ᵀץ ̆

ᴆҊֲ̆ (consciously) ⌠ Έ ᾣ ᾣ̕ ’Ҋ̆

ҩ ṐȂ  

ױ ᾣ ῒ Ȃ ̆ᾣ ( )

Ȃᵰ ̙ ᶫ ңҩ ҉ Ȃ ╠̆ᾣ ( )

҉ ҹ /.ϧфiĕ ҉ ҹ 3/.оїṐȂ ֓ ̆ ױ

ץ ҹ ῃ ̆ᾣ Ȃ 

ױ ̆ ᾣ ץ ꜚ ᵣ̆ ᾣ ΐ ꜚ Ȃ ᾣ ȁ

ȁ ̆ ץ ᾣ ꜚ Ҋ ₮ 

 

;״
ׂ

ע
;Ἡ
0

Ẕ;Ἡẏ &/.' 

 

ӊ̆ ᾣ ̆ ױ ᾣ Ȃ · (Arthur Compton)ԍ

1923 ѿ ԅ Ȃץז ᾣ X ₯ ̆ 

ῤ ₃Ӎ ץ ꜚȂ Figure 20 ז̆ Ҭ

X ᾣ ₯Ҭ̆Ẓ X ᴪ Ȃҍ ѿ ̆ ₯ ҍᾣ Ẓ

῏̆ ҍẒ ̆ ԅᾣ ꜚ Ẕ;Ἡẏ Ȃ 

ῒ ᾣ ΐ ꜚ Ȃᶛ ̆ ᾣ̆ ᴪ ⌠ “(recoil)Ȃ

ꜚ ᶭ ҹ Ẕ;ἩẏȂ ӊ̆ꜚᵬ Ἡ‗ ԅᾣ ꜚ Ȃ  

Challenge 30 e 

Challenge 31 e 

Challenge 32 e 

Challenge 33 e 

Ref 16 

Ref 17 

Ref 18 

Vol III Equation 76 
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ᾣ ꜚ Ҍ׆ ῏ Ȃ Ҍ ҍ ᵝ ̆ӞҌ

ᾣ ꜚ ᵝ Ȃᵰ ̙ ӊ̆ᾣ ꜚ ꜚᵬ Ȃ 

ῖ ₮̆ ԅ ̆ᾣ Ẓ (polarization) Ȃῒ ̆ᾣ

ץ ꜚ ⌠ ᵣȂ ӊ̆ᾣ ꜚ (Һ ) ᴰ Ȃᾣ ̙

ѿ ̆ ᾣ ꜚ Ἡ;ב ₮̆ ҹ

(helicity)̆ҍ ᵌ̆ Ӟ ץ ᾣ (spin)Ȃ ӊ̆ᾣ

ץ ñ ò̆ ꜚ ҍ ꜚ Ȃᾣ ṿҌ ҹ

̆ ῖ ꜚⱬ ₮ - ꜚ ῖ῏ ;ב -ׂ Ȃ ̆ ᾣ

ꜚ ̆ҍῒ ῏̆ ᶏᾣ Ῥ Ӟ Ἡ̆;ב ҍ

Ҍ Ȃ ̆ ṿӞ ꜚᵬ ₮ Ȃ ṿ Ἡ

Ȃ 

 

 

ᾣ ָӇ?  

La lumière est un mouvement luminaire de corps lumineux.  

· (Blaise Pascal)  

 

17ҕ ̆ · *1 Ҭ ᾣ ֓ ̆ ױז

Ὲ ᶏ ӈȂז ̔ ז ҩ ̆ף ↕ ӈ ̆ ҹ

֓ ӈȂᵖ ה ̆ ѿ Ȃ ֓

∆ ӈ ׂ ԅ ӈ̆ ӈӞ ץ ‗Ȃᾣ ѿ ꜚ̆

ꜚ ץ ҹñᾩ ꜠(luminary movement)ò̆ ҍ ᵣ ꜚ ̆

ΐ ᴅ;̕ע ᾩᵩ(luminous body)̆ ׂ ҹᾣ ᾣ ̆ῒ

 
1* ñᾣ ᾣᵣ ᾣ ꜚȂò · (Blaise Pascal, b. 1623 Clermont, d. 1662 Paris) 26 ӊ╠

̆ӊ ҹ Ȃ 

Figure 20 ף Ȃ ̆ᾣ ΐ ꜚ ̔ ᾣ X ₯

Ҭ ̆ᾣ ҍ Ạ ῃ  (© Helene Hoffmann) 

ᾣ  

Ẓ

 

X  

ῤ
 

X

 

Ẓ
ᾣ ̆ῒ
ҹ )   

 

Challenge 34 s 

Vol III Ä03:  

Vol III Equation 70 
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̔ ῏ ȁ״ע;ׂ ׂ;Ἡ ȁ Ἡȁ;ב ῒ ҹ ̆ ῒ

ᵬҹ ̆ ץ ֓ ≢ԍ ῒ Ȃ 

ӊ̆ᾣ ѿ ᾣ ̆ ñᾣᵣ ᾣ ꜚòȂᾣ ҹ ױ ᶫԅҕ

҉ ѿ ̔ ѿ℗ ҍ Ȃ ( )

̆ ҹ Ȃ ױ ᴪ ⌠̆ Ӟ Ȃ ѿ

℗ ҍ №̆ ѿᶛ Ȃᾣ ̆ ᵌԍ

ҹ ᵣ̔ᾣ ӊԍᾣ̆ ӊԍ ̆ ᵌȂ

Ἕ ῖ Ȃ 

ӥ ԑ (waveïparticle duality)Ȃ ѿ׆ױ

ѿ ̔ (quanton) (quantum particle) Ҍ ῖ ̆ӞҌ

ῖ Ȃ ҕ ̆ Ȃ 

Ҍ Ȃ ̆ ῤ ᾣ ̙ ῒ̆

ᾣ ̆ Ӈ ̆ ᶏ ̆Ӟ ᾣ Ȃᵖ

Ҭ̆ ᴋᵥқ ꜚȂ ҩ ᵥ ‗̙ ֓ ָ

Ӈ̙ ῖ ⌠ ָӇ ≢̙ ᾣ ה Ȃ 

 

 

ᾣ   

 

ᾢ̆ ױ ᴪ ̔ ֓ᾣ ָӇ ̙ ׂ ̆ /.фїk

Ҋ̆ ₮ ̔ѿ ָ̆Ӈ Ȃᾣ ṕ ҍῒ

ѿ ̆ ῒױ қ ΐ Ȃ ץ

₮ѿҩ҉ ̆ᵖ ױ ᾣ ҹ Ҍҹ Ȃ 

ҹ Ҍ ᴋᵥ №Ȃ ̆ᾣ Ҍ № ᵣ̔ᾣ Ҍ

̆ (elementary particle)Ȃ ױ ᴪҹ ѿ ᶫѿ֓ ѿ

ⱬ Ȃ(ᵰ ₮ѿ ̙) Ȃ ҹ ̆ №̆ ׅ

қ (something)̆ ᵥץ ̙ ҩ ̆ ױ ѿ

Ȃ ╠̆ ױ Ȃ ױ ғ ѿҩ Ȃ 

 

  

Challenge 35 s 
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ᾣ̔ᾣ ? 

Also gibt es sie doch.  

ᾥ(Max Planck)*1  

 

╠ӊױ ⌠̆ ᾣ ױ ⌠ѿ ҉̆ ӊ Ȃ

ᵖ ֲ ̆ ҹ ᴪ ᾣ Ȃ Ҍ ᾣ ᾣ ̙ 

ץ ᾣ ‖Ȃ ᵌӍ ץ Ḥ̆ᵖ ׂ̆ ᶏ

ᾣ ‖ ̆Ӟ ץ Ȃᶛ ᵝ ⱬ ̆

ῒҬ ᾣ Ȃ 

ѿ Ҍ ᾣ ⌠Ғ ᾣ Ȃ ῤ ѿ

֓ ̆ ᾣ ҍ ֓ ӊ ᾣ Ȃ 

ӊ̆ Ҍ ᾣ ’Ҋ ῒ Ȃ ֓ ԅѿҩ ̔

ᶏ ᾣ ᶃᾣ ̆ῒ Ӟ Ȃ ᾣ Ȃ Ҍ ҹ

̔ ᾣ ̆ ң ᴪ ₮ ꜚᵬ Ȃ ԅ Ҭ ꜚᵬ

Ἡ Ԋ Ȃ ̆ Ҭ ᴋᵥᾣ ȁᴋᵥ ꜚ Ȃ Ȃ 

ᾣ ῒ ҍ ᵝ Ȃᾣ ᴰ ᵄ ꜚᵬ̆ ҍ ᵝ

ӗ ₮Ȃ ԅῒ ̔ᾣ ҍ ᵝ Ἕ ꜚ ᵝ ̆ ׆

Ҍ ῏ Ȃᵰ ֪ץ ѿҊ̆ Ἕ ױ ῏ Ȃ≠

;׆ -ׂ ̆ᾣ ץ ̆ ᵝ ̆῀ף ױ ⌠*2̔ 
 

׆
Ἡ

0
&/0' 

 

ᴇ ̆ ᾣ ;Ἡ-׆;ײ -ׂἩ ҍ ᵝ Ҍ ӗ Ҋ̔ 
 

ײ
/

0
&/1' 

 

ԍ ₮ ᾣ̆ ᾩ(thermal light)̆҉ ᶷ Ҍ Ȃ

ᴇ ̆ꜚᵬ (12) Ҍ ӗ ꜚᵬ ṐȂ  

 
1* ñ ױ Ȃò ѿ ҩᾣ ̆ ⌠ѿ ᾣ ᴪ ₮ Ȃ

ᾥ ╠ ᴻ ӄ̆ ԅ Ȃ ᾥѿ Ҭ № ᾣ

̆ ז ῀ᾣ Ȃ 

2* Ẋ ᾣ ̆ ҹ Ҍ ̆ ℗ ̆Ҍ 0 Ȃ ℗ ῏  

׆ amq
Ἡ

0
zqglz

׆ qgl
Ἡ

0
zamqz

&//' 

ῒҬ ᴇ ᴇ ṿȂ 

Vol II Figure 81 
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ᾣ ᾩ(coherent light)*1̆ῒҌ ӗ ԍ /-0Ȃ ᾣ

Figure 22 Ȃ 

ׂ ֟ץ (13) /-0 ᾣ̆ғңҩ ṿҌ ( Figure 21

ᵝ)Ȃ ᾣ ҹ ῝ᾩ(non-classical) ᾩ(squeezed)Ȃῒᾣ

(hyper-) ֒(sub-) Ȃ ᾣ ԍ ף ̆ ῒ֟

Ȃ ῖᾣ̆ ҹ ᶏ ꜚӞᴪ

ӊ ᾣ( ᾣ)̆ ( - ) Ῥ Ȃ  

 
1* ᾣ ᾣ № ҹ № ᾣ̕ῒ ԍ ᾣ Ȃ ᾣ ᶃ ̆

ᾣ Ȃ ( ↕) ᵅײַ (Glauber state)̆ ҉ Ὢ/-ײ

ײὪײ Ȃ 

Figure 21 ᾣ ῒᾣ ̔ ᾣȁ ᾣȁң ῖ ᾣȂ 

ᾩ ᾩ ῝, ᵣ ᾩ ῝, ᾩ 

ᾣ clicks̔     

 

Im 

Re  

    

 

 'ᴃ&׆

ᾣ  

῏ 

    

  

-  

(super ) 
 hyper  sub  

 ײ ײ

 

Ref 19 
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Figure 21 ԅҺ ᾣ ῒ ҍ ᵝ ҹȂ( Ҭ ֽ

ѿҩ ᾝ ӈȂ) 

ѿ ῖᾣ ᵣ ᾩ(phase-squeezed light)Ȃ ᵝ ᾣΐ (₃Ӎ)

ᵝ̆ ᾣҬ ᾣ ᴪ׆ ꜚ⌠(₃Ӎ) Ȃ ӊ̆ ֟

ᾣ̆ ᾣ ῒҌ Ԋ Ȃ ᾣΐ

ᵝ ꜚ̆ ᵝ ᵞ̆ Ҭ ᶫԅ Ȃ 

ѿ ῖᾣ ᾣ ᾣ̆ ᾩ(amplitude-squeezed 

light)*1Ҭ̆ ᵝ Ҍ ̆Ҍ ↕ ꜚȂ ԍ ̆

ҹ ᵞ Ȃ ᾣ ₮ᾩ (anti-bunching)Ȃҹԅⱴ

̆ └ ᵝ ҍ ᾣ (Figure 22 )Ȃ 

ӊҊ̆ ᾣ ῒ ᾣ ₮ ᾣ̆׃ԍң ᾣӊ ̔ ᵝ

ᾣ Ҍ Ҍ Ȃ 

ᾣȁ ᾣȁ ῖᾣ̆ ױ ԅ ѿ ̔

ᾣ Ҭ ᾣ Ҍ ѿҩ ӈ ̆ Ҍ ̆ᴪ ꜚȂ ᾣ

ᴰ ȁ ̆ᾣ Ҍ ̆ Ҍѿ Ȃ Ҭ ᾣ ̆

Ҍ └ ῤ ᵌ ᾣ Ȃ Ӈ̆ ץ ̔ᾣ

ᾣ ҍᾣ ᾣ ̙ 

ᾣ ꜚ ᾣ ҹ Ȃ Ҋ̆ ԍᾣ ᵞ̆ᾣ

̆ ꜚ ץ Ҍ ̕ ᵍ Ҋ̆ ꜚ ↕₃ӍҌ ᵬ ԅȂ

ᶛ ̆ ױ ⌠̆ ᴋᵥ Ҭ̆ 400ҩᾣ

̆ ױ ԅ Ȃ ҩᾣ ̆Ӟ Ҍ ̆ Ἕᾣ Ҭ

ᾣ ѿ Ȃᵰ ᵀ ѿҊ ̙ 

ӊ̆ҍ Ҍ ̆ᾣ (countable)̆ᵖ Ҍ Ȃ ᾣ

ѿ ≢Ȃ  

 
1* ᾣ ҹᾣ (number state)̆ ҹ ᾫ (Fock state)Ȃ ֓

̆ ̆ ғ ᾣ Ȃ 

0 2 4 6 8 10 12 14 16 18 20
-8

-6

-4

-2

0

2

4

6

8

Figure 22 ᾣ - ᵝҌ

ѿ ̔

₃ ᾣ ᵞ

Ȃ

ԍ҉ Ҭ ԋ↓

Ȃ ԍ ᾣ ̆

ץ Ҍ  (© 

Rüdiger Paschotta) 

 
(a

.u
.) 

 (a.u.) 

Challenge 36 s 

Challenge 37 ny 

Challenge 38 s 
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ᾣ ᵝ   

 

ᾣ ᾣ Ҭ ̆ ΐᵣ ̙ ₮ԅ ̔ ΐᵣᵝ Ȃ

ת Ҭ ⌠ ̆ᶛ Figure 23 Ȃת ת

̆ ᶏ ᾣ ᾣ Ӟ ץ № *1̆ ң Ҍ ᴰ ̆

Ȃ ֟ ̆Ҍ ᾣ ԅ ң Ҭ ᴋᵥѿ

ȂҌ ң Ҭ ѿ ̆ ҉ ᴪ Ȃ ӊ̆ᾣ

ԅ ң Ȃᾣ ᵝ̔ ױ ᵝ Ȃ 

ױ ₮ ̆ ᾣ ‖ ̆ᵖῒҬ ҩᾣ Ȃᾣ

ᵝ Ӟ Ȃ ᾣ ᵌ ᵝ Ȃ 

  

 
1* Ҍ ᾣ № № ԅ̔ Ҭ ѿҩ ̆ ױ ױ Ҍ

⌠ᾣ Ȃᾣ Ҍ №◓Ȃ ץ ̆ᾣ ℗ Ȃ 

-

ת ̆

ҹ 0.5  

(© Félix Dieu and 

Gaël Osowiecki) 

Figure 23 

 

 

№

 

 

 
№

 ң ῃ 
ᾣ  

ᾣ
 



 

 

 
02.ᾣ̔ꜚᵬ  

M
o
t
i
o
n
 
M
o
u
n
t
a
i
n
 

ï
 
T
h
e
 
A
d
v
e
n
t
u
r
e
 
o
f
 
P
h
y
s
i
c
s
 
c
o
p
y
r
i
g
h
t
 
É
 
C
h
r
i
s
t
o
p
h
 
S
c
h
i
l
l
e
r
 
J
u
n
e
 
1
9
9
0

ï
M
a
r
c
h
 
2
0
2
3
 
f
r
e
e
 
p
d
f
 
f
i
l
e
 
a
v
a
i
l
a
b
l
e
 
a
t
 
w
w
w
.
m
o
t
i
o
n
m
o
u
n
t
a
i
n
.
n
e
t

 

49 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ᾣ ᵝ Ҍ ץ Ȃ ̔ ᵖ ԍ ꜚ ҉ ᵝ

ᾣ ̆ ꜚ ᵝᾣ Ȃꜚᵬ ᵝ Ҍ

ᾣ ₮Ȃᵰ ̙Ԋ ҉̆ᾣ (coherence length)

ῤȂ Ҍ Ȃ ( ץ Ӟ(ע ҹ (temporal 

coherence or coherence time)̆ Figure 21 Ȃᾣ ᵝ ꜚᵬ Ȃᶛ

̆ ꜚ Ҍ ̆ ҉ ԍ ң ӊ

̆ꜚᵬ ӊ Ӟ ԍꜚᵬ ἩȂ ⌠ᾣ ̆ᶛ

̆ ῒ Ạ₮ ȂҌ ̆ ֓ ’Ҋ̆ᾣ ҩ

ᾣ Ȃ 

̆ ᾣ Ҍ ҹѿ↓ Ȃᶛ ̆ ᾣ

ᾣ ץ ⱴῒ Ȃᾣ Ҍ ᵝ (unlocalizable) ᵣ̆ҹ ҕ

Ȃᾣ Ҍ ̆ӞҌ Ȃ ñᾣ ò ñᾣ ‖ᵝ ò ñ ò

̆ ᾣ (photon ensemble) ̆Ҍ ԍ ҩᾣ Ȃ 

ᾣ ץ ᵌ ꜚ ᵝ̆ ᾣҬ̆ ױ ץ ᾣ ᵥ

ᾣ Ҭѿҩ ѿҩ Ȃ ⌠̆ ױ ᵝ ӈȂᵖ ̆

ᾣ Ҭ ᾣ ץ ᵌ ⌠ ̙ 

פ ̆ᾣ ῏ (photon correlation) ̆ ңᵝ

̔ ᴿ · ᴿ · (Robert Hanbury Brown) · (Richard Twiss)ԍ 1956

̆ ⌠₃ Ȃ Figure 24 ױז̆ ңҩ ׆̆

₃ ⌠ 188 ̆ ӊױ ᾣ ῏ Ȃ ᴿ · ҍ ̆ ᵣ

ῤ ꜚ ῏ Ȃ ̆ᾣ ױ ԑ῏ Ȃ ҩ ױז̆

Ȃ  

Figure 24 ᴿ · (Hanbury Brown)ҍ (Twiss) ̆ᵝԍ

≠֒ (Narrabri)Ȃңҩ ᾣ ץ ҉ ׆̆ꜚ Ȃᾣ ᵝԍң

̆⌠Ώױז̆ ҩ ñ ⌠ ᾣ Ἕ (collected light as rain in a 

bucket)ò (© John Davis) 

Challenge 39 e 

Ref 20 
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⌠ ᴿ · ҍ ̆ ֲ ԅѿ ᾣ Ҭ

ҩᾣ ╠ѿҩᾣ ӊ ⌠ Ȃױז ᾣ№ҹң ̆ ѿҩ

ѿ ҉̆ ѿ ҉ ԋҩ ᵝ ̆ Figure 25

Ȃ ׂ ҹ ᴿ · - (HB-T ̆Hanbury Brown Twiss 

experiment)Ȃֲױ ̆ ԍ ᵣ ῤ ᾣ̆ңҩ ῏ ̆Ӟ

ᾣ ӊ ῗ (correlated)Ȃ ℗ ̆ ֓ ̆ ѿ ᾣ Ҭ

̆ ԋ ᾣ ῒ ̔ᾣ Ҭ ᾣ ѿ Ȃ (bunching)

ᾣ ᵬҹ ᴧ ӊѿȂ ᾣ̆ Ҍԅ ̆ᾣ Ҍ

ᵝ ᵣȂ ױ ⌠̆ ᾣ Ȃ 

ᾣ ѿҩ ҉ ̔ Ȃ ԍ ̆

ᵞғҍ ῏̆ Figure 21 Ȃ ┴ ѿ ᾣȂԊ ҉̆

ᾣ ҹ Ȃ ᾣ ₃ ֽֽ̔₃Ṑԍ

̆ Ṑ Ȃ 30҆Ὲ ̆ ֽ 1 Hz ᾣ

Ȃ ̆ ҬӞ ԅ ᾣ̔ ԅ₃ ᴪ

ᾣȂ 

ᾣ ₃Ӎ ̆ᵖᾣ Ҍץ ⌠ Ȃ Figure 21 

̆ ᶏ ᾣӞᴪ ₮ ̆ Ҍ ̆ ғ ᾣ

Ȃ ᾣ ⌠ ̆ ᾣ ₮(ᾣ ) ̆ ╠ ӈ҉

ῖ ̆ ᾣ ֟ Ȃ ╠̆ѿ֓

ᶛ̆ ѿ ᾣ ̔ ȁץ ↕ ȁ

ѿ ᾣ Ȃ ӊ̆ ױ ץ ̆ᾣ ᾣ Ҭ № ‗ԍᾣ

└Ȃ  

ӊ̆ ᶏ ױ ₮ ̆ᾣ ᾣ ̆ ᾣ Ҍ ᾣ Ҭ

Ȃ ᾣ ᵝ ӈ ̆ ֓ ’Ҋ ӈ̆ ғ

ᵌȂ  

Figure 25  

ᵥ ῏

(intensity correlator)

(coincidence 

counter) ᾣ

Ȃ ᵝ

Ȃ 

ᾣ BЕ 

ᾣ Bф 

ᵝ  
 

῀ ᾣ  

HB-T  

Ref 21 

Ä02:  
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ᾣ ?  

 

ׂҹ ̆ Ȃᵖ ҩ Ȃ ӥ

ᾩ (photoelectric effect)ᵬҹᾣ ѿҩӞ Ȃ1887 ̆ 

· ῗ ⌠̆ ԍ ֓ ̆ ̆῀ ᴪ ᾟ Ȃ

̆ᾣᴪ ̆ ₮ Ҍ ‗ԍᾣ

̆ ‗ԍᾣ ἩṐҍ ῏ ṿ ӊ ȂFigure 26 ԅ

Ȃ 

ῖ ᾣ Ȃ1905 ̆ Ẋ ᾣ ҹ ׂ;Ἡ ᾣ

̆ ₮ Ȃז ̆ᾣ № ԍᶏ

ṿ̆ № ԍ ԇῒꜚ Ȃ ץ ᾣ ᴪ ₮ ̆ Ҍᴪᶏ

Ȃ1921 ̆ ῒץ ᾣ Ȃ ҩ ז̔

ѿҩ Ҍ ̆ ₮ԅ Ȃ ҩ( ) ̔ ῖ ᾣ ᴪ

֟ Ҍ Ȃᵖῒ Ҍ ₮̆ ̆Ӟ

̆ ̆ Ӈ ᶏҍӊ ԑᵬ ῖ

̆Ӟᴪ₮ ῃ Ȃ₃ᵝ ֲ ԋ ҕ ԅ ѿ Ȃᾣ

Ҍ ᾣ Ȃ 

Ҍ ҹᾣ ᾣ Ȃ׆ ҉ ̆ ԍᾣ

̆ ⱴ Ạ₮̔1911 1912 ̆57 ז ҕ╠ ₃ҩ

ԅң ̆ ԅ ᵣ ( ᾥ ῒҬ ԅꜚᵬ

ҩ) ᾣ Ȃז ̆₮ԍ ᾣ ̆ ᵣ ₮

Ȃ ῖ ꜚⱬ ֓ (₃Ӎ) Ȃ ⱴ ң

ᶏ Ḥ̆ ṿ Ȃ ⱴ Ҍ

ꜚᵬ ט Ἡ̆ז ԍ ̔ ᾣ ̆

ᾣ Ȃ ᾣ № ң ̆ᵖ ң ᾣ ᾣ Ҍ

ᴪ ѿҩȂ  

Figure 26  

ᾣ Ҭ ₮

ꜚ Ȃ 
ᾣ  Ҭ  

 

ׂβ  

ᾣ  
 

₮
ꜚ  

ṿ 

ׂβ &ק; ᵯ' 

Ref 22 

Ref 23 

Ref 24 
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ѿҩ ᾣ ñᾣ № ò Ȃ1995 ̆ (Jacobson)

ֲ ̆ ץ ⌠ᾩ (packet of photon) Ȃ ̆ᾣ

ҩᾣ ץ Ҭᾣ ₮Ȃױז ҹ̆ ѿҩᾣ ץ Ҍ

ῒῤ ₀ ⱬ ’Ҋ № ̆ Ӈᾣ Ȃ1999 ̆

(de Pádua) ῒ ⌠ԅ Ȃױז ᵣ

└ ԅױז ᾩ / Ểᾩ (biphoton)̆ ԅ ̆

⁞ ҹ ᾣ ѿ Ȃӊ ̆ └ ⌠ԅΐ ҈ҩ ҩ

ᾣ Ȃ 

ᾣ ѿ ╠ ⌠ ̔ ᾣ ⌠ ‖Ȃ ‖ ᾣ

҉ Ȃ ῖ ꜚⱬ ᴪ ̆ Ȃ 

̆ ῖᾣ(Ӟ ҹ ᾣ) Ӟ ԅᾣ ̆ ᾣ ԅ

ᾣ ᾣ ̆ ᶏ Ҍҍ ԑᵬ ’ҊӞ ȂHB-T

Ӟ Ȃ 

̆ Ӟ ᾣ ̆ ᾣ Ȃ 

ӊ̆ ᾣ̆ᾣ ̆ῒҬ ̆ Ҍ ̆

ױ ӟ Ȃҹԅ ᾧ ֓ ̆ ӥ ⌠ᾣ

ḂҌῬ ᾣ ԅ̆ ̔ ֓ ӊԊ Ȃ

ӇҩԊ̔ ᾣ Ȃ ╠̆ ץ ᵍ ȁX ȁ ȁ

ᾣ Ҭ ᾣ Ȃᵖ ԍ ᵞ ̆ ̆ ⌠ᾣ Ȃ

̆ ᾣ ָӇ ̙ ₮ԅ ̔ 

 

 

̔   

Die ganzen fünfzig Jahre bewusster Grübelei haben mich 

der Antwort auf die Frage óWas sind Lichtquanten?ô nicht 

näher gebracht. Heute glaubt zwar jeder Lump er wisse es, 

aber er täuscht sich.  

(Albert Einstein), 1951 *1  

 

ᾣ ̆ ױ ᾣ ѿ ꜚ Ȃ҉

₮ ̆ᾣ Ȃ ױ Ȃ 

ᾣ Ҍץ ῒ ᾣ̆ᶛ ң ᾣ ץ ԑ֜ Ȃ ѿ

Ҍ ᾣ ̔ᾣ Ҍ ԑᵬ ̆ ғ ̆ ñױ ò

Ҍᴪ ԑ Ȃῒ ױ ԑᵬ ̆ ױ ѿ ̆ᵖ

Ҍ⌠ Ȃ  

 
1* ñԓ óָ Ӈ ᾣ ̙ôҩ Ȃ ׂ ֓ ᴩ ҹץ

ԅȂò ҕ╠₃ Ώԅ Ḥ · (Michele Besso)Ȃ 

Challenge 40 s 

Ref 25 

Ref 26 

Ref 27 

Ref 28 

Figure 21 

Figure 19 

Vol V page 130 
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Figure 27  

ᾣ ᾣ ң ’̔Ҍ

ᾣ Ҍ Ȃ 
 ᾣ ῒ ᾣ  

Figure 28  

ᾣ ֜ ₮

ᶛ̔

27 └

֟

ץ̆ ҉

ᾣ  

(© Mel Bartels, Epzcaw) 

Figure 29҉ ̔ ( ñ ӥò ᴆҊҍ ⌠ №)̆ ңҩ

ᾣ ᾣ Ҋ֟ ȂҊ ̔ң ᾣ ѿץ  (© Dietrich Zawischa, 

Rüdiger Paschotta) 
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ң ᾣ֜ ̆ ң ȁ ᵝ῏ ᾣ֜ ̆ ᴪױ ⌠

֜ (interference fringes)ȂFigure 27̆ Figure 28̆Figure 29 ₮ԅ

ᶛȂ ֓ ᵥ₮ *1̙ҹָӇ ⌠ᾣ ̙ ױ

ѿ ̔ ҩᵝ ֦ ԍᾣ ⌠ Ȃ ̔ 

 

 ᾣ ҹ Ἕ ꜚ (arrow)Ȃ 

 

ѿ ̆ Ạ₮ Ҋ ̔ 
 

ǒ ԍ ꜚ ץ̆ Ȃ 

ǒ ᾣ ᾣ ̆ ҹ ᴃȂ ӊ̆ ᾣ

₮ᾣ Ȃ 

ǒ ( ) ᾣ Ȃ 

ǒ ѿ ┴̆ ѿ ҉̆ ҩ Ȃ 

ǒ ԍ Ȃ 

ǒ ᾣ ⌠ ᵝ ₮Ȃ 

ǒ ⌠ Ȃ 
 

ҩ *2 ץ ᾣ ꜚ ҹ̆ ῒ̆ ץ ᾣ Ҭ ̆

Figure 30 Ȃ ץ ̆ ֓ ̆ ң ң ӊ ҹ ̆ 

֓ ⌠ᾣ ̆ ̕ ѿ֓ ̆ ̆ ֓

֦ ԍң׃̕ ӊ Ҭ ֦ Ȃ ̆ Figure 27 ᶷ

’Ҭ̆֜ ֦ Ӟ ̔ ṿ ⱴȂ 

̆ᾣ ̆ ԍ ᾣ ₯Ȃ ᵞ ᾣ ̆

ױ ⌠ ֓ ᵥ ֦ ғҌᴪ⌠ ׆̆

Ȃ ╠ӊױ ⌠ ̆ ’ Ȃѿ℗ ԅ Ȃ 

ӊ̆ ᾣ ⱴ̆ ѿ ̆ ⱴȂ

ᾣ ᾣ ҹ ᾣ ↕Ȃ ױ ᾣ №

Ȃ 

ӊ̆ᾣ Ȃ ₮ ֟ ԅ ῒז

̆ ҹ ױ ѿҩ ̆ ₮ԅῒ ⌠ Ȃ  

 
1* ᾣ̆ ѿ ᾣ№ ң ᾣ̆ №≢₮ԍң ᾣ ң ᾣ̆

⌠ Ȃ(ҹָӇ̙) 

2* ᾣẠ₮ԅ ̆ᵖ ԅẒ Ȃ ⱴẒ ̆ ꜚ

ңҩ ҉ Ȃ 

( ̔ ҍ ȇQED̔ ᾣҍ (QED: The Strange Theory of Light and Matter)Ȉ

Ҭ ₮ Ҍ Ȃᶛ ̆ ̆ Ҍ Ȃ) 

Challenge 41 s 

Figure 18 
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ᾣ   

 

̆ң ᾣӊ Ҍ ң Ҍ ᾣ ⱴ ȂҌ ᾣ

ᴪҍ ҍꜚ Ȃ ╠ѿ ̆ ѿ №≢ ᾣ

̆ ᾣ № Ҭ̔ ᾣ ѿ℗ ȂḠ ·

ᾥ(Paul Dirac) ̔ 

 

 ᾣ ֽҍ Ȃ 

 

ᾣ ̆ ҹᾣ ̆ ῖ Ȃ 

ᾥ ԅѿ↕ ᵿ ̔ ᾣ ҍ ̆ Ӈ№≢

ң ᾣ ң ᾣ Ӈᴪ ԑ ̙ ₮ Ӟ

̔ ̆Ҍ ₮ᾣ ҩᾣ Ȃ֜ Ҭ ᾣ Ҍ

Ȃ ᾣ Ӟ ̆ ᶏ ̆ᾣ Ӟ ҍ Ȃ 

’ ѿ ̔ 

 

 ᾣ ֽ ῒ ᵣ ῤ Ȃ ᵣ Ҭ̆ №Ҍ ᾣ Ȃ 

 

ᵣ ̆ Ӟ ҹ ᾣ(phase space cell)̆ ῒ

Ҭ̆Ҍ ῃ ᾣ ᾣ ̆ ҹҌ ῒҬ ӈ Ȃ ̆ᵖ ᾥ

̆ ױ ⌠Ȃ ꜚᵬ Ȃ  

Figure 30 ̔ ̕ ̔ ᾣ̆ ҈ҩҌ ┴̆

ᾣ Ȃ 

ᴃЕ 

ᴃф 

ᴃо 

 ᴂ ף

QЕ 

Qф 

ҩү ᾩ

ᾩ  

ᾩ  

 

Ref 29 

Figure 23 

Ä02:  
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Figure 31  

ᾣץ

( ѿ )Ȃ 

Figure 32  

Ҍ

ᾣ ᾣȂ 

 Ἕ 

 

 

 

Ἕ  

 

 

 Ἕ 
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ᾣ ̔ ҍ  

 

(diffraction) ̔ ᵣ ̆ᾣ ᴋᵥῒ ᴰ ᴪ Ȃ 

ᾣץ ̆Ҍ ᾢ׆ѿ ̆ (reflection)Ȃ

ᾣ (ҍ ѿ ) ׆ ⌠ ҅⅓ ȂẠ₮ ѿ ֲ

· ז1̆* ̆ñѿ℗òѿ Ҍ Ȃץ Ҍ

Ȃᵖ ҹԅ ̆ ѿ℗ ̆ ױ Ӈ ̆

Figure 31 Ȃ 

╠ ̆ᾣ ₮ Ȃҹԅ ᾣ⌠ ἝҬ ҩᵝ ̆ ױ

⌠ ᵝ ⱴ Ȃҹ Ḃ ̆ Ἕ

̆ №Ҋ Ȃ ‗ԍ Ȃ ̆

Ҍҹ ̔ᾣ ⌠ ԅἝȂ Ҭ Ȃ ѿҩἝᵝ

Ạ ̆(₃Ӎ) ᾣᴪ⌠ Ȃ 

ӊ̆ ᾣ ̆῀ ԍ ѿ ᵌȂԊ

҉̆ ̆ ᵌ ̔ ԍᾣ Ȃ 

≠ ѿ ̆ ץ ᾣ ԅ ֓ Ȃ Figure 32

̆ ױ ≠ץ Ȃ ֓ ̆ᶏ ҍ

̆ᴪ ѿҩ ̆ Ҭ Ȃ ⱴ ̆

( ҹᾩ grating)̆ ᾣ Ҍ ҉ Ȃ ‰

ꜚ ҹ̔ (diffraction)Ȃ ӊ̆Ẋ ᾣ ñ ò ̆↕ᾣ

ױ ᾣ ѿ ꜚ Ȃ ╠ ̆ ҹ ֲ

Ȃ 

ᵰ ץ ץ̆ ᵌ ̆ ꜚ

Ḡꜚᵬ ꜚᵬ Ȃ  

 
1* · ≠ · (Richard (óDickô) Phillips Feynman, b. 1918 New York City, d. 1988 Los 

Angeles) ̆ ꜚⱬ ֲӊѿȂז ԅ ñ (sum-over-histories)ò

̆ ԑᵬ ⱬẠ₮ԅ Ȃזҍֲ ԅ ӥȇ ӈ

(Feynman Lectures on Physics)Ȉ̆ ץ www.feynmanlectures.info Ȃז ѿᵝ

̆Һ Ԋ׆ ̆ᵖῒѿ ⱳ ҍ ӥ̆ז ӥṿ Ȃז Ԋҙ

̆ Ӟ ԍ Ȃז ҍ└ ̆

Ώ ̆ ᾧ ᴋᵥ Ỹץ̆ Ҍ ȁ Ȃז Ώԅ Ḛ ᵬ̆

Ҭ Ȃ ז ῧ· ≠ ̆ᵖז ԅȂ1965 ז̆

ꜚⱬ ̆ҍֲז῍ Ȃ  

Challenge 42 s 
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ᾣ ̔ ҍ №  

 

Ḫ ȂḤ ‗ԍ ᴰ ׃ Ȃ ѿ׆ ׃ ῀

ѿ ׃ ̆Ḥ ̆ ₮ (refraction)Ȃ ̆ ᾣ Ạ

Ἕ ᾣ ᾣ ׃ Ҭ̆Ӟ Ҭ Ȃ(

Figure 33 )ᵰ ̙ᵖ ̆ᾣ ᾣ ׃ Ҭ ̆ᾣ

ѿ Ȃ(ᵰ ̙) ҉ ᾣ ӊѿȂ ӊ

Ҋ̆҉ ᾣ Ȃ Ҍ ̆ Ȃ 

ᾣ ᴪ № ׆ Ȃ Ҍֽ ᾣ ꜚ ӊѿ̆Ӟ

ῖᾣ ӊѿȂ ױ ̆ ץ Ȃ

№ ԅ ↕̕Ӟ ᾣ ҹ ̔ ѿ֓ ̆

ᴋᵥ ‰̆ ҉ ≢Ȃ ׃ Ȃ 

 

 

ᾣ׆ ⌠ᾣ   

 

Ҭ̆ ҉ Ȃ ᵥ֟ ѿ ᵥ

ᾣ Ȃ ᾣ Ȃ ᴚ· Ꞌᴿ(Roy Glauber) ԅ

ȂԊ ҉̆ ѿ↓ ⱴ̔ѿ ѿ ᾣ ᾣȁѿ ң ᾣ

ᾣȁѿ ҈ ᾣ ᾣ̆ Ȃ ⱴױ ѿ Ȃ ᵝ

‰ ᴇף ̆ᾣ ꜚ Ȃ  

ѿ ᾣ ̆ᴪ - Ҍ ῏ ᶭ ̔ ᾣ

ѿ ᾣ ̆ ᾣȂᴋᵥ Ҍ ֟ Ȃѿ

℗ ԅ ֓ Ȃ 

̆ ᴪẒ Ȃ ױ ╠ѿ ѿ Ȃ ᾣ ἝҬ̆Ẓ

ᾣ ⱴ Ȃ ױ ῖⱬ Ẓ ᾣ ץ ҹ

ҍ Ẓ ᾣץ ᵝ ⱴ Ȃ ῖᾣ Ҭ ̆ ҍ

Ҍ Ȃ  

Figure 33 ᾣ

̆ ױ Ҭᴪ ꜚ Ȃ 

 

 

ᾣ  

Challenge 43 e 

Challenge 44 e 

Challenge 45 e 

Ref 30 

Ä02:  
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̆ᾣ Ҍ № Ȃ ң ᾣ ֜ ̆ꜚᵬ ᶏ ∞ ң

ᾣ ҩ ҩȂ ̆Ҍ ₮ ᾣ ԍ ⌠ ᾣ Ȃ ӊ̆

ױ Ἕ ᾣ Ȃᾣ №Ȃ ̆HB-T

ᾣ Ȃ ױ ῏ԍ Ҍ № Ȃ 

ӊ̆ ױ ᾣ ץ ҹ ̆ᵖ ᾣ ̔ 
 

ǒ Ҍ ̔ Ҍᴪ  ̆ד

ǒ Ҍ ᵝ̔ Ҍᴪ ̆ 

ǒ ȁ ȁ( ) ̆ ̆ 

ǒ ᵝ ᴃⱴ̆ ᴃ ҍ ӗ ̆ 

ǒ ҹ 1̆ 

ǒ ᵣ ῤ̆ΐ ᾣ № ̆ 

ǒ ᴆᾛ ̆ ץ ᴋᵥ ̆ 

ǒ ≢ᾣ ̆ 

ǒ *1ӊ ₮Ȃ 
 

ӊ̆ ᾣ ҹ ̆ ΐ Ȃ ֓ Ҍ

ԍ ̆ ᶏ ᾣ Ἕ Ȃ 

 
 

ᾣ ̔ᾣ ץ ᾣ ? 
 

Ҭ̆ᾣ ץ ע ̆Ӟ ץ ע Ȃ ᶫԅ Ȃ

̆ ֓ ῤ ҍñץ òṿ Ӈѿ Ҍ Ȃᵀ ѿҊ̆

∆ ┴ ѿ ᾣ̆ῒ ̙ 

ᾣ ₮ Ȃ ñᾣ ᴋᵥץ ꜚò ̆

Ḃᴪ ҍ Ẓע ᴪ ԑ Ȃ ▼ᵩ ̆

ҹ ╠ױ ȁᾣ (ᴰ )҉ ѿҩ Ҍ Ȃ 

ӊ̆ᾣ ᾩ (real photon) ץ ᾣ ꜚ ̆ ꜚᵬ

ᾛ Ӈѿ Ȃ ’̆ ԍꜚᵬ ’̆ ᴪ

̆ ᾣҍᾣ ע Ẓ Ȃ 

ҩᾣ Ҍ Ҍֽ ᵝ ̆ Ȃᶛ ̆ ֓ ѿ ҹ Ἡ

ᾣ № ң ᾣ ̆ ң ᾣ ⱴ Ȃ ⱬ ̆

₮ԅң ᾣ Ҭ ᴍ ̆ № Ȃ ⌠ ┴̆ ױ

ԋ ᾣ Ȃ ӊ╠̆ң ᾣ Ȃ ғ ᶏ ԋ

ᾣ ̆ Ӟᴪ Ȃ ᵌ ᾣ ԅ̆ᵖῒ

Ҍ ᾣ ᴰ Ḥ ᴰ Ȃ ᴪ Ȃ  

 
1* ̆ᾣ Ҍ ӞҌ ҍᴋᵥ 1 ₱ Ȃ 

Challenge 46 ny 

Challenge 47 ny 

Challenge 48 s 

Ref 31 

Ref 32 

Ä02:  

Ä05  

Ä07:  
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̆ ̆ꜚᵬ ᴪ ₮ Ȃ

Ӟ ᾣ Ȃ ֓ᾣ ᵥ ꜚ ̙Ԋ ̆ ᾩ

(virtual photon) Ȃ ᾣ Ҍץ ₮ ᾣ ̔ ױ ᴪ₮

̆ Ȃ Ҭ̆ ױ (longitudinally polarized)̆ ғҌ

ᴪ Ȃ ᾣ ҍῒ ѿ ̆ ñ ò̆ ׆ Ҍ ῏  
 

ᴇ ״
Ἡ

0
&/2' 

 

Ҍ ῏ ̆ ̆ ױ Ȃ

ғ ̆ᵖ ΐױ ᵬ Ȃ ױ Ȃ  

Ԋ ҉̆ ל ᾛ־ ̆ ҩ &ᴃ*ᴇ*ᴈ*ᴉ'Ȃ ᾣ

ᾣ ̆ᴃ ᴉ ԑ ̆ ץ Ҭ ⌠ ᴇ ᴈ (Ẓ )Ȃ 

ᾣ ᾣ ȂԊ ҉̆ ᾣ ᴉ ᴃ ( ԍ

ᾣ Ҍᴪ₮ )̆ ץ Ȃ 

ӊ̆ ᾣ Ȃ ᾣ ץ ̆ ץ Ҍ

ꜚ ̆ ғῒꜚ ҍץ ꜚ ̆ ֓ ҍ ᾣ Ҍ Ȃ ᾣ

֜ ᵣ ȂԊ ҉̆ ᾣ ₮ ᴋᵥ ԑᵬ

ҬȂ ױ ѿ ῒ ̆ Ҭ ᵣ ⱬȂ  

ױ ⌠̆ ᾣ ̆ᶛ ᾣ ̆ ᾣ

ꜚȂ ҹԅ Ḡᾣ Ҭ Ȃ 

ӊ̆ṿ ̆ҍ ᾣ ̆ ᾣ Ҍ ᾣ ̕ᵖӞ ץ ̆ ᾣ

ֽ ӈ҉(in a formal sense) ᾣ Ȃ 

 
 

Ҍ   
 

ױ ⌠̆ꜚᵬ ᾣ Ҍ Ȃ ԍᾣ ̆Ӟ

Ӟ ᵌ Ҍ └Ȃ

(Rosenfeld)ԍ 1933 ₮Ȃ׆ױז ҹ ̆ױ ҹ ᴀ ᵬ

̆ ᵬ ҹ̔ 
 

ẅ;ᴀ&ṯ)ẚױ Ẇ' &/3' 
 

ԍҌ ꜚ ᵝ ױז̆ ₮ԅ Ҍ ̆ Ҋ ₮ 
 

ׂ;
Ἡ

ᴀ ᴇᴃ
&/4' 

 

ῒҬ ᴃ ̆ ᴇ ᵝ Ҍ Ȃ ̆ ҩ ṿȁ ҩ ṿ Ҍ

Ȃ Ἕ ̔ Ҍ ῏ Ȃ  

Challenge 49 ny 

Ref 33 

Ä08:  

Vol II Ä02:  

Vol V page 122 
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ᾣ ֜ ᵥ ?  

 

ᾣ ֜ ‖ ̆ᵖ ᾣ ֜ ץ ̆ ‗

ԍ ңҩ Ȃṿ Ȃ*1 

ңץ ᵝԍ ᴇ ᵣҹᶛ̔ ᶷ ץ ᾣ ᶷ ᴰ ꜚ

’Ȃ( ̔ ᶷ ᶷᴰ ̆ Ҭ Ҍ Ȃ) 

№ ᾣ ꜠ (momentum space)Ҭ ₱ Ȃ

ᶷ ̆↕ ᾣ ꜚ ѿᶷ ṿ̆ ꜚ ѿ

ᶷ ṿȂ ↕ Ȃ  

ᾣ ₯ ᶷ ѿ ̆ ӊ ᶷ ᶷ̆ң

ѿ ᵣ ̆ӗץᾣ ꜚ ӗץ ץӗר ₮Ȃ 

ң ̆ ᾣ ₱ ⱴ ᶷ ꜚ ̆ᴪ ᶏ ᵣ

ꜚ Ҭ Ẓ̕ ң ̆↕ ᶷ ᵣ ꜚ ẒȂ

̆ ᵣ ꜚ ̆ ҹ ᶷ ̆

ᵣ ꜚ ̆ ҹ Ȃ 

ӊ̆ ̆ ‗ԍ ҩ ᾣ ₱ ҍ

₱ Ȃ 

 

 

ң ᾣ ?  

 

1930 ̆Ḡ · ᾥ ԅ╠ ⌠ ̔ 

 

 ᾣ ҍ Ȃң Ҍ ᾣ ӊ Ҍᴪ Ȃ  

 

ҹ̆ ң ᾣ ᾣҌ ԑ ȂҌ ̆

№ Ҭᴰ ԅȂ ѿ ̔ ѿ

҉ᴰ Ḥ ̆ ᶏ ң ̆Ӟᴪ֟ ̆

(wave interference)Ȃ( Ҍ ҍ (radio interference) ̆

ⱴȂ) ᾣ ̆ᴋᵥ

̆ Ҍ Ḥ ᴪ Ȃ  

1949 ̆ңҩҌ ᾣ Ӟ ԅ Ȃ1950 ף ̆ ң

ᾣ ңҩ ᾣ ₮ᾣ Ȃᶛ 1963 ̆Magyar Mandel

ң ‖ ᾣ ѿ ֟ ₮ԅ Ȃ  

 
1* ̔ ȇMatt McIrvin, Some Frequently Asked Questions About Virtual Particles, 1994Ȉ̆

҉ Ȃ Ἕ ̆ ᾣ ᴰ №Ȃ 

Ref 29 

Ref 34 

Ref 35 

Ä02:  
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Ҍ ֓ ңҩ Ҍҍ ᾥ Ȃῒ ̆ ң

ᾣ Ҍ Ӈ₃ Ȃ 
 

ǒ ᴰ ̕ᾣ ֽ ᶏ -ꜚ Ἕ ₮ ̆Һ

ҍ ԑᵬ Ȃ ᴰ ҍ Ἕԑ ̆ Ӟ ԑ ѿ

ҩ ȂҹָӇ ᾥ ז ҬᵌӍ ң ҹѿ ̙ ҹ ᾥ

ӈ҉ᶏ ñᾣ òѿ ̆ ᵬҹ Ȃ ң ᾣ

ⱴ̆ ᵣ̆ ᾣ ̆Ҍ ԍᴋᵥѿҩ Ȃ ңҩ

ⱴ ̆ Ҍ ң ⱴȂ 

ǒ ⌠ ᾣ ̆ Ȃ ’Ҋ̆

Ҍᾛ ⱴ ᾣ ⌠ ҩ Ȃ ӊ̆

ץ ⌠ ᾣ ҩ ̆↕ ⌠ Ȃ 

ǒ ң ᾣӊ ῏ ᵝ̆ Ҍ ̕ ӊ̆ ғ

ֽ ң ᾣ ᾣ Ҍ ̆ Ȃ ᾣ Ҍ ҍ

ᾣ ̆ᾣ ΐ ᾣ Ȃ 
 

̆ ᾥ ‗ԍñᾣ òѿ ӈȂ ̆ ңҩ

( № ) ӊ ׆̆ Ҍ ң ӊ Ȃ ̆ ╠ ̔ 

 

 ᾣ ֽ ῒ ᵣ ῤ̆ ῒ ᾝῤ Ȃ

Ȃ ҩᵣ ᾝῤ̆Ҍ №ᾣ ȁ Ȃ 

 

ᶏ ׂ ̆ñᾣ ò ׅ ┴Ȃᾣҍ Ҽׅ Ȃ ҉

̆ ױ ץ ̔ң Ҍ ץ ̆ᵖң Ҍ ᾣ Ҍ Ȃ 

 
 

̔ᾣ  
 

ץ ᾣ ̙ Ạ⌠̆ᵖׂ ױ Ȃץ Figure 34 ̆

ᾣ ̆ Ҍ Ȃ ̆ ꜚ № ̔

фqglфȂᾣ״;ЕqglЕ״ ׂ; Еׂ; фׂ Ȃ ײ ꜚ ӈҹ 
 

;ײ
״ע

ׂ
&/5' 

ñ ò ̔ 

qglЕ
qglф

ײ; &/6' 

 

῏ Ҭҕ ץ ҹֲ Ȃ 

ҩ Ȃ Ҭ̆ᾣ Ҭ ᾣ ᴅ; Ҍ״ׂ- ԍ ᴄ;

Ȃ ״ׂ- ӊ̆ ῤ ̆ ῒ ᶏ ᾣ Ȃ  

Challenge 50 e 
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* * 

ҹ ᾣ↕̆־  ҹף
 

;ף
ф־

Ἡ
&/7' 

 

ᵰ ̙ 

* * 

̔ Ҭ ᾣ ‖̆ῒ ᵣ ᴰ Ҭᴪ ⱴ̆ ῒ

ᵣ Ҍ Ȃ ̆ ҹῒ Ȃ 

* * 

ᾣ ῤ ѿ ῖ Ȃ ױ ₮(₃Ӎ) ѿ

ᾣ̆Ӟ ᾣҬ №ῒ Ȃ ῖ ꜚⱬ ̆ ѿ ᾣ

Ȃᵖ ᾣ ̆ ῖ ꜚⱬ Ȃ Ӈ ̙ 

* * 

ᵥ Ҍ ’Ҋ ᾣ (single-photon-triggered bomb) ̙ ҩ

Avshalom Elitzur Lev Vaidman ₮̆ ‗Ȃ 

* * 

₯ ᵖ Ӟ ᾣ ᴪ ָӇ̙ѿ ̆ ױ Ȃ

(scattering) ᾣ( ᴋᵥῒ ) ꜚ ᴋᵥ Ȃ ‗ԍ

̆ѿ֓ ꜚ ̆ ѿ֓ Ӟ ȂTable 3 ᾣ

Ȃ 

ѿ℗ ‗ԍᶏᾣẒ Ȃ ԅ

̆ ױ ⌠Ȃ 

⌠̆ᾣ ⱬ Ҍ ҹ ȂҹָӇҌ ̙  

Figure 34 ᾣ Ȃ 

 

 

 Е״

 ф״

Е 

ф 

Challenge 51 ny 

Challenge 52 e 

Challenge 53 s 

Challenge 54 ny 

Challenge 55 e 

Ä08  
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Scattering   ᵣ  ᶛ 

Rayleigh  ≠  №  ̆ ԍ

/-ϩ̆ ᵣ ԍ -/. 

ȁ ȁ Ẓ  

Mie   ᵣ̆  ̆ ԍ

/-їֻϧ /-ф̆ ᵣ

ҹ  

ȁ ȁ Ẓ  

Geometric  ₃ᵥ   ̆ ᵣ ԍ  ̆ 

ԍ  

Tyndall  Ҁ  Ҍ ᵣ ̆ ᶭ Ҍᶭ

ԍ  

ȁԐȁ  

SmekalïRaman  -  №  ̆ᾣᴪ  ԍ ᾣ  

Inverse Raman   №  ̆ᾣᴪ  ԍ  

Thomson     ԍ  

Compton    ̆X  ᾣ  

( Figure 20) 

Brillouin   ȁ ᵣ/

ᵣҬ  

̆ ₃ GHz ԍ ᾣ

 

Von Laue  –·Ꞌ  

X  

ᵣ ̆₮ԍ  ԍ ᵣ ̕Ӟ

ҹ  

 

  

Figure 35  

Ԑ ԍҌ

≠ ȁ ȁҀ  

(© Giorgio di Iorio)Ȃ 

Table 3 ᾣ Ȃ 
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̔ᾣӊ   

 

ӊ̆ᾣ ѿ ᾣ ᾣ Ȃ ᾣ ΐ Ҋ ᾣ Ȃᾣ

ҍ ѿ ̆ҍ ҹ Ȃ ױ ץ ᾣ ѿ(ῖ)

ῒ ȁꜚ ȁ ̕ ᾣ ῒ ̆ ҌἝ Ȃᾣ

ᾣץ ꜚȂᾣ Ҍ ᾣ Ҭ ᵝȂᾣ № Ȃᾣ Ȃᾣ

ȁ ȁ Ȃ ‰ ̆ᾣ ץ ‰ ᾣ

ΐȂ 

ᾣ ᾣ ҹ(ῖ) ( )

ῒז ȂԊ ҉̆ ҹԅז ̆ ̆ ῒ ῏

ԍᾣ ꜚ ̆ Ҍ Ạ Ԋ Ȃ ױֲ ԅᾣ ꜚ̆

⌠ ҍ ῖ Ҍ ӊ ̆ ⱳȂ 

ꜚᵬ (stream of quantons)ȂԊ ҉̆

ῗ (correlated) ȂҌ ᾣȁᴋᵥῒז ץ

Ȃ 

Ҍ ῏ ̆ ᶏ ҩ Ӟ ץ ҹ ̕ ̆ ҍҕ

ῒ № ԑᵬ ̆ ҹ Ἕѿ Ȃῒ ̆ ҉

̔ Ҍ ̆↕ ԑᵬ ̆ ᵣӞ ԅ̆ ҍ

Ȃ 

ҹԅ ң №≢ ԍָӇ ̆ ױ ץ Ҋ ‰Ȃ

ҍᾣ ԑᵬ ̆ Ҋ ᴆ̆↕  
 

Ἡע

ית
&0.' 

 

ῒҬ 2,/;ת/.фоH-i ῗ י̆ Ȃ ԍ ᶷ

̆↕ Ȃ ңᶷ ̆ Ӈң ᴪ ᵬ Ȃ

ᵰ ѿҊ ↕∞ ̙ 

 

 

 

 

 

Challenge 56 e 

Ref 36 
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Chapter 3 

03. ꜚ̔ ῖ   

 

ѿ℗ᴯ ӊԊ ∆ ҹ֭ Ȃ 

ᴿ (George Bernard Shaw)  

 

ꜚᵬ ꜚ Ȃ ѿ֓׆ױ ̆

ױ ̆ ’Ҋ̆ꜚᵬ ṿӞ ꜚᵬ ṿȂ ױ

̆ꜚᵬ ѿҩ ᵝ̆ ₮ ꜚ Ȃ ̆ ꜚᵬ

̆ ҹױ ꜚ ₮ҍᾣ ̔ ҹ Ἕ Ȃ 

 

 

ҌẢ ̔ Ŀ Ŀ   

Otium cum dignitate.*1  

(Cicero)ȇ (De oratore)Ȉ 

 

ꜚᵬ Ҭ ⌠ ̆ Ӈ ѿ ңᴍ

Ҍ Ȃ ̆ ҬҌ ῃ Ȃ ̙ ̆

’ Ȃ 

ῃ ̆ѿҩ ῃ ѿ Ȃ ⌠ԅ

( ⱬ ̆ᶏ ) ñ ò ̆ ױ ⌠ ’

ᵣ ῃ Ȃ ׆ ⌠ Ȃ ῃ ᴪᶏ ң

Ҍ⌠ ἩȂ ױ ץ ᵞ ⁞ ѿ℗ ꜚ̆ ̆

⌠ Ȃ Ҍ ( Ҍ ̆ Ạ ꜚⱬ ҈ñ

ò̆ ᴇԍ ꜚᵬ )Ȃѿ℗ ̔ ҆ ̆ ҌẢ Ȃ ӊ̆

ꜚᵬ ñ òԅѿ↕ ̔ Ҭ Ȃ 

ԅꜚᵬ ̆ ҕ ҌẢ Ȃᶛ Figure 36̆

ᶏ ᾧ ѿ℗ ̆ ԅ ꜚȁ ȁ ꜚ̆ Ӟ Ȃ ѿῈ

Ҍ ῏ Ȃ ₮ ṕ ┴Ȃ Ҭ̆

ṕ ̆ ҹ ꜚ ԍꜚᵬ Ȃ 

ҌẢ ̆ ԅ ῀ Ȃ ӊ̆

ץ̆ ̆ ҕ ҌẢ ˻ ױ

ѿ Ȃ ױ ֞ ̆ ץ ̔ ӊױ ץ ȁ ̆

Ԏԅꜚᵬ Ȃ  

 
1* ñRest with dignity.ò 

Challenge 57 d 

Ä03:  
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ꜚᵬ Ҍֽ ԅ ̆Ӟ ԅ Ȃ ᵣ

̆ ῒᵝ Ȃ ⌠ᾣ ꜚ ̆ ױ ᾣ ̔

ᾣ ̆ ̆ ᵝ Ȃᵖ ԍῒ ̆ ᵣ ꜚӞ

Ȃ ꜚ Ȃ ̆ ⌠ ꜚ̆

ᵝ ԅȂ ӊ̆ ̆Ӟ Ȃ 

ѿ℗ ̆ Ȃ ȁҬ ȁ ȁ ȁ

ȁ№ ȁ ₀ ᵣȁ ᵣ Ҍᴪ ῃ Ȃ ֓ ⱬ Ҭ ⌠

ҹѿ ᵣӞ ԅҌᴪ Ȃᴋᵥ ᵣ Ȃ 

῏ԍ Ӟ ̆ ᴋᵥ ⌠

Ȃ ꜚᵬ ѿҩ Ȃ 

 

 

‛ ᵣ 

 

ꜚᵬ ѿ℗ ҌẢ Ȃ ᵞ Ҋ̆ ῤ ѿ℗

Ӟ ꜚ Ȃ ҌẢ ̆ (zero-point fluctuation)

Ȃ - ₀ ᵣ ᶫԅ ᶛȂ ױ

( ⌠₃ ҆ӊ ) ȁ ‛ ⌠ ᵞ ( 1 nK ) ᵣ(trapped gas)Ȃ

ԍҬ Ȃ ֓‛ ᵣ ץ Ȃ≠

̆ - ₀ ᵣ ץ ῀ ״ ᴇ₃Ӎ ῃ ԍ Ἡ-0 ̆ᵖ Ҍᴪ

ᵞԍ ҩṿȂ ֓ ̆ Ҭ ̆ ѿ

Ȃ (fuzziness) ꜚᵬ Ȃ 

₮ԅѿ Ȃ Ҭ ԍῒ Ȃ 

(ᵰ ̙)ᵖ ׂ ץ ᵣ‛ ⌠ ᵞ ̔ ᵞԍ 1 nK ᵞ Ҋ̆

ԍῒ Ȃ ’Ҋᴪ ָӇ ̙  

Figure 36 ṕ Ȃ 

 

 

Challenge 58 s 

Ref 37 , Challenge 59 s 
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ꜚҍ   

Die Bewegung ist die Daseinsform der Materie. 

ȇ (Anti-Dühring )Ȉ*1  

 

ꜚᵬ Ҍֽ ԅ ̆Ӟ ԅҌ Ȃ ᶛ

̆ῒ ᵌȂꜚᵬ ָӇ Ȃ ℗ ̆

ꜚᵬ ̆ѿ℗ Ȃ ѿ℗ ᵣ

̆ Ȃ╠ ⌠̆ ᾣ ̆Ӟ ԍ Ȃ ױ

Ҭ ң ꜚ ԅꜚᵬ ѿ ̔ ᵣ ꜚ ꜚȂ 

 
 

ᵣ ꜚҍ   
 

Ӟ ₮ ᵝȂ ױ ⌠̆ ᵣ ѿҩ ̆ ᴋᵥ

ῒ ᾣ ᵣ Ῥ Ӈᾣ Ӟᴪ֟ Ȃ ױ ⌠̆ ’

Ҋ̆ᶛ ҉ȁ Ҭȁ ̆ ױ Ҭ №

(granularity)Ȃѿ℗ ̆ѿ℗ ꜚ ᴪ֟ ꜚȂ

ꜚᵬ ῒ֟ ȂԊ ҉̆ꜚᵬ ץ ᵣ Ȃ 

 
 

₯ ҍ   
 

̆↕ ץ ⌠ᴋ ꜚᵬ Ȃ ᶛ José Costa-

Krämer ῒ Ԋԍ 1996 Ȃ Figure 37 ֽֽױז̆ ң

҉̆ ҉ ȁ - └ ( )ȁ ̆ ѿ ѿ

Ȃ 

ᴪ ң Ȃ № ╠ ѿ ̆ ץ

5 ? ⁞ ̆ ҉ ⌠ȂFigure 37 ԅ

Ȃ ₃ ̆ ҩ ᴪ ῒף ѿ֓ ̆

֓ ⌠ ᵞ ̆ ױ ԅ ̆ ҆

ᾝ Ȃ 

Ԋ ҉̆ᴋᵥ ₮ Ȃꜚᵬ

ф-Ἡפ0 &/07.4'Е Ṑ Ȃᵰ ҩ ̙ ̆ ץ

ᴋ ̕ ΐ ф-Ἡפ0 ṿȂ 

ԅ Ȃ ᶏ ױ ₮ ̆

Ҭ Ȃ ҩ ҍ ṿȂ ҩ ѿ №̆

ῒ Ȃ Ҭ ץ ꜚ ̔ ץ ȁ └ץ

Ȃ  

 
1* ñ ꜚ Ȃò 

Challenge 60 e 

Ref 12 

Ref 38 , Ref 39 

Vol I Ä11:  
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ӊ̆ ҍ ץ ᵝ ꜚ̆ ꜚ ᵝ ñ№ ò ñ

ò ñ ò ñ òȂ ױ (quanton)Ȃ ӊ̆ꜚᵬ

Ȃ ҍ ֓῍ ̆ᵖ Ҍ Ȃ

ᵝ ȁꜚ ȁ ȁⱴ ȁ ȁ ȁ ȁ ȁ ꜚ ץ Ȃ ױ

̆ ҍꜚᵬױ ῏ Ȃ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 37 ֜ ꜚ ̔ ȁᵬҹ └ ̕҈   

(© José Costa-Krämer, AAPT from Ref 39) 

Figure 38  

  

(© Claus Jönsson) 
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̔ ῒ ꜚ  

 

1923 1924 ̆ · (Louis de Broglie) ԅꜚᵬ

Ȃז ̆ᾣ ꜚᵬ ꜚ ҹҍ ҹ ԅ Ȃז

ҹ ԍ Ȃז ⌠̆ΐ ꜚ ҹ ̆ Ἕᾣ

ѿ Ȃ ז̆ ̆ ̆ ҍᾣѿ Ҋ ₮ 
 

;
0Ἡ

״
װ ;

ׂ

Ἡ
&0/' 

 

ῒҬ ״ ׂ№≢ ҩ ꜚ Ȃ ᴇ ̆ ױ ץ ῏ Ώ  
 

Ẕ;Ἡẏ װ ׂ;Ἡ &00' 
 

֓῏ ̆ Ӟ ҹ Ȃ ᵣ ⌠ ̆ᵖ

Ҍ Ȃ 

Ạ₮ Ҍӄ̆Ḃ Ȃ ᴪ ȁ ȁ ̆

ҍ Ȃ ԍ (quanton) ̆

֓ Ȃѿҩ ѿҩ ̔ᾣ ꜚ ₮ ԍ Ȃᶛ

̆ ᾣᴪ ̆ ֞ Ȃ Figure 38 ̆

̆ ̆ ₮ԅ ꜚ Ȃ Ạ ̆ԍ 1961 ᾥ

Ꞌ · (Claus Jönsson) ̕2002 ̆ ҹ Ȃ

ױֲ̆ ̆ Figure 39 Ȃ 

ᾣ ת ̆ ת └ ԍ Ȃ ᶏת

ȁ ȁ ȁ № ᵬȂ ᾣ ԅᾣ

ꜚ ̆ ⌠ Ӟ ԅ ꜚ ̆ ԅ Ἡ ṿȂ 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 39  

ᵞ

Ҭ̆

̔(a) 8

ҩ ̆(b) 270ҩ̆

(c) 2000ҩ̆(d) 6000

ҩ ̆20№

Ȃ ѿ

ԍ╠ ’ 

(© Tonomura 

Akira/Hitachi) 

Ref 40 

Ref 41 

Ref 42 

Vol V page 142 

Vol V page 101 
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ҍᾣ ̕ҍᾣѿ ̆ ΐ ꜚ ҹ Ȃ

№ ҹ ̆ᵖ ( Ὲ ҉ ) Ҍ Ȃ ₃ҩ Ȃ

ᾢ̆ ҉ ̕ῒ ̆ ̕ ҈̆

ץ Ȃ ӊ̆ Ȃ 

Ἕ ̆ ױ ץ ₮ѿҩ Ȃᴋᵥ ᵝ Ҍ

ӈ̔ -0;ת ᵝ ם Ҍ ῏Ҋץ׆  
 

ת ם
/

0
&01' 

 

̆ ;0 ץ ῒ ṿ ┴ Ҍי ̆ Ҋ῏  
 

י
/

0
&02' 

 

≠ (22)̆ ױ ⌠ 
 

״ ם
Ἡ

0
װ ׂ י

Ἡ

0
&03' 

 

֓ ῏ ҹ Ғ ῗ (Heisenbergôs indeterminacy relations)̆

· ԍ 1925 ̆ ױ ԍѿ℗ ̆ ȂҌ

῏ ̆ ҹ ԇ ꜚ ᵝ ̆Ӟ ԇ

Ȃѿҩ ‰ ̆ ѿҩ Ҍ‰*1Ȃ Ἕ ѿ

ץ ᵝ̆ᵖ ᵌ ᵝ̕ ᾣ ᵝȂ 

֓Ҍ ῏ ԅ Ȃ ԅ Ȃױ

ѿҩ ҹἝ Ҍ ῏ ̆ ӊ֞ Ȃ 

ѿ Ҍץ ῏ ̆ ץ ԋ ԝ /ԝᵯ(complementary*2)Ȃ

· ԅ ԑ Ȃᵰ ֪ץ ѿҊȂ ԍԑ

̆ ӊ ⌠ Ȃ ᴆ Ԋ̆ ֲ ז (precision) ԑ ָ

Ӈ̆ז ̔ñ (clarity)òȂ 

ױ ⌠̆ ȁ ᾣ ꜚ Ȃᵖ₮ԍ ꜚ

̆ ֓ ᶛ ӞҌ ҹ Ȃ ױ ᴪ ⌠̆ ѿ֓ ῒ ’Ҋ̆ꜚ

ᵬ ᾛ ᾣ ̆ (virtual particle)Ȃ 

ӊ̆ꜚᵬ (quantum) (quantons) ҹҌᵌ ̆

Ἕ Ȃ ≢ ̆ҍ ѿ ̆ ᵝ ꜚ Ҍ Ȃᵝ ꜚ

̆ң Ҭ ѿҩ ̆ ѿҩ Ҍ Ȃ  

 
1* ֜ ᵟԅ  ñᵰ ᵰ ̙ò ñҌ ̆ᵖ ℗ ˻ò 
2* ̔complementary ҍ supplementary̆ ᴪ ñ ò ñφ òȂ 

Challenge 61 s 

Ä08:  
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ҍⱴ   

 

ҍ ѿ Ȃ ץ ⌠ ҩ ȁ №

₯Ȃ Ӟ ⁞ץ ⱴ Ȃ ױ ꜚⱬ № ԅῒҬѿ֓ Ȃᵖ

Ҍ ԍ Ȃ - Ҍ ῏ ̆Ҍ ₮ 
 

נ
оעױ0

Ἡ
&04' 

 

ⱴ *1Ȃ ׆ ⌠ᴋᵥ ⱴ ԍ ṿȂԊ ҉̆

׆ ⌠ᴋᵥ ⱴ ṿȂ ӊ̆ꜚᵬ ̆ └ⱴ Ȃ  

 

 

ҹᵥ ̙ҹᵥ ̙  

 

ꜚᵬ ‗ ԅ ѿ℗ ̆‗ ԅѿ℗Ԋ Ȃ 

̆ѿ℗ (composed quanton)̆ № ̆ῒ

̆ ғ ΐ Ȃ ̆ῒ ῒ № ꜚ‗

̆ № ꜚ ԍꜚᵬ Ȃ ױ ꜚ ̙ 

·ᵹῌ(Jean Perrin)ԍ 1901 ȁ ῧ (Nagaoka Hantaro)ԍ 1904 ̆ ₮

ñ òȂ1913 ̆ · ѿ ҍꜚᵬ ̆

̆ ңҩ Ȃ ױ Ạ Ȃ

Ӟ ̆ ֓ Ҍ ̆ ҹ ᵌӍẊױ ̆ Ἕ ѿ

Ȃᵖ ⌠ Ȃῒ ̆ ҍꜚᵬ Ȃ ҹꜚᵬ

№ ꜚ ̆ѿ℗ ̆ № ̆ Ԑ

№ Ȃ ӊ̆ꜚᵬ ̔ 

 

 Ԑ Ȃ 

 

̆ᴋᵥ ԍῒ №̆ Ԑ №

Ȃꜚᵬ ᶏ № ᾥ≠ ҹ ̆

Ԑ Ȃ Figure 40 ̆ Ԑ Ȃ  

 
ױ *1 ⌠̆ ҩⱴ Ҍ ԍ ӈ ⱴ ̔ 

נ
ϩע

2ׄ ױ
&05' 

≢ ̆ (26) ԍ ̆ ӈ ԍ Ȃᵰ ̔ ңҩ

ң Ҭ ѿҩ̙ 

Challenge 62 s 

Challenge 63 e 

Challenge 64 e 

Ref 43 

Ref 44 

Ref 45 

Vol III Ä01:  

Ä08:  



 

 

 
03. ꜚ̔ ῖ  

M
o
t
i
o
n
 
M
o
u
n
t
a
i
n
 

ï
 
T
h
e
 
A
d
v
e
n
t
u
r
e
 
o
f
 
P
h
y
s
i
c
s
 
c
o
p
y
r
i
g
h
t
 
É
 
C
h
r
i
s
t
o
p
h
 
S
c
h
i
l
l
e
r
 
J
u
n
e
 
1
9
9
0

ï
M
a
r
c
h
 
2
0
2
3
 
f
r
e
e
 
p
d
f
 
f
i
l
e
 
a
v
a
i
l
a
b
l
e
 
a
t
 
w
w
w
.
m
o
t
i
o
n
m
o
u
n
t
a
i
n
.
n
e
t

 

73 

 

 

 

 

 

 

 

 

 

 

ԐҌ ̆ ױ ץ ѿ ҉ ԑ֜ Ȃ

֜ ҹ (chemical bond)Ȃ № ̆№

ԅ Ԑ Ȃ ֓ ₮ ᵣȁ ᵣȁ ֲ Ȃ ׆̆

№ ⌠ ֲᵣ̆ѿ℗ ₮ ҍ ԑᵬ Ȃ

ׂ ץ № Ȃ № ̆ № ̆ῒ ѿ ̆

̕ № ̆ ̆↕ Ȃ № ῒ

ῤ ᵬ ῏ ̆ԍ ױ ῏Ȃ №

Ȃ 

ӊ̆ꜚᵬ ̆ ғ Ҍ ꜚȂᶛ ѿ № ң

̆ῒң ӊ Ҍᴪ Ȃ ׂ̆ ̆ᶛ DNAȂѿ℗

̆ꜚᵬ ԅ ̆֟ ԅ ̆ᶏ ҹ Ȃ 

ѿ℗ ₮ ꜚᵬ Ȃ ҹ ҩ ᵣ ҩ

ץ Ȃ ̆ ױ ꜚᵬ Ȃ 

 

 

Ŀꜚ Ŀ   

Tristo è quel discepolo che non avanza il suo maestro.  

· (Leonardo da Vinci)*1  

 

ꜚȂ Ҍ ȂԊ ̆ꜚᵬ ꜚ

Ȃ ᾢ̆ ױ ⌠̆ꜚᵬ ҍ ꜚ ̔ң ץ Js Nmsҹ

ᵝȂ ⱴ ̆Ḃ ̆ ꜚ ҍ ᵬꜚץ ԑ῏ ̆↕ ꜚ

ҹꜚᵬ Ṑ Ȃ ↕ ᾥ(Dicke)ҍ ᾥ(Wittke)Ạ₮Ȃ 

  

 
1* ñ Ҍ ị̆ Ȃò ₮ ז ѿ ȇ  ҈ (Codice Forster 

III )Ȉ̆ ץ (Sapienza) ñLa Ginestraò҉Ȃ 

Figure 40 Ԑ̔ ԍ

( ) ҩ

( ) ̆

Dean Dauger 3D ᴆ

ñAtom in a Boxò̆

daugerresearch.com Ȃ(

̔ electron orbitals 

Ȃ) 

Ref 46 
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Figure 41 ̆ ѿ ̆ ד ̆ ҹ 0;נ Ȃד-ח

Ҭ ѿҩ ̆ ץ ᴋᵥ Ȃ

ꜚ ҹ -0Ἡ;תἩ;״ Ȃ ̆ ᴪ Ȃ ̆ ꜚ

ᴆ‗ Ȃ ӊ̆ ꜚ qgl;ג  

₮̆ῒҬ ג Ȃ Ẓ ̆ ⌠ ꜚ ҹ qgl̆״

ꜚ ҹ qglȂח״;ב ҉̆ᴰ ⌠ ꜚ ҹ 
 

Ἡגד;ב &06' 
 

ꜚ Ἡ ṐȂ ꜚ ( ᵝҹ Ἡ)Ȃ

⌠ ᵣȂ( ̆ ̆ Ȃ) 

 

 ᵣ ꜚ Ἡ Ṑ Ȃ 

 

̆ ₮̆ ҩ ᵣ ꜚ ⱴ Ȃ ꜚ Ȃ ѿ

⌠ԅ Ȃ 

Ȃ ԍꜚᵬ ̆ ꜚ ꜚ ѿ Ҍ Ȃ ꜚ

Ӟב Ҍ ῏ ̆ῒԑ ᵝ ȂҌ ῏ ץ Ҍ

Ȃ ᵌ ҹ 
 

ב
Ἡ

0
&07' 

 

̆ױ ҹҍ ᵌȂᵖӞ ѿ ᵌֽ̆ ԍ

ꜚ Ȃ ꜚ ̆ ҹ ӈ̆ Ҍ 0 Ȃ ≢ ̆

ԍ ꜚ ̆ ̆.;ב Ҍ Ȃ*1  

ꜚ Ҍ Ӟᵣ ѿ℗ ᵣ҉Ȃ ױ ץ ̆ ץ

ᵝ̆ ᴪ₮ ꜚ Ҍ Ȃ 

ꜚ Ҍ Ȃ ῖ ӈ҉̆ ң

⌠ ҉ Ҍꜚ ̆ ֓ ΐ ᵝ ꜚ Ȃᵖꜚᵬ

ԅ ѿ Ȃ ҉Ҍ Ȃ ℗ ̆ ᵣ ѿ

ᵌ ̆ѿ Ҍ ̆ ῒ ԍ Ȃ  

 
1* ꜚ Ҍ ῏ ҹ 

ב
Ἡ

0
z/ z'&ו0 &1.' 

ῒҬ '&ו ᵝ ṿҹ ѿ Ȃ ԍ ꜚ ̆ ; -  Ȃ 0-/;'&ו*1

ҩ Ȃ 

Challenge 65 e 

Ref 47 , Ref 48 

Ref 49 

Equation 11, 12, 13 
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̔   

 

ꜚᵬ ȁ№ ῒ Ȃ Ῥױ

⌠̆ꜚᵬ ҍ ꜚ ᵝȂ ꜚ ‗ԍ Ȃᵖ

֓ Ҍ ̔ ҍ ’ Ҍ Ȃ

̆ ѿ֓Ҍ Ȃᶛ (ᵖҌ ῃ ) ’Ҋ̆

ҍ №Ȃ 

ѿҩ ѿҩ Ҍ ̆ Ӈꜚᵬ

ꜚ Ҍ ҹ ̔ ѿ Ȃ ױ Ҍ Ҍ

Ȃ Ҭ ԅ Ҭ ̆ ԅ.*2*0*2-1,  

*2-3*0-1 Ҍ ( ‗ԍ )Ȃ 

ҽҩᶛ Ȃ ֓ Ҍ Ȃ ῒ

ꜚ ’̆ᶛ 23Na Ȃ ’Ҋ̆ Ҍ

№ӊѿ Ȃ ҹ ֟ ꜚᵬ ӗץ ꜚ ױֲ̆ ҩ

ꜚ 0ἩȂ 

ᵬҹѿ ̆ ׆ױ ṿ ₮ ꜚ ץ .*Ἡ-0*Ἡ* 

1Ἡ-0*0Ἡ*3Ἡ-0*1Ἡ Ȃ ӊ̆ ꜚ ̆ ҹ (spin)̆ Ἡ-0

ṐȂ ԅ ҹȂ 

ᵥ ̙ ̆ ױ Ҍ ᵥ (picture)ῒ ̆ᵖ ױ ץ

⌠̆ ױ ᾣ ᵣ ̔ ̆ ̆ ץ

Ẓ Ȃ - ԅ ѿ Ȃ 

  

Figure 41 ꜚ Ȃ 

 ח

 

 נ
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̔ -   
 

ѿ ꜜⱬ̆ ҍ *1ԍ 1922 ԅѿ ̆ ԅ

(quanton) Ȃױז ᵬҹץ ᵣ Ẓ Ȃ

Ҭ Ȃױז ׆ Ҭ ₮ ̆

№ ң ̆ Figure 42 Ȃ Ҭ׆ ң ӊ

Ȃ ҍ ῖ ῃҌ Ȃ 

ԋ№ ̆₮ԍ ̆ ױ ׂ ԍῒ Ȃ

ҹ Ἡ-0̆ ױ Ҭ ̆ ױ Ӈ Ҍ Ẓ

̆ Ӈ Ȃ № ѿ ̔ Ҭ Ȃ -

ҹ ԅ ῖ Ҍ Ȃ1922 ̆ ѿ

ֲ ̆ῃҕ ῒ ԅ Ȃ 

№ ң Ҭ ѿ ̆ ñ ҉ò ̆Ῥ ѿҩ ̆

ῃ ñ ҉ñ₮ ̆ ѿҩ ₮ ᴪ ̆ ñ Ҋò ₮ Ȃ

ӊ̆ №₮҉Ҋ ̆Ҍ ѿ ҉Ҋ№ Ȃ ṕ Ҍ ҹ Ȃ 

ᵖ ԋ ԍ ѿ -0̆ ↕ᴪῬ№ ң ̔ñ ò

ñ ò̆ ῀ ѿ ₮ Ȃ № ᴪ

֟ №ȁҌ № Ȃ ԋ ₮ ң ᶛ ‗ԍ ԋ Ȃ  

 
1* · (Otto Stern, 1888ï1969)ҍ · (Walther Gerlach, 1889ï1979)̓̀ Ԋԍ ῌᾥ

Ȃ ԍ ԅ ̆ ԍ 1943 ԅ Ȃ 

Figure 42  

-

Ȃ 

 
ῖ  

 

 
 

 

(‰ ) 

ֿ

ᴉ
 

ᴉ 

N 

S 

Ref 50 
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ױ ⌠̆ ᾢ ̆Ҍ ԍ ᾢ

̆ Ҍ ᴪ ⌠Ҍ Ȃ(ᵰ ץ ѿҊȂ) ᵬ

֟ ̆ ӊҹ (non-commutative)Ȃ ԍѿ℗ Ӟ

̆ ץ ̆ Ҭ ҍῒ Ҍ Ȃ 

№ ҍ ῏̆ῒ ҹ₃ӍҍẒ ᾣ Ȃ

ᵬ ἝẒ ᾣ ᵬ Ȃ҉Ҋң ѿ ӈԅ ̆ ғ

ץ Ȃ ᵣҬ̆ Ἕ

ᵣҬѿ Ȃ 

ӊ̆ ץ Ȃ ױ ץ ῤ ̆

ꜚȂӞ Ӟҍᾣ ᵌȂ 

 

 

̔   

ץ ̆ᵖҌ Ȃ 

Serge Pahaut  

 

ꜚᵬ Ҍ № Ȃ҆ Ȃ Ԑ Ȃ

ѿ℗ ᵣ ñ ò Ԑ Ȃ 

* *  

̙ ҉ ᴪ ⌠ Ҋ ̙ ̙ ֓

̆ ҹ ꜚ ̕ ғ ↨ᵣ̆ Ԑ Ȃ

ҕ Ҍ ᵣ ⌠Ả ’̆ꜚᵬ Ҍᾛ Ȃ 

* *  

ᾣ ῀ Ҍ ᴪ Ȃ Ӟᴪ ̙ ᴪ Ȃ1995 ̆David 

Pritchard ԅ ῀ Ȃ 

* *  

₮ Ȃѿҩ ᶛ H2 ̆ Figure 43

Ȃ ׆ 20 K ⌠ 8 000 K̆ ₮ң ̆ᾢ׆ ⌠0-ח1

0̆-ח3 ⌠ 0Ȃᵰ-ח5 ѿҊ ̙ 

* *  

╠ ꜚ ᶛ Ȃᵰ ̆ꜚ Ӟ ԍ

ꜚ̆ ≢ ԑᵬ ̙ 

  

Challenge 66 e 

Challenge 67 s 

Ref 51 

Ref 52 
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* * 

Ҍ ῒ Ȃ (de Sabbata)ҍ (Sivaram) ₮ԅѿҩ

ױז̆ 1992 ̆ ҍ Ҋ῏ ̔ 
 

י ᴃ
Ἡ

ת
&1/' 

 

ῒҬ̆ ת ῗ Ȃ ╠ ԅ ѿ Ȃ  

* *  

ҩ ̔ ꜚ ̙ҹָӇ̙  

 

 

̔ ꜚ∆  

 

ӊ̆ - № ץ̆ ꜚ ̆ ᶏ ױ

ꜚ Ȃ ױ ̆ ꜚ ꜚᵬ ̆ ѿҩ

ꜚᵬ Ȃ ӈ Ҭ̆ ᶏ ױ ῀ ̆

҉ ױ ꜚ Ȃ ӈ Ҭ̆ ⱬ ᶏ ױ ῀

̆ Ῥ ױ ꜚ Ȃ ̆ꜚᵬ ꜚ ҹ̆

ᶏ Ạ₮ңҩױ ᵌ ҽꜚ̔ ᾢ̆ ױ ῀ ₱ ̆ ѿ ױ

ꜚ Ȃ 

 

 

Figure 43  

 (© Peter Eyland)Ȃ 

Challenge 68 e 

Ref 53 
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Chapter 4 

04. ῒ ꜚ   

 

Die Quanten sind doch eine hoffnungslose Schweinerei!*1  

ᾥ · (Max Born)  

 

ῖ Ҭ̆ ᴪױ ñΐ ò ҍ ̆ᶛ ᵝ

ȁ ȁ ̆ᴪ ñ ò ᵥ ӊᵥ ̆ᴪ ñ òָ ӇָӇȂ

̆ ῖ Ҭ ̆ ҹ ֓ ҍ ѿ Ȃ

ҹ ץ Ҍ Ȃ 

̆ ԍꜚᵬ ѿҩ ṿ̆ ԑᵬ Ҍ ᴋ Ȃ

ᵬꜚץ ᶏ ױ Ῥ ѿҩ ꜚ ȁ ᵝ Ȃꜚᵬ

ᶏ ᶏױ ̆ ῀ ⃰ (wave function) ⃰ (state function) Ȃ

ױ ѿ Ȃ 

 

 

₱ ̔ ҍ   

 

- Ҭ̆ ṿҌ ̆ ҍ ⱴ

ԑᵬ ῏̆Ӟ ̆ ṿ Ȃ ҍ

(spin magnitude)Ҍ ̆ ̆ҍ ῏Ȃ ӊ̆ꜚᵬ

ᶏ הױ №҈ ̔ 
 

ǒ ̕ 

ǒ ᵬ̕ 

ǒ Ȃ 
 

ҍ ῖ Ҍ ̆ ̆ ñΐ ò ̆ Ҍ

Ȃᵣ ᶛ - Ҭ

Ȃ ̆ ѿ ( Ҭ) ̆ ⌠ñ҉ò(Ӟ )/)̆

⌠ñҊò(Ӟ /)ȂӞ Ҭ ѿ ῤ Ȃ

ӊ ̆ ԍñ҉ò ñҊò Ȃ  

̆ ñ҉ò ῀ ԋҩ ᴪ ₮ñ҉ò ̆ ̔ ѿ֓

̆ ҹ (eigenstate ̆ ̆ )̆Ҍ Ȃ  

 
1* ñ ᾙ ѿ ̆ ˻ò 

Ref 54 

Ä03: -  
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̆ - ῒ ᵣ ̆ ץ ⱴ ̔

Ҭ ѿҩ Ȃ ̆ Ҭ ꜚ̆ ᴪ Ȃ 

ץ Ȃ ԍ ᵬ ῀ѿҩ ֟ ѿ

ҩ ₮ ѿҩ ̆ ױ ץ ̔ 

 

 (state) ( ) Ȃ 

 (measurement) ᵬȂ 

 (real number)̆ ғҍ ῖ ѿ ̆ ᶭ Ȃ 

 

ῒ ̆ ױ №ԅ ῖ Ҭ № ңҩ ̔ Ȃ ױ

⌠̆ ԅ ≢̆ Ȃ 

ᴋᵥ ҍ ԑᵬ ̆ ꜚᵬ Ҍ ̆

ᵬᴪ Ȃ ҹ (operator)̆ ᴇ

ҹ (transformation)Ȃ - ԅ ѿ ̔ҍ ԑᵬ

ᴪ ȂԊ ҉̆ ̔ 

 

׆  ҉ ̆ Ҭ (complex vector) (rotating 

arrow)Ȃ ԅѿ℗ ᵅ (Hilbert space)Ȃ 

׆  ҉ ̆ ̆ ℗ ̆ ױ ᵊ (self-adjoint 

operator) (Hermitean operator) ( ) Ȃ 

׆  ҉ ̆ (change of viewpoint) (unitary operator)(

) ̆ ᵬ ԍ ҉̆Ӟᵬ ҉ 

 

ⱬ ̆ ⌠ ẅ(eigenvalue 

̆ ̆ ṿ)Ȃ ̆ Ҍ ̆

(eigenvector)Ȃ ᵝ ꜚҒ ṿ ָӇȂ 

ԍᴋᵥ ̆י ֓ ҹҹ Ṑ ̆ 
 

י ; &10' 
 

ҹ ( )̆ӗ ҹ ẅȂ ̔  

 

 ṿ ₮Ȃ 

 

- ñ҉ò ñҊò Ȃ Ҭ Ҍ

Ȃ ṿ ̆ Ḡ ԍ̔ Ȃ 

ӊ̆ꜚᵬ ᶏ ױ № ῖ Ҭ ѿ ҈ ̔ ȁ

ȁ Ȃꜚᵬ ᶏ ױ ̆ ᶏ ױ №Ҍ Ȃ

Ҋ ̔ ֓ ꜚȂ ҹñ òȂ  

Appendix B:  
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₱ ̔ ҍ Ԑ  

 

ԅ Ȃᵖῒ ᵌ Ȃ ℗ ̆ 

 

 № ̆ ⃰ (wave function)Ȃ 

 

ҹԅ ₱ ̆ ᾢױ ѿ Ȃ ’Ҋ̆

₱ ץ ѿ (a single rotating arrow) Ȃ 

̆ Ҭᴰ ̆ ᴪ Ȃ

̆ ғ ̆↕ ԍ ꜚ ῤ̆

ꜚ ₮ѿ Ȃ ’Ҋ̆ ҩ ┴ Ȃ ҩ

ᵣ(quantum phase)Ȃ ױ ⌠̆ ᵝ ꜚ Ȃ

ҍ ꜚ ꜚ ‗ Ȃ 

̆ғׅ ȁׅ ̆ Ӈ ₱ ҩ

҉ ӈѿ Ȃ ׅ ԍ ꜚ ῤȂᵖ ҆

̆№ ҹѿ Ԑ̆ ꜚ ₮ Ȃ ҩ ҉̆

ѿҩ ᵝ ѿҩ Ȃ ⁞ Ȃ 

Figure 44 ԅѿᶛ ₱ Ȃ ҩ

Ҍ ̆ ֦ Ȃ ̆ῒ ₱

&ᴃ*ᴇ' ҍ ᵝ ̔ ҩ ѿҩ Ȃ ױ ̆ ᵝ ԍ

ꜚ ῏ ̕ Ӈ ̆ ̆ ԅָӇ

̙ ᾥ · ₮ԅ ̔ 

 

 ₱ (probability amplitude)̆ 

ῒ z&ᴃ*ᴇ'zф̆ ₮ԅԍ ┴ ᴃ ᴇ Ȃ 

 

ӊ̆ ₱ ԅң ̔ѿ ̆ ₱ ѿ Ԑ ̕ ѿ ױֲ̆

Ԑ ҩ ҉ ѿ Ȃ ̆ ̆Ԑ Ӟᴪ Ȃ 

 

 ₱ ѿ ԐȂ 

 

Ԑ ̆ ꜚ ѿ Ȃ ӊ̆ 

 

 ₱ ᵝ ҬҌ ̆↕ ₱ Ԑ Ȃ 

 

ᶛ ᵣ ᵣҬ̆№ ꜚ ץ ҹԐ ᵣ ꜚȂ ̆ Ԑ

̔ᶏ Ԑ Ȃῖ ᵣ ҍῒῤ Ԑ

῏Ȃ ԐȂ  

Appendix B:  
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ӊ̆ 

 

 ₱ ᵝ Ҭ ᵬ ̆↕ ₱ ԐҬ ѿ Ȃ 

 

Ҍֽ ԍ ̆Ӟ ԍ ‰ Ȃ 

ױ ₱ ᶃ Ȃ ֓ Ԑ ̆ ֲ

ҌẠᴋᵥ ̆ ң Ȃᵖ ꜛ

₱ Ҭ ҩ Ȃѿ ꜚ ̕

ꜚ ̆ ꜚ Ҭ ̆

ꜚ Ȃ 

ԅѿҩ[ ] (field)Ȃ Ҭԍ ̆

ҍ ῏Ȃ ̆ ̆ ₱ ₱ ̆ ѿ ԐȂ

Ȃ 

̆ ₱ ץ ҹ Ҭ ҩ ҉ ӈԅѿ ̆ ₱

ᵬҹѿҩ ᵣӞ ץ ҹ ᵅ Ҭ ѿ Ȃ ԍ ̆ Ҍ

ⱬᵬ ̆ῒ ᴿ ˻≢ ̆ Ҭ Ҍ

Ȃңҩ ₱ ̆ ѿҩ₱ ῍ ҍ( ῍ ) ԋҩ₱ Ạ ̆

Ῥ №Ȃ ӈ̆ ( ᵝ ȁ ȁ ) ץ

ӈ ԍ ₱ Ȃ 

ӊ̆ ԍ ̆ѿ ₱ ̆ ѿ Ԑ

ѿ № Ȃ ԍ Ԑ ̆ Ԑ ҩ

Ȃ Ҍᴪ₮ ᴋᵥԐҬȂ Ԑ Ҍ ӊ Ȃ 

₃ ѿױֲ̆ ₱ Ҍᴪ Ԑ ԅȂ ⌠

₃ ̆ Ԑ ῒ ̕ ↓ ѿ ׃ ԅѿ

Ȃ 

  

Figure 44 ₱ ( ) ̆ ₮ Ȃҍ ῏

֦ ̆ ᵝץ  (QuickTime film © Bernd Thaller)( ̔ ꜚ Ȃ) 
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̔   

 

Ҍ ҹ Ԑ̆ ԅ ₱ &ᴇ'

ᵥ Ȃ( ̔╠ ⌠̆ ҍ ╠ ῏Ȃ) 

 

 &ᴇ'̆ ҹ ̆ῒ ῒ

כ(י;ׅ (ꜚ לⱴי כ ) ₮̔ 

Ἡר
ᴃ
;ׅ &11' 

 

꜠ (Schrºdingerôs equation of motion)Ȃ*1 ↕

ԍѿ℗ ̆ ף ӊѿȂ 

ῒ ̆ ңץ Ҍ ⌠ԅ *2Ȃ ז ѿ Ҭ̆׆ז

№ ₮ԅ Ȃ ז ԋ Ҭ̆ז ₮ѿҩ ₮ԅ

̔ ᵥ ז̙ Ἕ Ἕ Ȃ ѿҩ ̆

ז &ᴃ*ᴇ' Ȃ Ἕ ̆ Ӈ ₱ ל ӗץ

ᵝ cἄuἑ ᵯȂ ̆ Ώץ  
 

&ᴃ*ᴇ';ל&ᴃ*ᴇ'cἄuἑ ᵯ &12' 
 

ל ̕ ᵝ Ȃ ᴇ ̆ Ԑ

̆ ᵝ Ԑ Ȃ  

 
1* · (Erwin Schrödinger, b. 1887 Vienna, d. 1961 Vienna) ֒

(physicien bohémien)̆ ҍңᵝ ῍ᵟȂ1925 ז̆ ԅ ↕ ֣̆ ῃ ̆ ԍ 1933

ȂӞ ז ᾢ ԅ ᾥ · (Victor Hess) Ӟ

Ȃ₮ԍ (National Socialism) ז̆ ̆ ≠̆ ᴋ

Ȃ ₮ז̆ ԅ ȇ ָӇ(What is life?)Ȉ̆ ӥҬ̆₃זӍֽ׆ ҉

DNA Ȃ 

Figure 45 · (Erwin Schrödinger, 1887 ~ 1961 ) 

2*  ̔ I ₮ (Ҍ ) ̕ ԋ ñ ꜚ ò̆

ԅң Ȃ ױ ̆ / ̆ ѿ IVȂ

ԅ̆ ѿ Ȃ 

Ref 55 

Ref 56 
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ױ ҹӞ Ἕ ҹ ױ ѿ Ȃ ≢ ̆

ꜚ ӊ ῏ ׂ;Ẕф-0כ(ױ&ẞ'̆ ῒҬ 'ẞ&כ ᵝ ẞ

ל Ȃ ῏ (22)  
 

Ἡר
ᴃ
;ׅ ;

Ἡф

ױ0
ф 'ẞ&כ( &13' 

 

ꜚ Ȃ ф ̆ ҉ ԋ

Ȃ ԅ ̆ ₱ ̆ ᵥ Ȃ1926 ̆

⌠ ל ̆ᶏ ҩ ꜚ

Ȃ Ҭ̆ᾣ ῤ ҩ ₮̕ Ҭ ꜚ̆ᶏ

ױ ₮ ᾣ Ȃ( ױ ҍ Ȃ) ᾢ̆

ᴪ ₮ ᾣ̕ῒ ̆ ᾣ ҍ ѿ

̆ ⌠ ԓᵝ̕ ̆ ԅ Ȃ ֓ ̆

ῒ ῖ ̆ Ҍ ᾣԅ˻ ӊҊ̆

ԅ ῒ Ȃ ӊ̆ꜚᵬ ̆ ֲ

ꜚ ⌠ԅѿҩ Ȃ 

Ҍ ̆ῒ -ꜚ ῏ ̆ ‰

Ȃ ӊױ ׃ Ȃ ᴋᵥẒ Ȃ ᶏ ׂ ̆

ᾣ ҍ ׅ ҩ Ҭ ‰ ̔ ᾛ ’

Ҋ̆ ṿҍ ѿ ̆ ⌠ 13ᵝȂ  

 

 

  

 

ԑץ Ȃ ̆ѿ℗ ̆ ≢ ѿ℗ ̆Ӟ

₮ ̆ᶛ Figure 38 Figure 39 Ȃ Figure 44

̆ Ȃ ԅ ꜚ

̆ ԅ ᵥ Ȃ 

Ԋ ̆ ῃ ԅ ̔ Ӟ

Ԑ Ȃҍѿ℗ ѿ ̆ ҩ ҍ

zלzф ̆ ↕ ↓ ᵝ‗ Ȃҍᾣ

̕ ᶏ Ὲ Ӟ ѿ Ȃ 

ױ ⌠̆ ₱ ⌠ ӊ╠ ᴪ ҩ ̆ᵖ ᴪ

҉֟ ѿҩ Ȃ ̆ ⃰ (collapse 

of the wave function)Ȃ 

  

Ä08:  

Ä08:  

Figure 73 
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ױ (35) Ạ Ȃ ԅѿ ̔

ῖ ₱ Ȃ ₱ Ἕ ῖ ѿ ꜚȂ 

ᵖ ׆ױ ῖ ̆ Ҍ ӈ ̔ ῒ № ₮

̆ Ȃ ױ ᴪ ̆ Ӟ ꜚҍ ῖ ꜚ

ӊ Ȃᵖ ԍ ’̆ ₃Ӎ ̆ ױ ₱

ꜚ ҍ ῖ Ȃ  

₮ѿ ̔ ᵝ Ҍ ̆Ҍ Ȃ

∆ ᴆֽ ₱ ∆ ṿ ₮̆Ҍ ( Ҍ ) ῒ Ȃῒ ̆

̆ ѿ ̆ ҍ ῖ Ҍ Ȃ ₮ԍꜚᵬ ῒ

└Ȃ 

 
 

  
 

Figure 46 ̆ ᴪ (dispersion)Ȃ

ѿ ₱ ᵝ ̆ ∆ Ȃ ╠ ̆ ҩ ₱ Ӟ

Ҭ (spread)Ȃῒ ̆ ҉ ᵌԍ

(diffusion equation)̔ Ἕ ῀ Ҭ ̆ Ӟᴪ

Ҭ Ȃ ԅ̆ ᵝ Ҍ ̆ᵖ ᵝ ⌠

ᴪ ⱴȂ ⌠ԅ Ȃ

̆ Ӟ ꜚᵬ Ἡ Ȃ ҉̆ Ӟ

ꜚ ҉ȂҌ ֲ ⌠ ᵣ ̆ᵰ ̆ Ӈ Ҍ

Ả ᵝ Ҍ ԅӇȂῒ ̆ ̆ ⌠ ץ Ҍ

Ȃᵰ ̙ 

ӊ̆ ꜚ ԅ ₱ Ȃ ₱ ₮ Ȃ  

Figure 46 ꜚ ₱ ( Ҋѿ ) ῒ ȁ ꜚ № ꜚȂ ᵝץ  (Quick 

Time film © Bernd Thaller) ( ̔ ꜚ Ȃ) 
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̔ ҍ  

 

Ҍ҉ Ȃ ῖ Ҭ̆ ꜚ י ԍ ל ̆כ

Ӈ ⌠ Ȃҍ Ҍ ̆ Ҭᴋᵥ җ

Ȃ 

Ҭ̆ җ שׂ (potential barrier) ̆ ₱ Ȃᴋ

ᵥ∆ ₱ ᴪ ⌠ᴋᵥ ȁ ל ӊ Ȃ ₱ Ȃ

ӊ̆ᴋᵥ ץ ᴋᵥ җ ̆ Figure 48 Ȃ

ҹ (tunnelling effect)̆ҍ ῖⱬ Ҍ Ȃ 

Ҭ̆ᴋᵥ ץ ꜜⱬᾥ Ȃҕ҉ Ԋ̆ Ȃ

ל Ҋ̆ ₱ ҹ ̆ ᴰ ⌠ ѿ ̆ᵖ ל ѿ

ᵌ̔ Ҭ ל Ȃ 

̙ ̆ ו ᵌҹ 
 

ו
כ&י4/ 'י

фכ
cvn

0ᴆ

Ἡ
כ&ױ0 'י &14' 

 

ῒҬ ל כ̆ ל ҍױ̆ י ҍꜚ Ȃ ԍ

̆ ᵀ ṿ Ҍ ӗ Ȃ  

Figure 47 ₱ ל ( )̔ № ₱ ̆ № ₱ ᴰ ⌠ ѿᶷȂ

ᵝץ  (QuickTime film © Bernd Thaller) ( ̔ ꜚ Ȃ) 

Figure 48 Ȃ 

 ״ ױ

. ᴇ 

 ׂ
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ץ ҹᶛ̆Ẋ Ҋ /.фϔҩ Ȃ

ҹ 0.1 m ̆ ל ҹ T;/icT;/4._HȂ ᵀױ ₮̆

⌠  
 

ו /.&Еї
ɭʜ'&Еї

ʜȬ'
/.&Еї

Ɂʯ' &15' 

 

ҩ ԅ(֪ ѿ )̆ ץ ̆ Ҍ׆ Ȃ(

Ȃᵰ ₮ ѿ ҩ ᵀ Ҭ ̙) 

̆ ғ ᵞԍ Ἡ- כ&ױ0 'י ל

Ȃᶛ ̆ Ҋ ץ ᵣҬ ⌠ ̆ᵖ Ҭ Ҍ

Ȃ ̔ ל ҹ 
 

ᴆ
.,3lk_H

כ י
&16' 

 

Ҋ̆ꜚ י ҹ 6 zJ ̆ ᴪ Ȃ ₃

ל ȂԊ ҉̆ Ἕ ≠ ֟ Ἕ̆

Ἕ ⱴ ̆ ῒ Ȃ 

└ԅ ᵣ Ȃ Ҍ Ạ ᴋ Ȃ1 TB  

ᵣ(RAM) Ҍᴪѿ Ȃᵰ ⌠ҹָӇ ̙Ԋ ҉̆

└ԅ ̆ ױ Ȃᵰ ̆ ױ 37°C

̆ ױ ָӇ Ҍᵟԅ˻ 

ԍᾣ ̆ Ӟ ץ ל Ȃ ᾣ ᶃ ל ̆

ל ҹѿ Ȃ ᾣ ץ ᴋᵥ ⌠Ȃ

⌠ԅ Ṙ (evanescent wave)̆Ṓ ԍ Ȃ 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 49  

Ҭת ל

Ẓ Ȃ  

№  

 ל

 

ל

 

Challenge 73 e 

Challenge 74 s 

Challenge 75 s 
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ᵝ 

 

╠ ⌠̆ ₱ ̆ (probability amplitude)̆ΐ ῍ ̔

ҍ Ȃ ױ ⌠ ₱ ᵝ̆ԅ ᵝ Ȃ 

₱ Ҍ ҹԐ ( )̆ ᵝ ֓ⱳ Ȃ

╠ ̆ ₱ ₱ ᵣ Ԑ̔ Ԑ̆Ӟ

ԐȂ ԍ Ԑ ̆ Ԑ ̕ᵖ Ҭ̆Ԑ

̆ ῒ ᵝ ̆ Ȃ ױ ѿҊȂ 

ᵝ Ἕᾣ ᵝ̔ ױ ᵝ ̆

ꜚ ⱴȂ ᵝ ץ ѿ Ȃ ᵝ ῏

; -ׂἩ ₮Ȃ ӊ̆ 

 

ױ  ץ ₱ ꜚ Ԑ̕ Ԑ

̆ ץ Ȃ 

 

̆ ᵝ ₱ Ҭ Ȃ ₱ ңҩ №№

̆ ᵝ ̆ ᵝ ‗ Ȃ Figure 38

Ȃ ᵝ̆ Ҍᴪ Ȃ 

₱ ᵝ Ȃ Ȃ ₱ №◓̆

ѿ № ̆ῒ ᵝᴪ ̆ Figure 49 Ȃ ל

Ẓ ̆ ⌠Ȃ 

Figure 50 ԅ ѿ ᵝ ̔ Ӟ Ҭ

ᵝ( ׆̆( ҹȂ  

Figure 50  

ᵝȂ 
 

№  

  

Ä02:  
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ҩ ץ ֲפ ԅ ᵝ ̔ -

(AB ̆AharonovïBohm effect)ȂAB ₮ ң ̔ѿ ̆ԋ

ԍ Ȃ Figure 51 Ȃ ѿ№ҹԋ̆№

ҍ ᵣңᶷ̆ ᵣ ̆ Ȃ ֽ ᵣῤ ̆

Ȃ( ᵣ ѿ Ȃ) ̆ᴪ₮

̆ғ ᵝ ‗ԍ ṿȂ ᶏ ׆ ῀ ̆Ӟᴪ ’˻

₮ԅ ֲפ Ȃ 

AB ̔ ₱ ᵝ ל ṫ‗ ̆Ҍ Ṭ‗

Ȃ ל ̆ Ȃ ל ꜚᶏ ңᶷ

≢̆ ԅ ׆̆ ֟ Ȃ ץ AB ҍ ṿ ῏̆ ᶏ ׆ ҍ

ԑᵬ Ȃ 

 

 

 

 

 

 

 

 

  

Figure 51 AB ̔ ל ( ) ( )̆ Ҭᴰ  

(© Doru Cuturela) 

Figure 52  AB ̔ ₱ ꜚȂ ֦ ̆ ᵝץ  (Quick 

Time film © Bernd Thaller) ( ̔ ꜚ Ȃ) 

 

 

 ל

 
 

( ῤ ) 

Ref 57 

Vol III Figure 46 
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ᵝ ѿҩ ᶛ - (AC ̆AharonovïCasher 

effect)̆ Ҭ ҉̆ᶛ Ҭ Ȃ Ҭ ᵝᴪ ⌠

ȂFigure 53 ₮ ‗ԍ ⱴ  Ȃל

ᴪ׃ ᵝ ѿҩᶛ ̔ ⱬ Ӟ ץ ₱ ȂԊ ҉̆

Ҭ ̆ ץ Ȃ 

₱ ᵝ ѿ ץ Ȃ ᵣ

ᵣҬ̆ ₱ ᵝ Ȃ ᶏ Ȃ

ᶛ ̆≠ (Josephson effect)̆ ץ

ל ̕ ̆≠ (SQID̆ superconducting quantum interference 

device) ץ Ȃ 

֓ ̆ ₱ ᵝ ̕ ᵝ̆ ᵝ

̆ ᵝ ̆ ץ Ȃᵰ ѿ ̙ 

⌠ԅ↨↨ ⌠ Ȃ ᵝ ₱ ̔ ᵝ

̆ Ӟ ñ ò₱ Һ Ȃҍᴋᵥ ѿ ̆ ᵝӞ

̆ ғᴪ ⌠ Ȃ ̆ ̆ ₱ ץ

̆ ѿ ̕ Ҍ ̆ ₱

̔ Ҭ ҩ ҉ ѿ Ԑ Ȃ  

Figure 53  

AC ̔ Ҭ ᵝ̆

Ȃ  

№  
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Ref 58 
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ң ? ?  
 

̙ ҩ Ȃ Figure 54 ̆ ̆ ץ

└ᵬῃ *1Ȃᵖ ֓ᵬ (coherence) ӈ̆ױז

(transversal)̆ (longitudinal)Ȃ ‗ԍ ᵝ

╠ Ȃῒ ҉ ҍ ԑᵬ ₮Ȃ ֓ ҹ

Ȃ 

̆ñ ò Ҍ Ȃñ òѿ ̆ ҍ

ⱬҌ Ȃῒ ᾣ ̆

Ȃᵖ ᾣ ץ № ̆Ḡ ᵝ ̆ңҩ

( ᾣ )Ӟ ₮ Ȃ ץ Ҍ ᾣ Ȃ ᵌ

̆ ӞҌ ∞ Ȃ 

ῒ Ҭΐ ᵝ̆ ҩ

(coherent)̆ ҩ ӈԅ Ȃ ̆

ñ òӞ ץ Ȃ ᶏ ԍ ̆

ῒ ṿӊ Ӟ̆ף ԍ װ ᴂȂ

ӊֽ̆₡ ̆ Ҍ Ȃ 

ѿҊᾣ ’Ȃ ᾣ ѿ ῤ֟ ᵌ ̆↕ᾣ

Ȃ ԍҌ ῏ ̆ ᴋᵥ ᾣ Ҭ̆ᾣ Ҍ Ȃ

Ӟ ԍ ̔ Ҍ Ȃᵖ Ҍ ̆ ҹ

Ȃ ץ Ҍ Ȃ 

 
1* 2002 ̆ ѿ ≠ Ҭ └ᵬ ῃ ҕȂ 

Figure 54  DNA№ ῃ  (© Hans-Werner Fink/Wiley VCH) 

Ref 59 

Ref 60 

Equation 13 
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ӊ̆ѿ ҍ ̆ңҩᾣ ӊ ֟ ̆ᵖңҩ ӊ

Ҍ Ȃ ֲ ң ֟ Ȃ ᴰ Ȃ 

 
 

ⱬ ꜚᵬ   
 

ꜚ ᶏ Ȃ ῖ Ҭ̆ꜚᵬ (the principle of least 

action) ₮̆ ꜚ̔ ᵝ ѿ℗ Ҭ̆

ꜚᵬ Ȃ ѿ ̔ Ҳ̆

꜠ᵲ ⅎ(variation) Ȃꜚᵬ .;ט ̆ ԅѿ℗ ῖ Ȃ

ױ ↕ ⌠ Ȃ 

ӈ ꜚᵬ ҍ №̔ ᾢ̆ ꜚᵬ ̕ῒ ̆Ҍ

ӈꜚᵬ №̆ ҹ Ҍ ñ ò ̕ ҈̆ ԍ Ҭ

ѿҩ ꜠ᵲ (smallest action)̆ ץ №ҹ Ҍ ҩ ̆ ҩ Ȃ

ѿ ң Һ ̔ ꜚ ҹѿ℗ ⱴ̆ Ṣꜛ

₱ ꜚᵬ Ȃ ң ᴇȂ 

ѿ ̆ ⅎ (path integral formulation)̆ ꜚ ҹ ѿ℗

ꜚ ⱴ(╠ ñ ò)Ȃ ҉ ̆

ԍ ⱴȂ ҉ ꜚᵬ Ȃ

ᵬ ̆ (ᵖ Ҍ ˻) Ȃ

̆ ῖ ꜚᵬ ̆ ѿ℗ Ȃ  

ԋ ̆ ₱ ӈꜚᵬ Ȃ ῖ Ҭ̆ꜚᵬ ( ) ӈҹ

┴ӊ №̆ ӈҹꜚ ל⁞ Ȃ Ҭ̆

≠ · (Julian Schwinger) ӈ ꜠ᵲ (quantum action) Ȃ

ҹ ў ϡȂ ңҩ ӊ ꜚᵬ ט ӈҹ 
 

;ט gz bᴃzdב &17' 

 

ῒҬ ב ( )Ȃ Ҭ ӈ ҍ ñӗ ò*1Ȃ

ӊ̆ Ҭ ꜚᵬ ̆Ӟ Ҭ ̆ᶭ №Ȃ

ב ӈ Ӟҍ ῖ Ҭ ̔ י;ב ᶭכ

ꜚ לҍי ӊכ Ȃ ѿ ≢ ̆ Ҭ̆ ῖ ꜚ ᵝ

  2Ȃ*ף

 
ױ *1 ̆ ̆ ₱ ̆ ᵬ ԍ ֓₱ ̆ңҩҌ

ӗ ₱ ӗ ҉ Ȃ 

2* ℗ ̆ (mixed product)Ҭ ѿҩ └ ᴆ̆Ӟ ԅ Ҍ

֜ Ȃ ױ Ҍ ҩ Ȃ 

Vol I Ä08:  

Ä02:  

Vol I Equation 72 
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ҹԅ ꜚᵬ № ט ⌠ ⱬ ̆ ῀ԅ Ҋ  
 

;ט gz bᴃzdב &2.' 

 

̔ꜚᵬ № ԍ ₱ Ȃ 

⌠ ⱬ ѿҩ ῖ ̔ ԍ ̆ꜚᵬ №

Ȃ ̆ ꜚᵬ №Ҍ ҹ ̆ ҹ ꜚᵬ ꜚᵬ

Ȃ ̆ ѿ ꜚᵬ ̔ 
 

;ט gz bᴃzdב ; Ἡר gzd &2/' 

 

꜠ᵲ (quantum action principle)̆ ԅ ѿ℗ ꜚȂ

ᶷ Ἡ ҹ ̆↕ ⌠ԅ ῖ ꜚᵬ Ȃ.;ט ̆

ױ ̆ ᴪ ⌠ꜚᵬ ȁ₮ ( ) ᵝ Ȃ

ᶷ Ȃ ᶷ ԅ ̆ 1/2

ᾥ ̆ ⱳ ԅ Ȃ 

ӊ̆ѿ℗ ꜚ̆Ӟ z ̆ ץ

̔ꜚᵬ № ԍ ᵬꜚץӗר ἩῬӗץ ң №Ȃ

ӊ̆ ꜚ Ҭ ̆ ҹ ױ ץ ᵝ ∆׆

⌠ Ȃ ר ꜚᵬ ₱ ᶭ Ȃ 

ӊ̆ꜚᵬ ᶭ ̆ ⌠ Ҭ Ҍ⌠ᵞԍ Ἡ

ꜚᵬ Ȃ ױ ⌠̆ꜚᵬ ₱ ̆ Ӟ ԅѿ℗Ԋ

ȁѿ℗ ȁ Ȃ 

 

 

ꜚ  

҆ (Everything turns)Ȃ  

ᵪ   

 

ᵝ ԍָӇ̙ ῖ ꜛԍ ҩ ȂἝ ᵣѿ ̆

(quanton)Ӟ ץ ̆ (spin)Ȃ ץ ̆ ױ

ΐ ꜚ ̆ Ȃ 

Ȃ1925 ̆ң ῌ ӓ ·Ӌᴶ ᾥ(George Uhlenbeck) ·

ῗ (Samuel Goudsmit) ₮ԅ ῃ Ȃױז שּׂ

·ᾥ (Ralph Kronig)Ӟ қ ̔ ѿ ̆ ꜚ №

Ἡ-0 ₮̆ ҩṿ 1/2 (spin 1/2 )̆ ѿ℗ Ȃ(ҍ

Ҍ ̆ ṿ Ἡ̆ 1 Ȃ)  

 

 

Ref 61 

Ä03:  
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ΐ ꜚ ̆↕ ⱴ ῒ ȁ ῒ ꜚȁ

Ҭᴰ Ȃ ֓ ⌠ԅ̆ᶛ ̆ - ץ

֓Ȃ ҍ ῖ ꜚ ѿ ≢ ̆ ̆

╠ӊױ ⌠ Ȃ  

ӊ̆ Ṷΐ Ȃ ̆

ᵣ̆ ᵣ Ȃῒ Ẽ ̆ (magnetic moment)̆ҍ

cױ0-פ ̆ҍ ῖ ѿ Ȃ ᵝ

c̆ױἩ-0פ;@ ҹ (Bohrôs magneton)ȂԊ ̆ ҍ ῖ

Ҍ Ȃ צ (factor-צ& צ̆ ѿҩ ̔  
 

צ;
פ

cױ0
Ṷ; @צ

Ṷ

Ἡ
* ῚҲ @;

Ἡפ

cױ0
&20' 

 

ᾣ ̆Ӌᴶ ᾥ ῗ ₮ צ ҹ 2̆ ῖ ṿ Ȃ/;צ

₃ҩ ̆ (Llewellyn Thomas) ṿ 0;צ ҹ Ȃ 

⌠ 2004 ̆ ̆ ץ ⌠ ( Ҭ )

҉ Ȃ ֲ ╠ ֓ ñ ῍ ⱬ

(mrfm)ò̆ № Ȃ 

1927 ̆ ≠*1 ₮ԅ 1/2 ῀ ⱬ ̔ ₱

ңҩ ̆ ѿҩ Ȃ Ȃѿ ̆ ץ

ҌἝ Ẋ ̆ Ҭ ҩᵝ

Ȃ ҩ ҉ ңҩ ̆ ῍ ҩ ̆ ԍң

ҩ Ȃᵖ ̆ ≠ ⱬ Һ ̆ ҹ ѿ

̆Ҍ ӈ Ȃ 

ӊ̆ ̆ ₱ ҩ

ңҩ Ȃ ⱴ ԅ Ȃ ᾥ ׃

Ӟ ⌠ԅ ̆ Ӟ ԍ ῒ ΐ ꜚ

ҬȂ   

 
1
*  ῧ· · ≠(Wolfgang Ernst Pauli, b. 1900 Vienna, d. 1958 Zürich) 21 Ώ₮ԅ ӈ

ӈ ᶃᵬ Ȃז ѿҩ ֲ̆ ԅҌ ̆ ῀

ԅ ̆ ԅ ҍ ӊ ῏ ̆ ԅ CPT ̆ ԅҬ Ȃῒ פ

ֲ ᴀ̆ῒ ≠ ֲפ∞ ̆ ñ (conscience of physics)òӊ Ȃז ꜛԅ

̆ᶛ ꜛ ̆ ғ׆זҌ ⱳȂ ῤ ֲ ҹז ԋ

ҕ ᴯ ȁ Ȃז ñ ≠ ò Ԋ̆ ז ᴪ ȁ

ñ òȂ ױ ⌠̆ ≠ԍ 1945 ԅ ̆

ז ԅҌ (exclusion principle)̆ ױ ץ ҹז ‗ԅ ᶏ

҉ (Ҭҕ ) Ȃ 

Ref 62 

Ref 63 

Ä03:  

Ä03: -  

Ä04:  
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ꜚ (1)  

 

1899 ̆ ᾥ ꜚᵬ ̕1905 ̆ ӈ ̆ῒ

̔ᾣ ҍע ῏Ȃ ᾥ ̆ꜚᵬ ҍ ῏Ȃ

Ḇᶏז ⌠ ̆ ᶏ ᵝҒ≠ Ȃ 

̆ꜚᵬ ҍ ῏Ȃѿ℗ ꜚᵬ Ȃ

ӈ ῀ ̆ ⌠ ׅ̆ Ȃ 

ῖ ₱ ̆ ̆ Ҋ ₮  
 

ׅ; фẔфע(фױϩע ῚҲ Ẕ; ,ẚױ &21' 
 

Ӈ̆ ҕ Ҭ ָӇ̙ T.D. (T.D. Newton) E.P. (E.P. 

Wigner)ԍ 1949 ץ̆ L.L. (L.L.Foldy) S.A. (S.A.Wouthuysen)ԍ 1950 ̆

₮ԅ Ȃ₃Ӎ ѿҩ ̔ 
 

ׅ; фẔфע(фױϩע ῚҲ ;

)/ . . .
. )/ . .
. . / .
. . . /

&22' 

 

ױ ⌠̆ Ҭ №ԅ Ȃ )/ / ₮ ң

ץ̆ ’Ҋ ңҩ Ȃ 

ԍ 1/2 ץ̆ ῒ ̆ ₱ ҩ ̆ңҩ ԍ

̆ңҩ ԍ ȂҹָӇ ̙ ╠ӊױ ⌠̆ ңҩ ̆

ҹ ҩ ȁ ᵝȁ Ȃ ױ №

ᴪ ꜚ ῀ Ȃ( ױ ҩ Ȃ) ̆

ѿ №Ȃ ₱ №ҹ ̆ ӊ֞ Ȃ

ӊ̆ 1/2 ₱ ҩ № Ȃ 

ҍ ῖ Ҭ ᵝ - ῏ ̆ ץ ẚ̔ 
 

ẚ;
b

bᴃ
ẞ;

Ẕ

фẔфע(фױϩע
&23' 

 

ҹѿҩ׆ ᾣ ⌠ ᾣ ṿ Ȃ ẚ ѿҩ ꜚ

̆ꜚ Ẕ ׂӞ  
 

ׂ; фẔфע(фױϩע &24' 
 

ꜚ ṶӞ ῖ Ҭ ӈ 
 

Ṷ;ẞ Ẕ &25' 
 

ꜚ Ṷҍ ңҩ Ȃΐ ( ) ꜚ (

) ₱ ѿҩ № ̆ῒ ҈ҩ№ Ȃ  

Ref 64 

Ref 65 

Vol II Ä02:  

Ä08:  
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ᵖ ԑᵬ ץ̆ - ꜚ Ҍ

ԅȂ ̆ ῖⱬ ⱬ ӊ ѿ ԅȂ ױ

₱ ᾥ ׃ ҩ Ȃ 

 

 

 vs.   

 

ָӇ (composite) (elementary)̙ ῤ ꜚ

ꜚ(bound motion)Ȃ ֓ ̙ ₮ԅ₃ ∞ Ȃ 

ѿ ∞ ̔ Ҍ ԍ ꜚⱬ

ṿ̆ Ȃ (gyromagnetic ratio) (Ҍ ҍ ) ӈҹ

ṷ ҍ ꜚ Ṷӊ ̔ 
 

ṷ ; Ṷ &26' 
 

ץ qЕR Еҹ ᵝ̆֞ A-ie̕ ‗ ԅ Ҭ ̕

̆ ῍ ἝҬῬ ₮ Ȃ Ṝ ΐ 1/2Ȃ ҹ

ȁג ҹ ױ 1/2  Ώᵬץ
 

;
ג

Ἡ-0
צ;

פ

ױ0
&27' 

 

ԍ ∞ Ӟ ץ צ Ȃ( ױἩ-0פ ҹ

(magneton)Ȃ) צ ҍ ꜚⱬ ṿ( 2.0 )Ҍ ̆↕

ᵣȂᶛ ̆4He+ ҹ ṿצ1/2̆ 14.7103̆ 3·10 11 m̆

ҩ ᵣȂ צ ҹ 5.6̆ ғ ₮ 0.9 fm ̆

ṿ̆ № Ȃ 

Ҭ Ҭ ̆ᵖ ̆ Ȃ ̆ῒ ҍ

Ȃ ̆№ ȁ ȁ ȁֲᵣ Ȃ ѿ צ ∞ ̆ 

ѿ ( ȁɛ ȁŰ ȁҬ )ȁ ᾥȁ ׃ (ᾣ ȁW

ȁZ ȁ )Ȃ῏ԍ ֓ ׃ Ȃ 

ԅ צ ∞ ̆ ѿ ∞ ̔ᴋᵥΐ

Ȃ ∞ ∞ ҍ ѿ ∞ ȂԊ ҉̆ ң ∞

῏ Ȃ -צ  ׆
 

צ 0;
ח

ζ

&3.' 

 

ῒҬ ח ̆ ζ;עױ-ק Ȃ -4 ȁ -3ȁ

̆ᵰ ץ ѿҊȂ ԓ Appendix B Ӟ ԅ ѿ

Ȃ ӊ̆ ԋ ∞ ᴇԍ ѿ ∞ Ȃ  

Challenge 77 e 

Challenge 78 e 

Ref 66 

Ref 67 

Ä08: (2) 

Vol V page 162 

Vol V page 162 
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҈ ∞ ҹ ̔ᴋᵥ ԍῒ Ȃ

Ȃ ץ ⌠ῤ ꜚ̆ ֓ ᴆ ꜚ̆↕ Ȃ ҹ ᴁ

ῤ ꜚ ҹ ЛΦЬлױ № ꜚᵬ  
 

:עЛΦЬлױЛΦЬл:0ᴁט ᴁעױ &3/' 
 

ῒҬ̆ױ ᵣ Ȃ ѿ ̆ ̆ ҩꜚᵬ ԍ Ἡ-0

⌠Ȃף῀ ҩ ᴆ̆ ױ ᴋᵥ ᵣ *1 
 

ᴁ<
Ἡ

עױ0
&30' 

 

ᶷҍ ѿ Ҋ (Compton (wave) length)ֽ 2ф  
 

;
ק

עױ
&31' 

 

̆ᴑᵫ ԓῚ Ї ҙᴑᵫ ԓ (52)

ᶽ Ȃ ̆ ȁ ᾥȁ ׃ ∞ ҹ Ȃ

( ԍ 2012 ̆ ̆ᵖ Ӟᴪ Ȃ) ῒ

Ȃ ӊ̆ ҈ ∞ ֟ ҍ╠ң ∞ Ȃᵰ ѿ

Ҋ ̙ 

· ᴿ (Steven Weinberg) ∞ ̔ ѿ ₮

‰ Ҭ̆ ₮ Ҭ̆

Ӈ Ȃᵰ ↕∞ ╠׆ ₃ ∞ ̙ 

̆ ҩ Ȃ ⱬ̆ᴪ₮ ῏ԍ

Ȃᾢ ѿ ̆ ױ ׃ Ȃ 

 

  

 
1* ᵰ 2 ̙ № Ẋ ̙ Challenge 79 ny 

Challenge 80 e 

Challenge 81 s 

Vol V page 261 

Vol VI page 313 
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̔ ꜚ  

Die meisten Physiker sind sehr naiv, sie glauben 

immer noch an wirkliche Wellen oder Teilchen.*1  

қ· (Anton Zeilinger)  

 

ꜚᵬ ̔ Ḃ ≠ ₴⃰ ̆ῒ ӞҌ ̆ ̆

ἝԐ ѿ Ȃꜚᵬ ̔ ᶏ ᵣ̆ᶛ ̆ῒ

Ӟ Ȃѿ℗ ԅ ֓ Ȃ Ҭ ָӇқ ≠

Ȃ ҍ Ҍ Ȃ 

* * 

̙ᶛ ѿ Figure 240 ̆

Ἕ̆ ױ ̆ѿҩ ѿҩ ꜚȂ ֲ ᾣ

ꜚ ҩ Ȃ ̆ ֓ Ҭ ѿҩ Ἕ Ȃ

̙ ҩҌ ӇҤ ᴪ Ȃ 

* * 

₱ ñ ò ̙ ℗ ̆ ₱ Ԑ ̙ѿ֓ ׅ

Ȃ ₮ ԋ ҕ Ҭ ױז̆

ñ ₱ ò̆ ץ ԍױזẢ ȂҌ ױז

ױז̆ ̆ ױז ҹ Ȃ ױז ױז̆

₱ ΐ Ȃѿ℗ ̆ ⌠

̆ ױ ץ ӊҹ Ȃ ̆ ȁ ȁᵣ ̆ ῃ

₱ ‗ Ȃᴋᵥ ȁ ȁᵣ ₱ ΐ Ȃ  

* * 

ѿ ң Ҍ ̔ Ӈ ױ ᵌ̆ ᴇҍ

ᴇф̆ Ӈ ױ Ҍ ̆ ᴇ ꜚ ᵴȂᵰ״ Ạ₮ ̙ 

* * 

Ȃ Ӈ̆ҹָӇꜚ ѿ Ҍ ̙ 

* *  

 
1* ñ ׅױז̕ Ḥ Ȃò қ· (Anton 

Zeilinger) Ӟ ץ̆ ⱬ Ȃ 

Challenge 82 s 

Challenge 83 e 

Challenge 84 d 

Challenge 85 ny 

Ref 68 



 

 

 
04. ῒ ꜚ  

M
o
t
i
o
n
 
M
o
u
n
t
a
i
n
 

ï
 
T
h
e
 
A
d
v
e
n
t
u
r
e
 
o
f
 
P
h
y
s
i
c
s
 
c
o
p
y
r
i
g
h
t
 
É
 
C
h
r
i
s
t
o
p
h
 
S
c
h
i
l
l
e
r
 
J
u
n
e
 
1
9
9
0

ï
M
a
r
c
h
 
2
0
2
3
 
f
r
e
e
 
p
d
f
 
f
i
l
e
 
a
v
a
i
l
a
b
l
e
 
a
t
 
w
w
w
.
m
o
t
i
o
n
m
o
u
n
t
a
i
n
.
n
e
t

 

99 

 

 

 

 

 

 

 

 

 

 

₱ ȂFigure 55ל ԅѿᶛȂ ҩל

ҹ ̕ №Ȃῒ Ȃ ҩל ΐ KdV

(Korteweg-de Vries ) ҩ ҍ ῏Ȃ 

* * 

ᴋᵥ ԍ ꜚ ῏Ҋץ  
 

ᴁф י
7Ἡф

ױ6
&32' 

 

ῒҬ ױ № י̆ № ꜚ ̆ᴁ Ȃᵰ ̆

̙ 

* * 

Ҭ̆ ץ ₱ ҹѿ ᵣ ̆ ҹ electronium̆ ΐ

Ȃ ӈ Ȃ Ҭ̆ electroniumԐ

Ȃᶏ electroniumԐ ̆ᶛ

ᾣ Ȃ ԑ ̆electroniumԐ ᴪ ̔

Ȃ 

* * 

ᾛ Ҍ Ȃ ױ ҹ ᵞ Ȃᵖ ֓ ’Ҋ̆

ⱴ ל ֟ Ȃᶛ Ҭ Ḡ (Paul trap)ȁ

ȁ ȁ ᴚ (Trojan electron)ȁ ⱴ Ȃ ױ ῖ Ӟ ⌠ ᵌ

’̔ ꜚ ṕ ̆ Ҍ ̆ᵖׅ Ḡ Ȃ 

* * 

ױֲ ⌠̆ ׆ Ҭ Ȃ ӈ ̙  

Figure 55  ѿ Ҍᴪ ₱ ל Ȃ ᵝ (QuickTime film © Bernd Thaller) (

̔ ꜚ Ȃ) 

Challenge 86 s 

Challenge 87 s 

Ref 69 

Ref 70 

Vol I Ä10:  
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̔∆ ꜚ  

 

ӊ̆ (massive quanton) ꜚ̆ ꜚ̆ ץ

ң ̔ 

 

ǒ ̆ Ṑ Ҋ̆ ₱ ̆ ₱ Ἕѿ

╠ ȁ ȁ ꜚ ԐȂԐ ᵝ ꜚ ꜚȂ ₱

̆ Ԑ ̆ ⌠ Ȃ  

ǒ ׆ ̆ ᵞ Ṑ Ҋ̆ѿ ꜚ ҹѿ ╠ ȁ

ȁ ꜚ Ȃ ꜚ ‗ԍ ꜚ ץ

Ȃל ̆ῒ ⌠ Ȃ ѿ

ץ ׆ ⌠ ̆ Ӈ ⱴ ѿ Ȃ 

 

׆ ⌠ ⌠ Ԑ Ȃ ԅ

ꜚ Ȃ ԍꜚᵬ ἩȂ ѿ ̆

׆ ̆ ᾥ Ȃ ᾥ ҍ

ѿ Ȃ ≢ ̆ ױ ̆ ᾥ ԅ ȁ Ȃ 

ҹԅ ӟӊ ҉ ̆ ױ ҈ҩ Һ ̔

Ҍ № ȁ ȁ ӈȂ 
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Chapter 5 

05. ̔ Ἕ ̙ 

 

 

ᵥץ ̙ᵥץ № ᵌӊ ̙ᵥץ ᴆ ◐ ױֲ̙ Ḥ̆

ה ̆ ᴆҍ◐ ȂԊ ̆ Ḥ Ӟ

̆ᵖ Ҍ Ӈ Ȃ 

ᴋᵥ № ̆ ץ Ȃ ̆ ױ №

ⱬҍ Ȃ 

ױ ҹ̆ ῒ◐ ӊ ץ ̆ ҉

Ȃᵖꜚᵬ ̆ Ḃ Ҍ №ׅ̆Ҍ └ץ

ῃ ˻ Ҋ ̆ ױ Ҍ № ҍ № ̆ ꜚ

Ȃ 

 

 

№   

 

ѿ ̔ (glove problem)̆ ԅ ѿ֓ ̔ 
 

ױ ҹ ᴆ Ạ ̆ 'ײ*ױ& ̕ ҩֲ

Ҍ ⌠≢ֲ ᵣ ̕ѿ῍ ̙ 
 

Ӟ₮ ῒ ҬȂᶛ ̆ · · ̆ ң ·

(condom problem)Ȃ ̔ ᶃ Ҍ ᴆױ ӗ ȂԊ ҉̆

҈ҩ Ȃ 
 

ǒ ’ ᴆ;0̆;ױ ’ᵣ ԅ ױ Ȃᵰ

⌠ ᶃ ‗ ᵬ ̙ 

ǒ ᴆ;/ғ ҹױ ̆ 0-'/(ױ& ̕ ғ/;ױ ᴆҹ ̆

ҹ &ᴆ)/'-0Ȃ ᶃ ‗ ̆ ץ Ȃ 

ǒ ԍῒ ’̆ ѿҩ ‗ ̆ 0ᴆ-1)0-ױ ̆ῒҬ ᴇ 

ԍ ԍ ᴇ Ȃᶛ ̆ ԍң ҈ ̆ ҈ Ȃ 

(Ҍ ҩῈ Ҍ ₮ ᴨ ̕ ֓ ’Ҭ ṿȂ) 
 

Ȃᵰᴪ ̆ ‗ ‗ԍ ҈ҩ Ȃ ᾢ̆ ѿ

ῤ ң ץ ԑ №Ȃῒ ̆ῤ ᴪ ῒ Ȃ ҈̆Ҍ

ץ ԑ №Ȃ  

Challenge 88 s 

Challenge 89 s 

Challenge 90 e 

Challenge 91 e 

Ref 71 

Ref 72 
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Ӈ̆ ҈ ԍ ̙ ⌠ Έ Ȃ

ץ ԍῒ ҍ ꜚ Ȃ ≢ ԓ

Ȃ ֽ Ҭ ҈ ̆ ҍῒ◐ № Ȃ ᴪױ

̆ ҹҌἝ ̆ ױ ֲ Ȃ 

ץ ң № Ȃѿ ̆ ץ Ὺ №

̆ױ ȁ ȁ Ȃ ѿ ̆ ᶏ ᵣΐ ῤ ̆ Ӟױ

№ ᴋᵥ̔ױ ױ ̆ ױ ץ ӊҍ

ῒ № Ȃ ӊ̆ ױ ≠ץ №ΐ ῤ Ȃ 

ῒᵝ ȁ ꜚ ȁ ꜚ ‗ Ȃң ץ №̆ ҹ

ᵝ ԍ Ȃ Ҍ ᶏ ױ

Ȃᵖ Ҍ ˻ ң ̆ԋ ῤ ῃ ̆ҹԅ

Ҭ № ̆ױ ױ ꜚȂᵖ ԍꜚᵬ ץ ӊ Ҍ

῏ ̆ ױ ȂԊ ҉̆19ҕ ѿ ̆ ᶏ

ӞẠҌ⌠ ѿ ˻ ѿ ┴ ᵣ( )

Ҭ Ȃ 

 
 

№   
 

ᵣ ̙ ᵣ Ҭ̆כ ד ҹ ױ (simple particle)*1

ᵣ ̆ט ҹ 
 

ט

דת
;jl

כ
о
)
1

0
)
jl

ד
&33' 

 

ῒҬ̆ת ῗ ̆jl י̆ ̆ ; 0Ἡф-יתױ

( ᵌ ᵣ )Ȃ Ҭ̆ Ἕ ѿ №̆↕

ԍ 1̕ ῃ №̆↕ ¡ד/; Ȃ ̆ ᵣ ᶏ

ױ ׆̆ №Ȃ 

 

 

 

  

 
1* ῃ ꜚ ҍᵝ ̆ ҹ ̕№ Ҍ ̆ ҹӞ ῒ Ȃ 

Figure 56 · (Willard Gibbs, 1839 ï1903) 

Challenge 92 e 

Vol VI page 114 

Vol  V  page 245 

Vol I Ä02:  
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Ԋ ̆ ¡ד/; ’ Ȃῒ ҌẠ ̆֞

̔ ̆ң ᵣ ᵣ ⱴ *1Ȃ ҹ

ᶅ (Gibbsô paradox)*2Ȃ № Ғ ⅎ (indistinguishable)̔

Ҭ̆ ȁ ȁ № ̆ №

Ȃ 

̆ Ҍ № ѿ ̆ ᶛ ’Ȃᶛ ̆

Ṝֲ̆ױ ҹ ҍ Ҍ № ̆ ҹ ᵌӍ ֓

ҍῒ № Ȃᵖ ̆Ԋ ̆ ᶏ № Ӟ

№Ȃ 

ԍ Ἡ₮ Ҭ̆ Ҍ № ѿ ȂԊ ҉̆

ץ Ҍ ̆ ӇҌ № Ҍ ᵬ ̆ ᴪἝ ѿ ԅȂҌ

Ҭ̆Ҍ № Ȃ Ҍ № ̆ ҹҌ

̆Ҍ ᵣȁ ᵣȁ ᵣ ᵣȂᶛ ̆ ᴪױ ̆₴╤ Ҍ ℗◓ȁ

̆ҹԅ ҩ ̆ ױ Ҋ Ȃ 

 
 

ҹᵥ ₮Ҍ № ̙  
 

ң ȁ № ȁ ̆ᶛ ң Ȃ ԋ

֜ ̆ ֜ ץ ԑ ̆ Figure 57 ̆ᶛ ᵣҬ

Ȃ ̆ Ҋ̆ ∞ ԋ ԅ֜ Ȃ 

 

 Ҍ ᵣҬ ꜚ ҩȂ Ҭ

Ҍ Ȃ 

 

№ ̆ ꜚᵬ Ἡ Ȃ ң ̆ԋ

֜ ̆ ꜚᵬ Ȃ ῤ ꜚᵬ

ԍꜚᵬ ̆ Ȃ ̆ ⌠

Ҍ № Ȃ  

 
1* Ԋ ҉̆ ԍ ᵣ̆ ⌠ ṿ ᾥ - (Sackur-Tetrode)Ὲ

₮ Ȃ ¡ד/; ҉῀ף ⌠  

ט

דת
;jl

כ

ד о
)
3

0
&34' 

· ᾥ (Otto Sackur, 1880-1914)ҍ · (Hugo Tetrode, 1895-1931)№≢ ₮Ȃ

̆ )ד-כ ῖᵣ )ҍ о( ᵣ )ӊ Ȃ 
2* ֒· · (Josiah Willard Gibbs,1839-1903)̆ ̆ҍ ᾥ ȁ ᾥ

↓ҹ ⱬ ҍ ꜚⱬ ҈ᵝ⇔ זֲ̕ ῀ԅ (ensemble) ꜚⱬ

(thermodynamic phase) ѿ Ȃ 

Challenge 93 e 

Challenge 94 d 

Ref 73 
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ҹ ҹԐ ̆ Ҍ № ᵌӍ Ȃ

ң Ԑ № ̆ Ҍ Ԑ ԐȂ ѿ ̆ ң Ḡ

̆ ױ ץ ԑ №̕ ̆ ₮ Ҍ

№ Ȃ 

ӊ̆Ҍ № ꜚᵬ ̆Ҍ ᾧȂ ѿ

₮ԅҊѿҩ ̔ 

 

 

̙  

 

ץ ̆ ҹ ױ ץ № Ȃᵖױ Ҍ ץ №̆

ױ Ȃױ ѿ ӈ ῃ ’Ȃ

ᵌ ̆ᵖ ױ ᴪ ⌠ ѿ Ȃ ᵥ̆ ѿ ӎ

(specification of the vacuum)Ȃᴋᵥ ’ҍ

’ № Ȃ  

ԋ ѿ ԍ Ȃ

ѿҩ ╠ ⱴ ̆ᶛ ̆ ץ ץ ᵝ

Ȃ 

Ҭ̆ ᵬ Ȃ ̆ ԅ ̆

Ҍ ԍ Ȃ ԑᵬ ᴪ ῀ ̆ ԍ

̆ ⱬ Ӟᴪ Ȃ ̆ ԍ ȁҌ

̆ ᴪ ⌠ Ȃ ӊ̆ ̆ Ҭ

̆ᵖ Ҍ ԍѿ ’̆ ≢ Ҍ Ȃ 

Ṣꜛ ₃ҩᴨ Ȃ ᾢ̆ ԍ ȁҌ

Ȃῒ ̆ № Ҍ ̆ Ȃ ҈̆ Ҍ

ᴪ Ȃ ױ ⌠̆ ̆ ҹ Ҍ ׂф ϩ̆עфױ(фעф״

ӈῒ Ȃ≠ ᶃ Ȃ  

Figure 57   

ῃ ̆ ֜ Ȃ 

Vol II Equation 43 

Vol V page 127 
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≠ ◐ᵬ ̆ ҹ ˻ Ӟ ꜚᵬ Ȃ ױ

ӊ╠ ⌠̆ꜚᵬ ᶏ Ҭ̆ ҊӞ ⌠

Ȃ ץ / ҹ / Ȃ ԍ ̆ᴋᵥ

֟ Ȃ Ҍ ̆ ҹ ױ Ȃᵖ

Ҋ̆ Ҍ ȂԊ ̆ ≢№ץ

℗ ̆ ԋ Ȃ ӊ̆ ̆ Ҍ׆ Ȃ 

ӊ̆ ᶫԅѿ ̆ №

̆ ᵞ ᴆҊ̆ ғꜚᵬ ҹ Ȃ ̆

ᴇ Ҋ̆ ҹ ԅѿ └Ȃ 

 

 

֜  

 

̆ᵖ №̆ ῃ

Ȃ (permutation symmetry)̆Ӟ ֢ (exchange symmetry)̆

ѿ ̔֜ ῃ ╠ ̆ ṿҌ Ȃ ȁ ȁ

̆ Ȃ֜ ԍ ̆

(ῃ ) Ȃ Ҍ № ѿ Ȃ 

ӊ̆ñҌ №(indistinguishable)òҌ ԍñῃ (identical)òȂ ң

Ҍ ҅(same)̔ ױ Ἕ └ Ȃ ̆ױ

הה Ҋ̆ ץ №ңҩ └ ̆ ñץ └ (copy)òѿ ӞҌ

ῃ Ȃ 

 

 ̆ ̆ ̆Ӟ ῃ № *1Ȃ

└ Ȃ 

 

֓◐ ץ̆ ԍ ᶏ Ӟ № ֓ ̆ ₮ ԅ

Ȃ 

Ҋѿ Ҭ̆ ױ № Ȃ ̆ № Ҋ

Ȃᵰ ₮ ̙ 

 

  

 
1* ̆ñ №(indistinguishable)ò ̆ ҩ ԅ̆ ץ Ҍ Ҥ ñῃ

(identical)ò Ȃ 

Challenge 95 e 
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Ҍ № ҍ ₱  

 

Ҍ № ῒ ꜚ Ȃ ҹ ѿ׆ ꜚ

Ҍ № (ᵰ ̙)̆ ѿҩ Еµu µv µφ ѿҩ ײ

̆ ῒ ̆ Ẋ №̆Ҍ № ӊ ῀ Ȃ 

Ҍ № ̆ ̆ ң ֜ ╠ ̆ᴪ ⌠

*1Ȃ ΐ ңҩ ѿҩ ᵝ ȂӞ ̆

Ҍ № ̆ ң ῃ ᵝ ̆↕   
 

Еµu µv µφ ;c
ᵤ

Еµv µu µφ &35' 
 

ң ҩ ̆ ѿ Ῥ ֜ ̆ ץ ₮ cфu ;/ Ȃ

 
 

Еµu µv µφ ; Еµv µu µφ &36' 
 

ӊ̆ ֜ Ҋ̆ ₱ Ӈ (symmetric)̆ Ӈ (antisymmetric)ȂӞ

ץ ̆֜ ṿ )/ /Ȃ 

 

 ̆ ̆ Ҍ № ң Ҍ Ȃ*2 

 ҍ ₱ ̆Ӟ (58)Ҭ֜ ñ)ò ̆ ҹ

(boson) *3Ȃ 

 ҍ ₱ ̆Ӟ (58)Ҭ֜ ñ ò ̆ ҹ

(fermion) *4Ȃ  

 
ױ *1 ⌠ԅ ⌠ ’̔ Ȃ ױ ╠

̆ ᵩ ̆ ֜ Ȃ 

2* ѿ ԍ҈ Ȃ ԋ Ҭ Ȃ ֓ ѿ ̆

№ׅ Ȃ 
3* ñ (boson)ò̆ ץ · · (Satyendra Nath Bose, b. 1894 Calcutta, d. 1974 

Calcutta) ז̆ ᾢ ԅᾣ Ȃ ᵬ ᴿ · ̆

ױֲ ӊҹ - (BoseïEinstein statistics)Ȃ  
4* ñ (fermion)òӊ ԍ Һ · (Enrico Fermi, b. 1901 Rome, d. 1954 

Chicago)Ȃ ῃ ȂזҺ ȁ

Ȃץז ᵬ ҹñ (quantum engineer)òȂז ̆ῒ ӈ

זץׂׅ ₮ ̆ ז̆ ‗ Ӟ Ȃ ̆ṿ ѿ ז̆

̆ ԍ ₃ᶛñ ѿ ò ’Ȃז

ҌῈ ≠̆ Ȃ ҍԅ└ ѿ ⅞Ȃԋ ז̆

ⱴ ԅҕ ӊѿ̆ז ⌠ ῍Ԋ ᵹȂ 

Challenge 96 s 

Ref 74 
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̆֜ ҹ ‗ԍ ̔ᾣ ̕ ȁ ȁҬ

Ȃ ̆ ѿ ҹ (Ҭ )̆ ѿ Ȃҹԅ

̆ ҍ Ȃ 

Ԋ ҉̆Ẽ ҩ(Ҭ ) ᴋ (ᴋᵥ ) ᵣ̆

̕ ҩ ᵣ Ȃᶛ ̆4He ̆3He ̕
23Na, 41K, 85Rb, 87Rb, 133Cs ̆ ҹ ΐױ ҩ ҍ ̕ 40K

134Cs (ԋ ΐ )Ȃ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 58 

ᾣ ҍ

̔ѿ

№ ᾣ

⌠ ѿҩ

Ȃ 

 

 

№

 

 

 

ѿ ᾣ  
 ץ0 

ң ᾣ
ҹ ғẒץ  

 

Figure 59 (4He 3He ҍ )̔ ȁ ȁ  (from atomoptic.iota.u-

psud.fr/research/helium/helium.html, photo © Denis Boiron, Jerome Chatin) 

4He ₮  

3He ₮  

ῖ  

ῖ  
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ᾣ ҹ  

 

Ṣꜛ Figure 58 ̆ ץ ⌠ᾣ ҹ ѿҩ Ȃ Ҭᾣ

ᴪ ң № ᾣ ̆ ң Ẓ ᾣ Ȃ ᾣ ԍ

(entangled state)Ȃ Ҭ̆ ץ Ҋ ̆Ҋ /

(down-converter) ѿ ҹ ץ0 ᾣ ҹң ҹ ץ ᾣ Ȃ ᾣ

ԅ ῃ ңᶷ׆̆ ῀ № (ᶛ ̆ )Ȃң

ᵝԍ№ ңҩ₮ Ȃ ̆ ᾣ ѿᶷ ⌠̆Ҍᴪ№

≢₮ ң Ȃ ҹ̔ῒҬѿ ᾣ ѿ ץ̆ ԋ

֜ ̆ ң Ȃ(ӊ╠ ᶭ ̔ ң ᾣ ̆ᵖ

ῒ ̆ᾣ ᴪҍ Ȃ)  

ᾣ Ȃ Ҭ̆ ҹ ῃ ̕ңҩ

№≢ ңᶷ ⌠̆ Ҍᴪ ѿᶷ ⌠Ȃ 

 
 

ҍ   
 

ѿ ֜ ╠ ׃ ᴿ · - (HB-T) Ȃ

̆ ҹҍ ῖ Ҍ ̆ ғ ԍ ≠Ҍ ̆

₮ (antibunching) ̆ ₮ (bunching) Ȃ ᴿ ·

ҍ ᾣ Ạ Ȃ 

2005 ̆ ҍ ῌ ᵬ ԅѿ Ȃ 500 nK ‛ ȁץ

ױז̆ ₮ԅ ῖ ῏ Ȃ Figure 59 ̆

ԅ 3He ̆4He ̆ ↕ Ȃ 

 
 

֜ ҍ ῏  
 

ᶏ ױ ₮ ̔ № ѿ ң ̆ ӞẠ

Ҍ⌠Ȃ ̆ ױ ᵣ̆ ѿᵣȂ ױ ῖ

ҹ ѿҩҩҍҕ ῒ № № ᵣ̆ᵖ ñ ò Ȃ

ᴋᵥ ΐ ῤ Ȃ Ҍ

ȁ ȁ ץ № Ȃ 

ҍ ȁҍ ῖ ̆ ᵥῚ ̙ ҩ ҉̆ᾣ ṕ Ҍ ױ

̆ ױ Ҭ Ȃ ױ ̆Ҍ ꜚ Ҍ ̕ ױ

Ӟ ץ — Ҭ ҍ — № Ȃ ꜚᵬ ᶏ Ҍױ

№̆ᵖ ᾛ ẠȂ  

Ref 75 

Ref 76 

Ref 77 

Ä02:  

Figure 24 , 25 
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̆ ῒ ̆ € (bulge)̆

(excitation)̆ Ԑ ȂFigure 60 ԅңҩ € ץ ң Ԑ̆

ң Ἕ ףץ Ȃ ̆ ̆ № ױ ӈԅ̆

ױ Ҍ Ῥ ҩ ҩԅȂ 

ἝҬ̆ ל ӊ№ ̆ ץ №ῃ ̆ №ץ

≢ ̆ Ȃ ӊ̆ ױ ץ ѿҩ ̆

Ҋ̆ ף Ȃ ҩ  
 

ׂ;
Ἡע

ף
&37' 

 

ᵰ ̙ Ҋ̆ ױ № ᵣҬ ̆ ҹ

ᵞԍ ₮ ȂҌ ѿ ῃ ָӇ Ҋ №̕

ᵀ — ָӇ Ҋᴪ Ȃ 

ӊ̆ Ҭ̆ ױ № ֲҍ ̆ ԋ̔ ҹ ױ

№ ̆Ӟ ҹ ױ ѿҩᵞ ҬȂ Ἕ ᶫԅ ѿ

̔ ᵣ №̆ Ȃ 

ҹ ԅ Ȃ ̆ ױ ᵥ

̙ 

 
 

Ҭ Ҍ №   
 

ױ Ҋѿ ⌠̆ Figure 60 Ԑ ҹ

Ȃ ’ ҹ (vacuum state)Ȃ

ҹ ѿҩ (excitation)Ȃ ӊ Ҍץ №̆ ҹ ױ ѿ

̆ ғ ҩ ΐ Ȃ ̆ѿ ѿҩ֥

(creation operator)ᵬ ⌠ ̕Ῥ ԋҩ֟ ң ̆

(annihilation operator) ⁞ Ȃ ֟ ῍ (ᵄ )Ȃ  

Figure 60 ҹ ( ) Ԑ( )Ȃ 

Challenge 97 e 

Challenge 98 e 
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֟ ᵥ ̆ Ȃ*1 Ҋ ̔ 
 

ǒ ̆ ( ) Ȃ 

ǒ ̆ ( ) Ȃ 

ǒ ̆ ңҩ ̆ Ȃ 

ǒ ̆ Ȃ 

ǒ ֜ Ҋ ҹҍ ᵌȂ 
 

֓ Ȃ ױ ԅ ֜ Ҋ ҹȂ 

ᵖ ҹָӇ ῃ ̙ҹָӇ ѿ ̙ Ҋ̆

ҹ ῃ ̆ ҉Ӟ Ȃ ̆ ҩ Ҍ

ֲפ Ȃ ױ ⌠ ̆ ױ ⌠ѿҩ Ȃ  

 

 
 

֜ ‰̙  
 

̙1990 ̆ῌᴿ (Ramberg) (Snow) ԅѿ

ᵖ ̆ ԅ ҹȂױז 1.? ѿҩ ̆

X Ȃױז ⌠ᴋᵥқ Ȃױז ₮ ̆ ԍ

̆ ҩ № ԍ 
 

0/.фи &40' 
 

ӊ̆ ԍ ̔ Ȃ 

ᴨ ҊȂ Ҍ ̆ Ӈ ᴪẼ ῀

ᵞ ׆̆ X Ȃ X ̆

Ȃ ̆ ₮ X Ȃ ҹ ң Ҍ

ԍ ѿ ̔ └ ҹ ⌐Ғ (Pauli exclusion principle)Ȃ

ԍ ̆ Ҋѿ Һ Ȃ  

 
1* ֟ Þס ӊס ѿ ῏   

Yס*סÞ[;ססÞ /;סÞס &4.' 

↕ ֟ Ȃ ӈ ҹ (commutator) Ȃ֟ ҉

(dagger) ץ ҹ ῍ (adjoining) ᵬ̕ң ԍ Ȃ ֟

  

yף*ףÞ{;ףףÞ)ףÞף;/ &4/' 

↕ ױ Ȃ ӈ ҹ (anticommutator) Ȃ 

Ref 78 



 

 

 
05. ̔ Ἕ ̙ 

M
o
t
i
o
n
 
M
o
u
n
t
a
i
n
 

ï
 
T
h
e
 
A
d
v
e
n
t
u
r
e
 
o
f
 
P
h
y
s
i
c
s
 
c
o
p
y
r
i
g
h
t
 
É
 
C
h
r
i
s
t
o
p
h
 
S
c
h
i
l
l
e
r
 
J
u
n
e
 
1
9
9
0

ï
M
a
r
c
h
 
2
0
2
3
 
f
r
e
e
 
p
d
f
 
f
i
l
e
 
a
v
a
i
l
a
b
l
e
 
a
t
 
w
w
w
.
m
o
t
i
o
n
m
o
u
n
t
a
i
n
.
n
e
t

 

111 

└ҍᾥ   

 

ῖ Ӟ Ҍ № ̙ ̆ № ᶛ ̔ ױ

ῃ ᵝ Ȃ Ӈ̆ ѿ ҉ץ ῖ

№̙ ҩ ᵌ ҉ ̆ └ [ ]ᾫ (clone)ѿҩ

Ȃ 

ץ ̆ᴋᵥ ֟ ̆ ֟ ̆

└ ȂҌ ᴪ ֲ̆ Ҋ ̆ ᴪ ѿ֓ Ȃᵖ

̙1982 ̆ ῌ Ҹ · ᾥ (Dennis Dieks)ȁ ᴝ

(Wootters) ᾥ(Zurek)№≢ ԅ └ Ȃ Ғ

ᾫ (no-cloning theorem)Ȃ 

┼ (copying machine) ץ ᴆȁ ₮ῒ └ᵬ◐ ̆ ғḠ ᴆ

Ҍ Ȃ ᵌ Ȃᵖ ױ ̆ ׆ ᴆ Ḥ ̆ ҍӊ ԑᵬ Ȃ

̆ ꜚᵬ Ӈ Ȃ ̆ ̆◐

ᴆ Ҍᴪ ῃ Ȃ*1 

̆ └ Ҍ Ȃ └ ѿ ̔

⌠◐ Ȃ ӊ̆ └ Ȃ ԅѿҩ

̆ ӊ̆ └ №≢ └ ᴆ z־ zֿ ̆ Ӈ ᴆ

ԍ z־ )zֿ ⱴ ̆ Ҍ ᶏԅȂ ױ ҹָӇȂ 

└ ᵬ ך ך̆ Ҋץ ◐ ∆ zᴂᵞ̔ 

 

ǒ ᴆ ԍ z־ ̆ └ ◐ zᴂ  γ Ҋ ᵬ 
 

ᵞ־z־zᴂᵞ;z־zך &41' 
 

ǒ ᴆ ԍ zֿ ̆ └ ◐ zᴂᵞ Ҋ ᵬ 
 

zֿך zᴂᵞ;zֿ zֿ ᵞ &42' 
 

ң ̆∆ ҹ z־)ֿ ᴆ └ ᵬҹ 
 

ᵞ)zֿ־z־zᴂᵞ;zֿ(־zך zֿ ᵞ &43' 
 

ᵖ ҍ ױ Ҍ ̆ ױ  
 

־zᴂᵞ;&zֿ(־u_lrcbzך )zֿ '&z־ᵞ)zֿ 'γ &44' 
  

 
1* ᵌӍҹ ᴺ ᶫԅѿ ȂԊ ҉̆ · (Stephen Wiesner) 1970

₮≠ ‗ ז̕ ̆ Ữ ҩᾣ Ẓ ᵬҹ ↓ Ҭ ѿҩ Ȃᵰ

ҹָӇ Ҍ ̙ Challenge 99 s 

Ref 79 

Ref 80 
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ӊ̆ └ Ҍ ῃ └ѿҩ Ȃ*1 Ғ ᾫ (no-cloning 

theorem)Ȃ 

└ Ҍ ҬȂ ᾥ ̆ ץ ѿҩ

ῒ◐ ѿҩ Ȃ ңҩ ᾥ Ҍ ῏ ̔ Ҍ

Ȃ ӊ̆◐ Ҍ Ȃ 

ⱬ └ ֓ ῐȂ ץ ῀ң Ҍ

̆ ̆ ⱴҹ (chimaera)Ȃ ̆

Ȃ 

ֲ ԅ └ ̆ ῒ ῖ ’ҊȂ

̆ ֓ ̆ └ ᾥ Ӟ Ҍ Ȃ ӊ̆ └ Ҍ Ȃ

ה ̆◐ ҍץ ᴆ № Ȃ ῒ ᵣᾥ Ȃ

ᾥ ᵣ ױ ȁ ȁ ᵣ ȁ ץ ῒ

Ҍ Ȃ(ᵰ Ῥΐᵣ ₮₃ Ҍ ̙) ӊ̆ ᾥ

̆ Ҍ ◐ Ȃ 

ӊ̆ ̆ ᴆȁ ȁ ̆ ץ № Ȃ ԋ̔

ѿ̆ ҬҌ ᵬ ̆ Ҍ Ҍ ֜ ̕ῒ ̆

ῖ ӞҌ ᾥ ̆ᴋᵥңҩ ᵣ ᶏӌ ѿ ̆Ӟ Ȃ ᵬҹ

ῖ ̆ ץ № Ȃ  

 

 

  

 

ԍ ꜚᵬ Ἡ̆ №Ȃ ңץ ̆ №ҹ

ҍ Ȃ ᶏ Ӟ №ῃ Ȃ 

Ҍ Ҍ № ̆ Ӟ └⌠ ῒῃ

ѿ Ȃ ҬҌ ᾥ Ȃ 

 

 

 

 
1* Ҍ ᾥ ⱴԅ └̆ ҹ Ҭ ◐ Ȃ

EPR Ҍ ᾣ ḤȂ ̆ ץ ҹ ̆ Ҭ Ȃ

Ԋ ҉̆Ҍ ᾥ ̆ ֲ ץ Ҍ ’Ҋ └ Ḥ Ȃ Ҭ ѿ

ΐᵣ 1984 BB84 (BennettïBrassard ) 1991 E91(Ekert )Ȃ 

Challenge 100 s 

Ref 81 



 

 

 
06.ҍ ̔  

M
o
t
i
o
n
 
M
o
u
n
t
a
i
n
 

ï
 
T
h
e
 
A
d
v
e
n
t
u
r
e
 
o
f
 
P
h
y
s
i
c
s
 
c
o
p
y
r
i
g
h
t
 
É
 
C
h
r
i
s
t
o
p
h
 
S
c
h
i
l
l
e
r
 
J
u
n
e
 
1
9
9
0

ï
M
a
r
c
h
 
2
0
2
3
 
f
r
e
e
 
p
d
f
 
f
i
l
e
 
a
v
a
i
l
a
b
l
e
 
a
t
 
w
w
w
.
m
o
t
i
o
n
m
o
u
n
t
a
i
n
.
n
e
t

 

113 

 

Chapter 6 

06. ҍ ̔  

 

 

/ẘ (polarization) ̔ ץ Ȃ

ԅ ҹȂӞ ̆ ̔ ץ Ȃ

ҹ (spin)̕ҍ ѿ ̆ Ӟ ꜚ Ȃ 

Ҋ ̆ ױ ץ Ἡ-0ҹ ᵝ ѿ ̆ ѿҩ ┴ ̔

ṿ‗ ԅ ᴋᵥѿ Ȃ ױ

Ȃ 

 

 

 

ҍ   

 

· *1ԍ 1939 ԅ ₮ ѿ Ȃᴋᵥ (elementary)

̆ ҹ ӊ Ғ (irreducible representation)Ȃ

ԅ ̆ ᴼ῞ (inhomogeneous Lorentz 

group)Ȃ ҹָӇ ̙ 

ױ ꜚ ѿ ῏ԍ ⌠̆ᴋᵥ ᴪ

ᴆ ₮ ֓ ̆ ᴆҌ ֓ ̆ ᵣȂ 

ҍ ̆ѿ℗ ȁ ȁ ȁ

(boost)╠ ̆ ’ ȁ - ֜ ȁ ꜚ ╠

Ȃ ֓ Ҍ ̆ᶛ ̆ñ ò ̆ Ԏԅ

Ȃ ֓ ̆ ℗ ̆ ֓ ̆

ҹ ᴶῗ Ȃ 

֓ ̆ ֓ ̆ ᴆ ₮ԅѿ֓ ̆

Ȃ Ҭ̆ ѿ ҹ̔ Ғ

(irreducible representation)Ȃ 

  

 
1* · (Eugene Wigner, b. 1902 Budapest, d. 1995 Princeton)̆ ̆1963

Ȃז 500 ̆ῒҬ ῏ԍ ҩ ȂזӞ ҕ ҉

Ȃ 

Ref 82 

Ä04:  

Vol I Ä09  

Vol I Ä09  
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ӥ ᴪ ֓Ȃ׆ ᴶῗ ױֲ̆ ⌠ԅ

Ҍ Ȃ ӊֲ̆ױ↓₮ԅ ҹ Ȃ*1

֓ ̆ ᾢ 4-ꜚ ȁῤ ꜚ ( ץ̆(

ѿ (parity) Ȃ 

 

ǒ     ֟ ԅ 4-ꜚ Ȃꜚ ԅ Ҭ ҹ̆

ᵝ Ҋ ҹȂ4-ꜚ Ҍ ̆ ₮̆

Ҭ Ȃ 

ǒ     ̆ ԅ ҈ Ҋ ҹ̆

Ҋ ҹȂ*2 Ҍ ̆ῒ ԍ ꜚ

Ȃ ҹҍ Ҍ Ȃ 

ᴶῗ Ҍ ҹ &ׇׇ )/'Ἡ̆

ѿұ ҹ ׇ̆ Ӟ ӟ ҉ ñ  ׇ (spin )ׇò ף ѿұ 

ñ &ׇׇ )/'ἩòȂ ׇ ṿ ₮ԅ ꜚ ̆ ₮ԅ

Ҋ Ȃ ̆ ׇ ץ 1/2 Ṑ ̆ ץ 0, 

1/2, 1, 3/2, 2, 5/2 ṿȂ Table 4 ̆ ̔ ȁ ȁҬ

ҹ 1/2̆W Z 1̆ 0Ȃ ̆ ׇ 0ׇ )/

̆ 0ׇ )/ҩ Ȃᶛ ̆ ׇ;/-0̆

ң ̆ ҹñ҉(up)ò ñҊ(down)òȂἝ ̆

ṿ̕ ꜚ Ҍ ̆ ꜚ ̆ ѿҩ Ȃ 

Ӟ Ȃ ץ ҍ ṿȂᶛ ̆

ᾣ 1Ȃ ѿ ̆ ῃ ῒ

(helicity) ̆ ӈҹ ꜚ ҉ Ȃ

̆ Ӟ ҹ / (Ẓ )Ȃ ῒ

Ȃ 

ǒ     ҹԅ ↓ ̆Ҍ ԅ ᴶῗ ҈ ̔

꜠ (motion inverse)ȁ (spatial parity)ɻ (charge inverse)҈

Ȃ ҈ҩ ̆ ҹ T, P, C̆ ҈ )/

/Ȃᵬҹ ̆ ֓ ӗ ⌠ ṿȂ 

 

ӊ̆ ȁꜚ ȁ ץ T, P, C ̆

№ Ȃ  

 
1* ҹԅ Ҭΐ ӈ̆ ֓ (unitary)Ȃ Ҍ

↓ ⅞ ԅ Ȃ 
2* Ӟ ҹ SO(3)̆ ҹ̆׆ ҉ ̆ ֜(Special Orthogonal) 3ӗ 3

Ȃ 
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Table 4 ₮ԅ Ҭ ṿȂTable 5 ₮ԅ

ῤ Ȃ (quantum number)Ȃ ῒ

ῤ ҍ ԑᵬ ῏̆ ȁ ȁ ᵝ ̆ ױ Ҋѿ Ҭ  Ȃױ

 

 

Table 4 ᵬҹ Ȃ 

    .  .  

YἩ[ ₃ Ҍ     

0 ᴋ ׃   ȁ ȁ  a
 

1/2 2 *ᴀ***פ  *φ *  ȁ ȁ№ ȁ  ̆Ҭ  

1 1 ׃ ן*ל  ȁ ȁ ȁ 

№ ȁ  

ᾣ  צ ,

3/2 2/3  a
 ȁ ȁ  a

 

2 1/2    ñ ⱬ ò
 b

 

5/2 2/5     

3 1/3   c
  

etc.
c
 etc.

c
 etc.

c
 etc.

c
 Ҍ  

 

a. ԋ ҕ (supersymmetry)̆ ֓ Ȃ 

b. ⱬ ⌠Ȃ 

c. ṿ ⌠ 101/2 51 ( ᵝҹ Ἡ)ȂRef 83 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 5 ᵬҹ Ȃ 

ױ  a
  

b̆ 

Һ  

ᵝ ׆̆  

ׇ̆ c 

ו̆  

 ׀

 יֿ̔׀ט׆ז

, ᵝ , 

c
, ,  

d
,  

&

e

ב  ֿ

( ) 

ᾣ  .&:/.ϧоie' stable ׆&ׇᵑᵄ'; 

.*/&/ ' 

000000 0, 0 

W±  80.398(25) GeV/(41)2.124 2ע GeV 

67.60(27) % hadrons, 

+װ % (36)32.12  

ׇ;/ ± 100000 0, 0 

Z 91.1876(21) GeV/0&0,43 2ע' /.25 s 

or 2.4952(23) GeV/2ע 

69.91(6) % hadrons, 

 װ+װ % (69)10.0974

 ׇ= 1  000000 0, 0 

 0 stable ׆( 1)0 = (וׇ ) 000000 0, 0 

 

Vol V page 162 
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:  

a. Appendix A SI╠ Ȃ῏ԍ ᵝ eV/2̆ע Appendix A :  Ȃ 

b. (energy width) ҍῒ Ҍ ῏ ;ἩȂ (half-life) ᴃЕ-ф

ҍῒ (lifetime) ῏ ҹ ᴃЕ-ф; jl0̆ ῒҬ jl0 .,471/25/6̆ ԍ Ȃ

ᵝ s ӈҹ 12 1/12̆ ̔/s; /
A&ױ0/

Еф';/,44.32.0&/.'weȂ 

c. ҹԅᶏ ̆ (colour)̆ ѿ ԑᵬ ̆≢ Ȃ

ӊⱴ⌠ ҬȂ ñ òѿ ӗ ̆ῒᵩ ⱴ Ȃו

׀ ᵬ) ̕ Ҍ)י ҍ (topness)י )̆ Ạ ꜚ ̆

Ҭ ԍו׀Ȃ ᵝ )׆ v׆) Ҭ₮ ң ̆ ֽ ӈҹ҉ ᾥ Ҋ ᾥ ῒ

̆ Ҭ Ȃ Ҭ -ׄ ̆ ӈҹ ׄ;&/'ᵊᵄȂ  

Table 5 ( )ᵬҹ Ȃ 

ױ  a
  

b̆ 

Һ  

ᵝ ׆̆  

ׇ̆ c 

ו̆  

 ׀

יֿ̔׀ט׆ז  

, ᵝ ,  

c
, ,  

d
,  

&

e

ב  ֿ

( )̔  

 9.109 382 15(45)10 31 kg >/1/.30 s  ׇ= Еф 100 000 1, 0 

 =  81.871 0438(41) pJ/2ע=  0.510 998 910(13) MeV/2ע  

= 0.000 548 579 909 43(23) u 

-φᵃ; /,..//37430/6//&5' 

  

 0.188 353 130(11) yg 

=105.658 3668(38)MeV/2ע 

0,/75 .1&2' q 

פ % 99 ᵠ  

 ׇ= Еф 100 000 1, 0 

 =0.113 428 9256(29) u  

ױἩ-0פ- ; /,../ /43 70.6&4' 

   

 1.776 84(17) GeV/(1.0)290.6  2עfs  ׇ= Еф 100 000 1, 0 

Ҭ  < 2 eV/  Еф  1, 0 =ׇ   2ע

Ҭ  < 2 eV/  Еф  1, 0 =ׇ   2ע

Ҭ  < 2 eV/  Еф  1, 0 =ׇ   2ע

( )̔ ᾥ f
 

҉ ᴄ 1.5 to 3.3 MeV/׆  2ע( )Еф = (וׇ
Е
ф

)
) +фо+Еф.... 0, Ео 

Ҋ /to 6 MeV 3.5 ף )׆  2ע )Еф = (וׇ
Е
ф

)
) Е

о
Е
ф 0000 0, Ео 

ᴂ 70 to 130 MeV/׆  2ע( )0 = (וׇ Еф
)

) Е
о. / 000 0, Ео 

)׆  2ע/GeV (11)1.27 ע )0 = (וׇ Еф
)

) +фо00 +100 0, Ео 

)׆ ps (11)1.33 =  2ע/GeV (17)4.20 ס )0 = (וׇ Еф
)

) Е
о 00 0 10 0, Ео 

ᴃ 171.2(2.1) GeV/׆  2ע( )0 = (וׇ Еф
)

) +фо 00 00+1 0, Ео 

⌠  

 126 GeV/0ׇ=  2ע    
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Ӟ ⌠ (weak charge)Ȃ צ̆ ℗ ̆ ᵣ (weak isospin)̆ ѿҩ№

( )ᵖҌ№ ̆ ԑᵬ Ȃ 

d. ñ(beauty)ò ׂ ñ (bottomness)ò̕ ̆ñ (truth)ò ׂ ñ (topness)òȂ

י*ֿ*׀*׆*ט ץ Ҍ ӈȂ ҩ ᾥ ₮Ȃ 

e. ̆↕ ח ⱴ῀↓ Ȃח ӗ ̆ ӈҹח;&/'оa )g )фɛ̆׆

ҍ ȁב ֿ ׇ ῏Ȃ ‰ Ҭ Ẽח ̆ ױ

ᴩᵄ ח Ȃ ̆ ҍ Ȃ 

f. ᾥ ӈ ӈ ԓ page 233Ȃ 

 

 

1/2 ҍ  

 

ѿҩ ̆ 1/2̆ Ȃ

ҹ 1/2 ̆ ң ( ῒṐ ) ԍ ̆ ѿ Ҍᴪ ⌠

Ȃ Ҍΐ ̆ᵖ ̔ ȁ

Ҭ ȁ ȁ№ 1/2 Ȃ Table 4Ȃ 

· (HermannWeyl) ѿ Ἕ ң ԍ ȁ ѿ

Ҍ ԍ Ȃ Figure 61 ̆ ңҩ ̆ԋ ҍ Ȃ

Ә ꜚ̆ ԍӘ ᵝ̆ Ә ԅѿ ̆ Ӟ

ԅѿҩ Ȃ ( )̆↕ ̆ ᵣ

Ҍᴪ ̕ ᵣ ̆↕ (₃Ӎ) 720 Ȃң №≢ ̔

ң ҍ Ȃң ( ) ҉̆ ѿ

ѿ ꜚѿ ̆ ԍ҉Ҋ ℗ ’̆ꜚ №≢ ԅ 0

720 Ȃᵖ ̆ ץ ̆ ᴪ ׆ 0 ⌠ 720

̆ ῒ ᴪ₮ 360 ԍ ’Ȃ ױ Ȃ 

 

 

 

 

 

 

 

 

  

Figure 61 ѿ 2 ԍ ( )Ȃ 

Challenge 101 e 

Challenge 102 e 

Vol V page 245 

Vol I Ä03:  
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Ҭ ֓ ᵌӍ ₮ 1/2̆ᵖ ױ ̔ ֓

(tethered)Ȃ ѿ ȂFigure 62 Figure 63 ̆ ҉

2 ԍ ̔ ñ ѿ ò̆ ѿҊ ῃ

Ȃ Ҍ ѿ ѿ ֪̆ ẠѿẠȁ Ȃ ҹ

(belt trick)̆Ӟ ҹ◑№ (scissor trick)ȁ (plate trick)ȁ

(string trick)ȁ (Philippine wine dance) (Balinese candle 

dance)Ȃ ⱳԍ ᾥ̆ ҹז Ҭ ᶏ ԅ ҩ Ȃ 

  

Figure 62 Ẋ ȁ ף) ѿ ) Ȃꜚ ̆ ( )

2 ץ ⌠∆ ̆ 0 Ҍ Ȃ ñ ò 1/2 ̔

2 ԍ Ȃ ף ԅ ₱ ̕ 0 ᴪ֟ ̆ ₱ ̆

2 ₱ Ȃ ң ԅ ̆ᵖ ᴋ

˻ ץ Ȃ(QuickTime film É Antonio Martos) 

( ̔ Ȃ) 

Challenge 103 e 
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ֲᵣ ̔ Ȃ Figure 64 ̆ ᵈ₮ѿ ̆ ҹԅ

̆ ᵟѿҩ ᵣ̆ ̆ ̆ ᵣ ꜚ 0 ̆

Ῥ ѿ ̆ ҩ ῃ ԅȂ ҩ Ҍ └ ̆ ₃

̆ᴪ ֲפ ┴Ȃᵰ ץ ң ҉( ᵝ

)̆ᵰ ץ ҉ѿңҩ ᵰѿ ѿ ҉Ȃ ׅ

ץ ̆ ҩ ᶭ ᴪ ң ץ Ȃ 

 

 

 

 

 

 

 

  

Figure 63 ѿ ̔ ҉ Ẽ ԍ  (QuickTime film © 

Greg Egan)( ̔ Ȃ) 

180£ 540£ 360£ 720£ 

720£ 720£ 720£ 720£ 

720£ 720£ 720£ 720£=  

Figure 64 ֲᵣ /-0 Ȃ 

;. ;0 ;2 

Challenge 104 e 

Challenge 105 e 
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ױ ⌠ԅ ҍ 1/2 ѿ ̔ ᴋ ȁ ȁ

̆ ⌠ ҩ ҉̆ Figure 65 Ȃ ᵈ⌠ ̆

Ȃ Ӟױ ץ ̆ Ҍ ̆ ѿҩ

ᵣ҉̆ Ἕ ֲᵣ҉ѿ Ȃ ף Ҭ 0 ̆ῒ

ᴪ₮ ̆ Ῥ ѿ ̆ ῍ 2 ̆↕ Ῥ ꜚ ̆

ҍ Ȃ ѿ ֪ ᵣ ѿҊȂ ԍ

҉ ᴋ Ȃwww.evl.uic.edu/hypercomplex/html/dirac.htmlᶫԅѿҩꜚ

̆ ԅ ѿ Ȃ*1 

ӊ̆ ֓ꜚ ̆ ץ ( ) ᵣ̆

2 ⌠ ̆ Ҍ 0 Ḃ Ȃ ҹ ᵌ

ԍ 1/2 ȂԊ ҉̆ ᵣ̆ ѿ ץ ₮ 1/2

Ȃ ױ ӊ ѿ №̆ ױ ῀ 1/2 ҍ

ᴇ Ȃ 

₱ ̆ ̆ Ȃ

₱ ̆ ₱ Ҋ Ἕ ̆ᶛ ̆

ᵣ ₱ Ȃ 

ӊ̆ ₮̆ 1/2 Ȃ ≢ ̆ ₮

҉Ȃ 

  

 
1* ̔ ᾥ ̆Ҍ https://ariwatch.com/VS/Algorithms/DiracStringTrick.htm  Ȃ 

Ҍ ᵬ└ױז ᴆhttps://ariwatch.com/VS/Algorithms/Antitwister.htm  Ȃ 

Figure 65  

ӈ ̆ 1/2

ҹȂ

ҍ ȁ ȁ

῏ȂץҊ ң ’ ץ

ԑ ̔ ̆Ҭ ᵣ

2 ̕Ҭ ᵣ ̆ ꜚ

ῒ Ȃ 

2  

ꜚ  

Challenge 106 e 
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ҹᵥ ̆ ̙ ≢ ̆

ҹָӇ ≠Ҍ ̙ӌѿ ̆ ҍ ῏ Ȃ

ҍ ῏ Ȃ ѿ↕ ≠ ₮̆ ῀ ̆

̆Ӟᶏῒ Ȃ ѿ ̆ ѿ↕

̆ Ḥױֲ ѿ ̆ ԅ₃ Ȃ 

׆ Figure 60 ₮ ̆ ױ ץ ѿ ң

̆ ѿ ң ̆ Figure 66 Ȃ ף Ȃ

ᴪ ꜚȂ ѿ ᴋ 0 ̆ ᴪ Ҭ

̆ ѿ Ῥ 0 ̆ᶏ ⌠ 2 ̆↕ ꜚ ̆

Ӟ ң Ȃ 

 

 

 

 

 

 

 

 

 

Ῥױ Figure 66Ȃ ױ ңҩ ̆ ֜ ױ ᵝ ̆↕

ᴪ Ȃ Ῥױ ֜ ̆ױ ᴪ Ȃ ӊ̆ң

ң ֜ ⌠ ̆ Ҍ ѿ ֜ Ȃ 

ӊ̆ ף ѿ ̆ ף ѿҩ /̆ Ӈ

ԅ 1/2 ₱ ҍ֜ Ҋ ᵝ ҹȂ ≢ ̆ ױ ⌠ԅ

ҍ֜ ңҩ ҹ ῏ Ȃ 

֜ ץ Ȃ ң ̆ ױ ̆

Figure 67 Figure 68 Ȃ ң ץ ԍ ̆Ӟ ץ ԍ

Ȃң ֜ ѿ ̆ᴪ֟ Ӱ Ȃ ₃Ӎֲפ ץ Ḥ ̆

֜ ң ̆ ’Ҋ̆ ̆ ᴪ ⌠ Ȃ

Ҍ ֪ ѿ ̆ ̆ ֜ ң ң ̆ ҹ

Ȃ 

ױ ₮ ̆ ᵣ ֜ ҹ ᵌԍ Ȃ ֓ ῍ ԅ

1/2 (spinïstatistics theorem)̔ ҍ֜ ῏ ȂԊ ҉̆

ᵝ ҹ̆ ֓ñ ò ץ ҹ Ȃ 

  

Figure 66  

ѿ ң ̔ѿ

ң 1/2 Ȃ 

Challenge 107 e 

Ref 86 

Ref 87 

Ref 88 
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Figure 67  

ң 1/2

Ȃ 

Figure 68 Ẋ Ҍ ף̆ Ȃ╠ ⌠̆ (buckle)̆ῒ

ҹ 1/2 Ȃꜚ ̆ ң ῃ ԑ ᵝ ң ̆ ᴪױ ⌠∆

(ѿ ԑ ↕Ҍ )̆ Ȃ(ῃ ѿ ԑ ᴪ ⌠ ῃ Ȃ)

ץ Ȃ ң ԅ ̆ᵖῒ ᴋ

Ȃ ꜚ 1/2 ҹ №̆ - Ȃ

(QuickTime film © Antonio Martos) 

̔ Ȃ 
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҉ץ ₮ Ҋ ̔ 

 

 1/2 Ȃ*1  

 1/2 ֜ ҍ ᵌ Ȃ  

 

ӊ̆ Ҭ Ἕ 1/2 ̆ ֜ ҬӞ Ἕ Ȃ ӊ

֞ Ȃ ֜ ҹ‗ ԅ ױ ̕ ҹ‗ ԅ ױ Ȃ

⌠ ̆ ̆ ױ ԅ

Ȃ 

̆ ֓ ҈ ̆ ҹ ҬҌ

(tangle)ҍ (knot)Ȃ*2 ԍ҈ ҬȂ 

ԅ Ȃ ױ 1/2 ̆ ῒ

̆ѿ Ȃ Ӈ̆ ѿץ (string) (belt)

ҹ̆ ̙ ̔ ̆ Ἕñ

ò ̆ ̙ 

 

 

ᶏĿ≠Ҍ Ŀ   

 

ֲ ̆ ̆ ̆ Ȃ

֓Ԋ ᵥץ ̙ ῖ Ҭ̆ ױ (solidity)ᵬҹ ӈ ׆̆

ԅ ѿ Ȃᵖ Ҍױ Ῥ Ạԅ̔ ױ ⌠ Һ ᵞ Ԑ

Ȃꜚᵬ ᶏ ױ Ȃ 

Ҍ ῀ (impenetrability) № ̆ ≠

ӂ ̔ ῤ ӊ ⌐Ғ (Pauliôs exclusion principle)ᶏ

ᵣҌ ԑ ῀ Ȃ ≠Ҍ ₮̔ 

 

 ң Ҍ ѿ Ȃ 

 

ѿ℗ ѿ Ȃ 

  

 
1* ᵰ ץ ѿҊ̆ѿ Ἕ 1/2 Ҍ ӞҌ ̆

ѿ ̔ (spinor)Ȃ ױ ׃ Ȃ 

2* ̆ ҍ ץ ԍ Ȃ Ҭ̆ѿ Ҍᴪ ̆ᵖ

ץ Ȃᶛ ̆ ץ ̆ ҈ ץ ԓ

Ҭ Ȃᵖ ֟ ҈Ȃ 

( ̔ ҍ Һ ≢ ̆ ̆ ñ ò̆ Ȃ) 

Challenge 110 d 

Challenge 109 s 

Challenge 108 e 

Ä08:  
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ҹָӇ ≠Ҍ ̙ ץ ѿ↕ ₮Ȃ

ױ ̆ң ֜ ѿ ̆ᴪ ₱ Ҭ֟ Ȃ ῖ ̆

ң ԍ ѿᵝ ̆ ץ ̆ ԋ ԍ ѿ ̆ Ӈ֜ ԋ

Ҍᴪ Ҭ ᴋᵥ ’Ȃᵖ ֜ ҹ ҩ ⱴ Ȃ

ҍ֟ ̆ ң Ҍ ῚȂ ѿ ₮ ̔ң ᾧ ԍ

ѿ Ȃ ≠Ҍ Ȃ 

Ҍ ᶏ Ҭ ѿ℗ Ҍ ԑ ῀̆ ԑ Ȃ ҽᶛ̆

ῒ ᴆ ԑ ῀ ̆ Ҍ ԅȂ ᴋᵥ ԑ ῀ Ҭ̆

Ҍ ԍ ѿᵝ ȁ ԍ Ȃᵖ Ҍ Ȃ ≠Ҍ

ԑ Ȃ ᾙ ̆ ԎԅҌ Ȃ 

ҹָӇ ᶏ ⱬҌ ̆ ӞҌᴪױ ῀ ӊҬ̙ ҹ ≠Ҍ

ȂҹָӇ Ҍᴪ ̙ ҹ Ҍ ԑ ῀̆ ԑ ⌠ ҩ

̆ ҌῬ ԑ Ȃ ӊ̆Ҍ Ҍ Ȃ⌠ԅ

ҩ ᴪ₮ ⌐ (Pauli pressure)̆׆ ֟ Ȃ ̆

ᵣҌᴪ ⱬҊ ̆ ᶏ Ҭ Ҭ ̆Ӟ 1/2 ̆ Ӟ

Ҍ Ȃ 

Ҍ ᶏ Ԑ ̆ ғ Ҍ ΐ Ҍ ȂԊ

҉̆Ҍ ᶏ Ҭ (shell)Ȃ ѿҩ ̆Ῥ ⱴ

⌠ ̆ѿҩ ԅȂ׆ ֟ ᾝ Ȃ 

ᴋᵥ Ȃ Ҍ ̆ ᴪἝ

ѿ ̆ ҉ Ȃ Ӟ ԍ ̔ ױ

ѿ ₮Ȃ Ҍ ̆ Ἕ ѿ ȂԊ

҉̆ ⌠ 10҆Ṑ Ȃ 

Ҍ ‗ԅѿҩ ̔ ᶏ ῒ҉ ̙( ̆

ץ ₮ ᶏ( ) ̆ Ҭ ѿҩ Ȃ)

ԅ · Ҭҕ ₮ ̔ ѿҩ ᶏ˻ Ҍ

ҹñ ᶏҌ òȂ Ҍᴪ ᵣ̆ ҹ

ҹ ץ Ȃ 

ӊ̆Ҍ Ḡ ԅ ױ ѿ℗ ᵣ ̕ ԅ Ԑ ̆

֓Ԑ ȁᶏӊ№ Ȃ ⱬ ѿ℗Ԋ Ȃѿ℗

ᵣ ᵣ Ҍ Ȃ ӊ̆ ױ ̆ ױ

֓ ᵣ ױ Ȃ 

ѿ↨↨ױ 1/2 Ȃ Ҍᴪױ ΐ

̆ᶛ 3/2 5/2Ȃ ֓ ҹ 1/2 ᵣ Ȃᵰ ̙ 

Ӟױ ᵞԍ 1/2 Ȃ ҩ ₮̆҈ ҬҌ 0⌠

1/2 ӊ ṿ̆ ҹ ҈ Ҭ ץ № 2 Ȃ

̆ꜚᵬ ᶏӊҌ Ȃ ̆ ҬҌ ᴋᵥ׃ԍ 0ҍ

1/2 ӊ ṿȂ  

Challenge 112 e 

Challenge 111 s 

Ref 89 

Ref 90 

Ref 82 
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̙  

 

҉ Ἕῤ ꜚ ̆Ἕ ꜚ ѿ ̆ ꜚ ѿ

№̆ ҹ ꜚ ̆ ҍ ꜚ ӈȂᵖ₃ ̆ῃҕ ӥ

ѿ ̔ñ 1/2 (spin 1/2 )̆ (rotation)̆ ᵖҌ

Ȃò Ṝ ԅ˻ 

1/2̆ ̆ ᴪ֟ Ȃ 1/2

*1Ȃ ӊ̆ 1/2 Ἕ Ȃᵖ ̆ Ẋ

№ ғẠ ꜚ̆ᴪ ₮ ṿȂ ԋ ҕ ∆̆ ׅ ῖ

ױז̆ ₮ ̆ 1/2 Ҍ Ȃ

ӥҬ ᴰҊ Ȃᵖ ̆ № Ẋ Ȃ ҹ

̆ Ҍץ Ҭ № ̆Ҍ ᴪҍῒ Ȃ  

ѿҩ Ȃ ҩ ԍ ῖ ̆ ҹᴋᵥ ᵣ

ΐ Ȃ ԍ ԍ ῖ ̆ ֲ ҹ Ҍ

Ȃᵖ ױ ָӇ Ȃ 1/2 ᶛ

ѿҩ̔ױ ᵣ ѿ ᵣ ֜ № Ṑ Ȃ ױ

ᵣ ѿҩҌ ֜ ῒ №ᵝ ᵣ̆ ӊ֞ Ȃ 

 

 ҍ֜ ѿ Ȃ 

 

ױ ҉ѿ Ӟ ֜ ҹȂ Ӟ ֜ ̆ Ӟ ֜ ̆ Ӈ 

 

 Ȃ 

 

ҹ Ἕױ ѿ ׆̆ Ҍ ₮ԅ ̆ ץ ⌠ Ҍ ⌠ Ȃ

̆ 1/2 ̆ױ ץ ᴋᵥ Ȃ

Ӟᴪ ⌠ Ȃ ӊ̆ ױ ץ ҹ ѿ ̆ ҍ

ᴋᵥ ̆ 1/2Ȃ 

ӊ̆ ̆ Ẋױ ̆ Ҍ ̆ ғ

ҬҌ № ̆ Ӈ 1/2 ѿ Ȃ*2 

ץ ֜ ҍ ̆ ץ ̆ ֓

ҍ ȂӞ ₮ԍ ̆ ױ ⌠ ̆ Ҍ⌠

Ȃ ̆ ױ ѿ Ȃ  

 
1* ҩ ץ ѿ Ҭ ₮̆ᵖҌ - Ȃҹ ̙ 

2* ̆ ̆ ℗ Ҍ Ȃᴋᵥ ꜚ ט ῖ ;ט ₮ ̆ᵖҍ

῏ ץ ╠ Ȃ ױ ѿ

̆ ⌠ ױ ѿ №̆ Ḥ Ȃ 

Challenge 113 ny 

Ref 91 
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Ҭ̆ ҍ ӊ ֲפ Ȃ

ױ ⌠҈ ̔ ̕ ῀ ̆ ₮ ̕

Ȃ ҈ ̆Ḃ ̔ Ȃ

̆ ׆ ⌠ (space-time)̆ ץ ѿ↕ ₮

Ȃ 

ҹԅ ӟ ᵥ Ҭ ̆ ᾢױ ѿ ̆ ῒң

̆ ѿ ҹѿ Ȃ 2+1 Ҭ ꜚ̆ᴪ ѿ

Ȃ Ҍֽױ Ҭ ̆ ⌠ Ҭ̆ ᴪ ₮

Ȃᶛ Figure 69 ̆ ҉ ѿ Ῥץ ̆ ңҩ ̆↕

ѿҩ 0 ᴇԍ֜ ңҩ ᵝ Ȃ*1 ңᶷ ѿᶷ ҹ

ᶷ ∆ ᴆȂ ̆ ױ ⱳ ѿҩ ׆ ⌠ԅ ̔

֜ ᴇ Ȃ 

 

 

 

 

 

 

 

 

 

 

 

 

 

ᵰ ҹ Figure 69 Ҍ ֲפ ̆ᵰ Ȃ ѿҩ

-֜ ᴇ ↓Ȃ Figure 70 ̆Ẋ Ҭ

ѿ ̕ Ҭ̆ң Ȃ ң ѿ ̆ѿ

ԅ 0 Ȃ ̆ ԍ ᶷ ң ᵝ ֜ Ȃ 

῏ ᵣ Ҭ ₃ ҬȂ ⌠̆ ҍ֜ ᴇ ↓ ⌠

Ȃ Ҭ ԅ ₮ ˻ ӊ̆ ̆ ҍ֜

ᴇ Ҍ Ȃ Ҭ Ȃ  

 
1* ̆ Ҭ Figure 65 1/2 Ȃᵖ Ҍ ̕ ╠

Ȃ 

Figure 69  

֜ ҍ Ҭ ᴇ Ȃ 

ᴇ 

ᴃ 

Challenge 114 ny 

Challenge 115 ny 

Vol II Ä02:  
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ᾣ₯╤ 

 

╤♥ ̆ ױ Ӟץ ╤ ̆ ᵬ Ȃᵖ ᾣ ♥

̆ Ҍ ѿ ᾣ ᵟ ̆ Ӈ Ȃң ᾣҌ ԑ

₯̆ӊ╠ Ṝ ԅ Ȃ 

₴╤Ҭ ̆ ≠Ҍ Ȃ ԑ ῀Ȃ

ᵖ ᾣ Ҭ ᾣ Ȃң ץ ԍ ѿ ̆ ץ ԑ ῀Ȃ

Ҍ ̆ ҹ Ȃ ̆ᾣ ץ ԑ֜

Ȃ ҍ ≢ ԅҹָӇ ᵣ ץ ̆ ἝҌ Ȃ ױ

ꜚ Ҋ ⌠ԅ ̕ ױ ԅȂ 

 

 

Ŀ Ŀ  

 

ҍ ҹҌ Ȃ 2ˊҌᴪ

Ȃ Ҭ̆ Ҍ Ȃ ≢ ̆ ҹ 0

ԍ ᵣȂῒז ṿ Figure 71 Ȃ 

 

 

 

 

 

 

 

 

  

Figure 70 Ҭ ̔ ҍ Ȃ 

ᴇ 

ᴃ 

ᴇ 

ᴃ 

ᴇ 

ᴃ 

ᴇ 

ᴃ 

ᴇ 

ᴃ 

Figure 71  

ѿ֓ Ȃ 
ׇ;. ׇ;/-0 ׇ;/ 

Vol I Ä04:  
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╠ҍץ ױ ̆ ױ ₮ԅ (spinï

statistics theorem) 

 

 ֜ ҍ ᵌ Ȃ 

 Ȃ ױ ≠Ҍ Ȃ 

 Ȃ 

 

ᵰ ֪ץ ץ Ҋ ↕̔ 

 

ץ̆  Ẽ ҩ ( ᵞ Ҋ) ̕ 

ҩ Ȃ*1 

 

֓ ԅ ױ ҈ ҕ Ȃ ᵰ̔ ȁֲᵣȁ ȁ

ȁ ᵣ̆ ԍ ѿ ̙ 

 

 

ҍ ῏   

 

҈ҩ Ȃ ױ ѿ℗ Ȃ

ȁ ȁҬ Ȃ ԍ ד ῃ ̆Ҍ ֟

ԅѿҩ ̔ ꜚ ҍ״ װ  ̔׆
 

״ װ Е-оἩד &45' 
 

ᵰ ̙ Ҍ ῏ ̆ - ⌐Ғ ῗ (Heisenberg-Pauli 

indeterminacy relation) ᶫԅѿ ᵀ Ȃ ≢ ̆ Ҍ

῏ ᵝ ⱴ ⱴȂᵰ

̙ 

ѿҌ ῏ ̆ ̆Ӟ ₀

̆ ҉ΐ ᵌ Ȃ Ҍ ῏ ̆ ҍҬ

ΐ Ȃ 

Ҍ ῏ ̆ ҹѿҩΐᵣ Ҭ

ד ᴋᵥ └Ȃ ̆ Ҍ ῏ Ҍ └ ᾣ ⱳ ̕Ԋ

҉̆ ᾣ ⱳ ԍ ᵣ Ȃ  

 
1* ↕ / Ӟ ץ ̕ᵰ ⌠ ̙ 

̆ ᵣҌᴪ ҉ ҹ Ȃ ↕̆ ҹ

̆ ᶏ ԍ ԅȂ 

Challenge 116 e 

Challenge 117 s 

Challenge 118 s 

Challenge 119 e 

Challenge 120 e 

Ref 92 
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Ҍ ῏ ԅ ҍ Ȃ ╠ ̆ ד ῃ

̆ ᾣ ̆ ׆ ҍ ᵝ Ҍ ῏ ̆ ׆ - Ҍ

῏ ₮Ȃ - ᵝ῏ ץ ᵌΏᵬ 
 

ד / &46' 
 

ᾣ Ҭ Ȃ Ҍ ῏ └ԅ ҍ

̔Ԋ ҉̆ Ҍ ӗ ҹ Ȃ 

ѿ ѿҩ̆ ᶏ - ᵝҌ ῏

ҹ ῃ ᵝҌ Ȃ ӊ̆ Ῥױ ̆ Ҍױ ҹ

Ȃ Ҭ ῖ ̆Ӟ Ȃ 

 

 

̔ ҍҌ №   

 

ꜚᵬ Ἡ ң № ̔

Ȃԋ ֜ ҹ№≢ҍ ṿ ῏̆ ҹ֜ ҍ ῏Ȃ ҍ ӊ

̆Ӟ ҉ ѿ ҈ Ȃ 

̆ ΐ ҹ Ȃ ΐ Ȃң

̆ᶛ ң ᾣ ̆ ֣῍ץ ѿ Ȃ ῍֣ᶏ ᾣ ҹ

Ȃ 

̆ ΐ ҹ Ȃ ΐ Ȃ

ױ ≠Ҍ ̔ң Ҍ ԍ ѿ Ȃ ӊ Ҍ

ԅ ( №) ̆ ױ ᴪ ̆ Ӟ ԅ ҹȂҌ

ҍ ̆ѿ ԅ Ҍ Ҍ Ȃ 

ᶏ ñ ò̆ ↕ᾛ ᾣ ԑ Ȃ 

 

 

ҍ  

 

ׅ ѿҩ Ȃ ѿױ

֜ ҹ Ȃ 

ԋ Ҭ̆ ֜ ₱ ҹѿҩ ᵝ̆ ҈

Ҭ̆ ѿҩ Ȃ ̆ԋ ҹᴑ (anyon)̆ ҹ ױ ΐץ

ñᴋ ò Ȃ ᵣ Ҭ̆ᴋ ҹ‼ (quasi-particle)Ȃⅎ

(fractional quantum Hall effect) ף ̆ ᴋ

҉ԅ ף Ȃ 

  

Equation 13 

Ä04:  

Ä06:  
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ῒז ץ ԅ ̆ ῀ԅᴂ (parafermion)ȁᴂ

(paraboson)ȁplektonῒ Ẋ Ȃ Ŀ ᴿ (Oscar Greenberg) ῒ

ҙ № ԅ ҩ ҉Ȃז ̔ 

 

 3+1 Ҭ̆ Ȃ 

 

ᵰ ҩ ԊҬ ҉Ҍ ̙ 

ץ 1/2 ȁ ȁ ҹȂ( Ҭ̆

(braids)(open links)ᵈ⌠ Ȃ) Ҭ ѿ

ֲ῀ № ף ѿ Ҭ ̆ ҹ ҹ ̆ ῒ

̆Ҍ ̆ ᵣȂ ױ ᴋⱵ ѿ Ҭ

֜ ѿ℗ Ȃ ̆ ץ ѿ֓ ̔ ᵥ ҍ

Figures 60, 65, 70̙ ױ ꜚӊ ‗ ҩ Ȃ 

 

 

 

 

 

 

Challenge 121 s 

Ref 93 

Vol V page 107 

Vol VI page 174 
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Chapter 7 

07. ⱴҍ ̔  

 

ᾟ№ ҕ̆ ҹ ¶

ԅ ѿף ̆ ױז ҹץ ᵬ ԓ ╠

ԅȂ 

· (Murray Gell-Mann)  

 

ѿ Ȃ ̙ ᾥ ̆

ҕ҉ · ̙ԋ ҕ ̆ ⱬ

ᶏ ֲ Ȃ ױ ̔ ױ Ȃ ⱬ ᶏֲ ⌠

ӊ ԋ̔ ꜘ(superposition)ȁ (probability)Ȃ ױ ңҩҺ ̆

ץ Ȃ 

̆ ᴪ₮ Ȃ ꜚᵬ Ἡ̆ ѿ ̆

Ҭ₮ Ȃ 

₮ ⱴ̆ ҹꜚᵬ ׆ ҉ ԅ ῖ ңҩ ̔

ҍ Ȃ (state)ҌῬ ᵝ ҍꜚ ΐᵣ ṿ ӈ ̆ ᵝ

ҍꜚ ᵬ ΐᵣ ₱ ӈ Ȃ*1 ῖ Ҭ̆ (system)

ӈҹ ѿ Ҍ ̕ Ҍ (permanent) ҍ ԑᵬ

ץ Ҍ Ȃ⌠ԅ ̆Ԋ Ȃ 

ⱴҍ ץ̆ ҍ ̆ ꜛԍ ᾧ ꜚӊ

҉ ȂԊ ҉̆ ҕץ ̆ ̆

· ȁ · ᴿ Ȃ 

 

 

 

 

 

 

  

 
1* ᴇ ғ ҉ ̆ ѿ Ȃ (Heisenberg 

picture) ԅ Ȃᵖ ױ (Schrödinger picture)Ҭ ̆

₱ Ȃ 

ᴋᵥ ⱴ ñ Ἕò Ҍ  

(Why?) Figure 72  

ⱴ Ҍ ̆

ױ Ҭ ⱴȂ 

Challenge 122 s 

Ref 94 
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ҹ ̙  

 

ⱬ ₱ ̆ (linearity) ԅ ⱴ Ȃ

ⱴ ̆ ץ ѿ ̆ῒ ₃ Ҍ ’ ⱴ̆ᶛ

ѿ ҍ ⱴȂ ñ Ίò ҹ (Schrºdingerôs cat)̆

ץ ῒ ₮ Ȃ ̙ ᵥ ̙ ױ ץ

ңҩ Ȃᶛ ̆ѿ Ҍ ԍñ ò ñ ò

ⱴ ̙ ̙ 

ⱴ Ȃ Ҭ ’̆ ᶏ ҬӞ ҹ Ȃ

ⱬ ñ (interpretation)ò ̆ ȂԊ ҉̆

’ ̆ ⌠ԅ ⱴ ̆ Ҍ ȁֲ

Ȃҹ ῒ ᴆ̆ ױ ῒ ’Ȃ*1 

 

 

ⱴ̔ ҍ  

 

ᵝס(ᵜנ; ⱴ̆ῒҬ ᵜҍ ᵝ

≢ ̆ ҍנ ס Ȃ ⌡(macroscopically distinct)̆ ҩ

Ҍ ’̆ ῖ ץ № ңҩ Ȃ

≢ ̆ ѿ ҹ ѿ ꜚᵬ ԍ ἩȂᶛ ̆

ᵣ ңҩҌ ᵝ ̆ ҉ Ҍ Ȃѿ ң ̆

Ӟ ꜚᵬ Ȃ 

 ñ ò ’ ≢ ⱴȂ ױ ԅ ⱴ

Ȃ ңҩ ≢ ᵜ ᵝ̆ᴋᵥ ᵝס(ᵜנ; ⱴ ҹ

(pure state)Ȃ ԍ ᵜ ᵝ ץ ԑ ̆ ץ ( ᵝ) ꜘ

(coherent superposition)Ȃ ≢ ⱴ̆ ᵜ
Þ
ᵝ ҹ ̕ ⱴ

ӗ סנ Ȃ ’ ꜛṢץ (density matrix) ̆

ӈҹ ; ÞȂ ᶛҬ̆ Ҋ ₮ 
 

ЛцЬϓ;
Þ;zנzф ᵜ ᵜ

Þ)zסzф ᵝ ᵝ
Þ)סנ ᵜ ᵝ

Þ)סנᵝ ᵜ
Þ

;& *ᴥ 'β
zנzф סנ

סנ zסzф
ᵜ
Þ

ᵝ
Þ

&47'  

 
1* ҈ᵝ ῀ ԅ ѿ ̔ ӊѿ · (Niels Bohr)ȁ1930 ף

ҍ ӊ ·–· ᴚ (John von Neumann)̆ץ 1970 ף ҍ

Ҭ · · (Heinz Dieter Zeh)Ȃ 

Ref 95 

Ref 96 
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ץ ̆ ԍ ̆ Ӈῒ ⃰(density 

functional) ҍ Ȃ*1 ԍ ױ

Ҭ׆ ⌠ ’Ȃ ױ ᴪ Ȃ 

Ῥ ’̆ ≢ ᾝҹ Ȃץңҩ ҹᶛ 
 

Ѕўёϓυ;zנz
ф
ᵜ ᵜ

Þ)zסzф ᵝ ᵝ
Þ

;& *ᴥ 'β
zנzф .

. zסzф
ᵜ
Þ

ᵝ
Þ

&5/' 

 

ԅѿҩ ᵝ Ȃ(ῒҬ̆ (dyadic product)

̆ ңҩ ֟ Ȃ) Ҍ ̆

ץ zנzф ԍ ᵜ ץ̆ zסzф ԍ ᵝ Ȃ ҹ ԍ

(mixed state)̆ ̆ ᴇ ̆ ԍ( ᵝ) ꜘ(incoherent 

superposition)̔ ’Ҭ̆ ⌠ Ȃ ԍ

ᵜ (or) ᵝȂ ≢ ҍ ѿ Ȃ 

ᾝ └ ( ) ⱴҍ ( ) ⱴӊ Ȃ 

̔ ԍ ≢ ̆ Ҭ ⌠ Ȃ

ⱴҬ̆₃Ӎ ᴪץ ῒ ᾝ Ȃ

(decoherence) ̆ ֓ ’ҊӞ ҹ (disentanglement)̆ ᵥ

̙ ҉Ȃ 

 

 

  

 

ꜚⱬ Ҭ̆ ӈῒ ט ῒ ῒ ꜚⱬ Ȃ

 
 

;ט 'rp&jlת &50' 
 

ῒҬ rp (trace)̆ ᾝ ת̆ ῗ Ȃ

ⱬ ӈȂ 

ױ ̆ΐ ҹ (bath)Ȃ  

 
Ӟױ *1 ץ Ώ ̔ 

Ἔ; ׅר ҿ
b

bᴃ
; ἩרYׅ*[ &5.' 

ң ῃ ᴇ( ҩ Ӟ ҹ’· ᴠ (von Neumann equation))Ȃ ̆ ױ

ҌᴪẠᴋᵥ ̆ ₮ ֓ ҹԅ ᵰ ῒ ⌠ ױ ₮   Ȃױ

Challenge 123 ny 

Ref 97 
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̆ ѿҩ ױ ץ ԇ Ȃ ℗ ̆ 

 

 ( ) (bath)̆Ӟ ҹ( ꜚⱬ ) (reservoir)̆ ᴋᵥ (equilibrium)

Ȃ 

 

̆ Ҭ ᴇԍ̔ ԑᵬ Ȃ ̆

ᴪ ₮ Ҍ ↕ (fluctuation)̆ ῏ Ȃ 

Ҭ Ӟ ѿ ̆ῒ ̆ ꜚⱬ Ἕ ѿ

̆ ⱴѿ ‛ ̆ῒ Ҍᴪ Ȃ

ȁ Ȃ ᶛ ̔ ȁ ᵣȁ

ᵣ(ñ ò ñ ò ӈ ԍ )Ȃ 

ӈ(72) ̆ױ ᾝ ԍ ⱴȂ (

ⱬ ) ҍ ԑᵬ Ȃ 

ӊ̆ ԍҍ ԑᵬ ̆ ѿҩҌ Ȃ ױ

Ҍ ̆ ץ ̆ ץ (₃Ӎ)׆ ⌠ ⱴȂ 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

     Ҭ  /-  

 ϓϡϡ   a a י 

 

ᵣ̆ ᵣ 300 K 10 pm 1031 /m 2 s 10 19 /m 2 10 12 s 10 25 s 

ᵣ 300 K 10 pm 1028 /m 2 s 10 19 /m 2 10 9 s 10 22 s 

 50 mK /. k 1018 /m 2 s 10 19 /m 2 10 s 10 12 s 

ᾣ  

ᾣ 5800 K 900 nm 1023 /m 2 s  10 4 s 10 17 s 

¦ ³ 300 K 0. k 1021 /m 2 s  10 2 s 10 15 s 

 2.7 K 2 mm 1017 /m 2 s  102 s 10 11 s 

       

      

 40 zK     

 

  10 fm 1 /m 2 s 10 25 /m 2 1025 s 1012 s 

 >1000 K  10 fm 10 2 /m 2 s 10 25 /m 2 1027 s 1014 s 

Ҭ  Ū10 MK 10 fm 1011 /m 2 s 10 47 /m 2 1036 s 1015 s 

Ҭ  2.0 K 3 mm 1017 /m 2 s 10 62 /m 2 1045 s 1024 s 

ⱬ  

ⱬ  3 /.31 K 10 35 m    

a. ṿҹ ᵀ ȂẊ ҹ 1 Ȃ 

Table 6 Ҍ ῒҺ Ȃ 

Challenge 124 s 
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̔   

 

ῖ ԍᵥ ̙ ԍ ױ ӊ ̆ ԍῒ Ȃ

̆ ̆ ץ ҹ ȂTable 6 ѿ֓ ᶛȂ ӊ̆ 

 

 ᴋᵥ Ȃ 

 

ױ ѿ ̔ ҍ ԑᵬ ȂԊ ҉̆ᴋ

ᵥ Ҍ ̆ ҍ ԑᵬ ̆ ױ ׃ ⌠̆

ҩ ѿҩ Ȃ ױ ȁҍ

ԑᵬ ̆ ⌠ΐ ̆↕ ⱴ

ⱴ Ȃ 

ԍѿ℗ Ҭ̆ ᴋᵥץ ⱴ ᴪ

ᾝȂ ᵌҌ Ḥֲפ ̔ ̆ ̆ ᶏץ ҍῒ

ԑᵬ ̆ᶏ Ȃ ױ ᵀ ⱴ Ȃ

ң ‰ ᵀץ ̔ ҹ ̆ ҹ

Ȃ 

ҹ ₯ ̆↕ ץ ϓϡϡң

₯ӊ ᴃϱўл┴ Ȃ ̆ ᴃδ ᴋᵥ ’Ҋ

ԍ ᴃϱўл̆  

ᴃυ ᴃÈўл;
/

&51' 

 

ῒҬ̆ ̆ Ȃ*1 Table 6 ₮ԅѿ֓ῖ ṿȂҌ ⌠̆

ᵣ Ȃ( ױ ⌠̆ ҍ ⱬ ֟

̆ ץ Ҍ Ȃ) ᴪ Ȃᵖ ̆

’Ҍ ̆ ץ ₮ Ȃ 

ױ ⌠̆ꜚᵬ Ἡ₮ Ҭ̆Ӟ₮ ҬȂ

ѿҩ Ȃ 

  

 
1* ᴇ ᴇң &ᴇ*ᴇ' ₮ Ȃֲױ ̆

ᾝ &ᴇ*ᴇ*ᴃ'; &ᴇ*ᴇ*.'פ ᵯ&ᵳ ᵳ'ʜ̆ῒҬ̆ (localization rate) Ҋ ₮ 

фת; ϓϡϡ &52' 

Ҭ̆ת ̆ ̆ ϓϡϡ ̆ Ȃ 

ױֲ ԅѿҩ ֲ ̔ ҹ ϱׂўл ₯ ̆ῒ ⌠ ₯

( ) Ȃ ңҩ ῍ ₮ԅ҉ Ὲ Ȃ 

Challenge 125 ny 

Ref 99 

Ref 98 
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̔   

 

ԋ ᵀ Ӟ Ȃ ҍ ᴋᵥ ԑᵬ

ᴃᵭ Ȃ (relaxation)ѿ ף ̆Ӟ ᵬ (damping)

(friction)̆ ѿ Ҍ Ȃ ᶛҬ̆ ҍ

Ȃ ᵞ̆Ӟ №

ꜚ ᵞ̆↕ ҹҒ (irreversible)*1 Ȃᶛ ̆

ᾫ ̆ ̆ ҍ ҌᴪῬ № ̆ ҹ № №

ᵞ⌠ Ӎҹ ̆ Ȃ 

ױ Ȃ ױ ѿҩҍ ԑᵬ

ᵌף Ȃ ԍ ̆ ΐ ̆ ץ

ȂẊ ∆ Ҭ̆ ץ י Ȃ ҍ

ԑᵬ ץ ᴰ ϱׂўл ̆ ⌠ Ȃ 

̆ ȁֲȁ ̆ ױ ̆ῒҺ ̆ ץ

׆ ᴰ ⌠ ᵭׂȂ ԅ ҍ ӊ ԑᵬ Ȃ

ױ ῐ ⱴ̆ ֓ Ȃ 

Ҍ ԍ ȁֲפҌ ⱴ ∆ ̆ (decoherence 

time) ᴃδῤ ̆ᴃδ Ҋ ₮*2 
 

ᴃף;ᴃᴁ
Èׂgr

ᴁׂ

cÈׂgr-ית /

cׂÈgr-ית)/
&55' 

 

ῒҬ ת ῗ ̆ ╠ ̆ ᵭׂ ׆ץ ᴰ ⌠ Ȃ

̆ ᴃδ ᴃᵭȂ ᴃδ ̆ ׆ ⱴ ҹ ⱴ̆

ӊ̆ ῒ ȂӞ ץ ̆ ᵝ ԅȂ

̆ ᴃδӊ ̆ Ӈ ԍ ᵜ̆ Ӈ ԍ ᵝ̆ №≢ҹ zנzфҍ

zסzф̆ҌῬ ԍ ⱴ Ȃ ̆ ‗ԍ

̆ ῒ № ׆̆ Ҭ ԅȂ  

 
1* ῒ Ҍ Ҍ ̆ᶛ ̔ñҌ ò Ҍ Ȃ Ҍ

ҍ ӊ ñ ò̆ ԍ ñҌ òѿ Ȃ  

2* ҍ╠ ’ѿ Ȃҍ ԑᵬ ̆ ѿ ₮  

b

bᴃ
;

ר

Ἡ
Yׅ*[

/

0ᴃї
Yvכ *vכÞ[)Yvכ* vכÞ[

ᵥ

&53' 

ῒҬ ׅ̆ כ̆ ԑᵬ ̆ᴃї ԑᵬ Ȃ ̆

ץ ⌠ ᾝ &ᴃ'; їc
ᵯ-ᵯʯ̆ Ӟ ץױ Ȃ ’Ҋ 

ᴃї;ᴃᵭ
Èׂўл

ᵭׂ

;ᴃÈўл &54' 

̆ ╠ ⌠ Ȃ 

Challenge 126 ny 

Ref 100 

Ref 101 



 

 

 
07.ⱴҍ ̔  

M
o
t
i
o
n
 
M
o
u
n
t
a
i
n
 

ï
 
T
h
e
 
A
d
v
e
n
t
u
r
e
 
o
f
 
P
h
y
s
i
c
s
 
c
o
p
y
r
i
g
h
t
 
É
 
C
h
r
i
s
t
o
p
h
 
S
c
h
i
l
l
e
r
 
J
u
n
e
 
1
9
9
0

ï
M
a
r
c
h
 
2
0
2
3
 
f
r
e
e
 
p
d
f
 
f
i
l
e
 
a
v
a
i
l
a
b
l
e
 
a
t
 
w
w
w
.
m
o
t
i
o
n
m
o
u
n
t
a
i
n
.
n
e
t

 

137 

̆ ᴃδ Ȃҹԅ ⌠

ѿ ̆Ҍ ѿҩ ȂẊ ѿҩ ҹ ױ ᵣ̆ ╠

⌠ ̆ ᵝԍ װ ңҩ ̆Ӟ ԍ ңҩ ⱴȂẊ

ᵣ ҹ ̆ ңҩᵝ ӊ ꜚ̕ ᵣ ԍңҩҌ

ᵝ ӊ ⱴ Ȃ ᵣ ᵭׂ;ױ
фװф ̆ ϱׂўл;Ἡ

Ȃ ’Ҋ̆ ϱׂўл ԍ י̆ת ╠ ⌠ 
 

ᴃף;ᴃᴁ
Èׂgr
0

0ׂ ᴁית
;ᴃᴁ

Ἡ0

0װיתױ0
;ᴃᴁ

0

0װ
&56' 

 

ԅȂ ᵕ;Ἡ- יתױ0 ҹ (thermal de Broglie 

wavelength)Ȃ 

Ῥ ⌠̆ꜚᵬ Ἡ₮ ҬȂ Ȃ 

̆₃Ӎ ᵣ ῖ ᴃδ Ȃᶛ ̆ *e/;ױ

Ĭ..1;י*kk/;װ ױ ⌠ ᴃδ-ᴃᵭ;/,1/.
оЌȂ ҍ ԑᵬ

Ῥ Ӈ ̆ ⌠ ̆ ҹ 4·1017 ̆ ᴃδׅ

ԍ 5·10 22 ̆ ᾣ ( ᾣ ҹ 2 ) ѿ ҆Ṑ҉ץȂ

ᴪ Ȃ ֓ ̆ ױ ┼ (prepare) ⱴ ∆

̆ Ҍ ῒ ῒ ԅȂ  

↕Ҍ Ȃᶛ ‛ ⌠ ᵣҬ ̆ῒ оЕiĕ.//,7;ױ

2Ĭ;י*lk/;װ ⌠ ᴃδ ᴃᵭ̆ Ḡץ ⱴ̆

Ȃ ’Ҋ̆ Ḡ ̆ ץ ⌠ Ȃѿҩῖ ᶛ

Ҭ ҹȂ ӊױ Ῥ Ȃ  

1996 ̆ · (Serge Haroche) Ὲ ԅ

̆ ԅ ҍ ῏ ׆̆ ңҩ

҉ⱴץ №Ȃҍ ̆ ῒ ԅ ῒ ̆

ᴃδ-ᴃᵭ ṿ Ȃ2004 ≢ ֦ ̆Cзї№ ҍ ԑᵬ Ҋ̆ῒ

ҹ Ȃ  

 

 

̔   

 

ҍ Ҭ ̆ Ȃ ѿ ̆

ꜚⱬ Ȃ ѿҩҌ ̆ᴪ ꜚ Ȃ ̆ ѿҩ

Ҭ ⌠ Ȃ 

ᵀ ̆ ױ ̆ҍ Ҭ ᴋᵥ ԑᵬ ̆ ᴪᶏ

Ҍױ └ Ḡ ≢ ⱴ Ȃ ᶏ ⌠ ̆

̆ῒ ׅ ̆ Ҍ └ ⱴ Ȃ

Ҭ ̆ ⌠ Ȃ  

Ref 102 

Ref 103 

Ref 104 

Ref 105 

Ref 106 
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ױ ᾟ ̆ 

 

 ԍ ᴪ ̆ Ҭ׆ ₮ ≢

ⱴȂ 

 

Ҍ ̕ Ҍ Ȃ ⱴ ( Figure 72)

Ҍ Ȃ ⱴ ₮ ѿ֓ ’ҊȂ  

 

 

ᵥҹ ̙ᵥҹ ̙ 

 

ῖ Ҭ ѿҩ №̆ ҍץ Ȃᵖ ⱬ

̆Ҍ ̆ ҹ ԑᵬ Ҍᴪ Ȃ╠ ץ ‗ ѿ ̆ᶏ

ױ ‰ ӈ Ȃ 

 

 (system) ץ ᴋ №̆ ҍ (incoherently) ԑ

ᵬ Ȃ 
 

̔ 
 

 (object) ѿҩ №̆ ҍ ԑᵬ Ȃ 
 

≢ ̔ 
 

 ѿҩ ҹ Ⱶ ̆ ғ ץ ₱ ̆  

ǒ Ӎ ̆ᴃϓэЏϿ;Ἡ- ׂ:ᴃᵭ̕   

ǒ ҍ ԑᵬ Ȃ 

 

ӊ̆ ҍῒ ԑᵬ ̆ ץ ₱

Ȃ( Ҍ ׂ ԍ Ȃ) ̆ ₮ ӈ

׆҉ Ҍ ̆ ҹ ̆ ῒ ̆ ԍῒ

Ȃ ԍѿ℗ ҍ ̆ ̆ Ҍױ ₱

Ȃ ≢ ̆Ҍ Ṣꜛ ₱ ᴋᵥ Ȃ 

̆ ױ ₮ ̔ 

 

 ̆ ԍῒᴋᵥ № Ȃ 

 

̆ Ӟҍ ԑᵬ Ȃ ȁ ȁ ֲ Ȃ  

Ref 107 
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ң ӈ Ҋԅѿ ̔ ҍ ԑᵬ ̆ ᵥ̙

ױ ᴪ ⌠ѿ֓ᶛ Ȃ ӈ̆ ױ ̆Ӟ Ȃ 

 

 ҍ ԑᵬ ñ ò̆ ҹ (entangled)Ȃ 

 

ñ òҌ ₱ ̆Ҥ ̆ ױ Ȃ ’Ҋ̆ ԑᵬ

ᴪױֲ̆ (entanglement)Ȃᶛ ̆ѿ ѿ ҍῒ

ѿ (entangled with)Ȃ 

( ԑᵬ ) ץ № ̆ᵖ Ȃ№◓

ᵣ ̆ ᵣ ԑᵬ Ȃ ̆ Ҍ (detached)

ᵣ ̆ (detachable) ᵣ Ȃ Ҭ̆№ (detachment) ‰ ԑ

ᵬ Ȃ ⱴ ѿҩ ̔ ֓ ᵌ ₃ №

̆ῒ Ҍ Ȃ └ԅ№ Ȃ ⱬ ₮ ̆ ̆

ѿҩ ῖ ̔ ҹץ № ץ Ҍ ’Ҋ№

ңҩ Ȃᵖ ⱴ Ҍᾛ № Ȃ Ẋױ №

̆ ױ ᴪ ⌠ ̆ᶛ ԍᾣ ᴰ ̆ ׂ

ҹȂ ױ ѿ֓ῖ ᶛȂ 

₮ Ȃᶛ ̆ ѿ ҍѿ ң ᾣ ̆

ᾣ Ẓ ̆ԍ 1949 Ȃ ̆ ѿ № ̆ң

₮ ᾣ Ẓ ̆ԍ 1966 Ȃ ԍ ( 0 )

Ҍ № № ₃ №̆ ̆ԍ 1970 ף ⌠Ȃᾣ

Ҋ Ӟᴪ֟ Ȃ ᾣ Ҭ̆῀ ᾣ ҹң ₮

ᾣ ̆ῒ ⱴ ԍ῀ ᾣ ̆ ’Ҋ̆ң ₮ ᾣ Ẓ

ҍᴰ Ȃ2001 ̆ңᴍ ‛ ѿ ̆ ᴍ

҆ ̆ ₃ Ȃ ̆ᵝ Ӟ ⌠̆ᶛ ῤ ↓

Ȃ  

  

 

  

 

ᴃЕ 

ᴃф 

ᴃо 

ᴃϩ 

Figure 73 

ⱬ ꜚ̔ ₱ ( )̆

⌠ Ȃ 
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̔ EPRᵿ  

[ ᾢ ] Ҍ ...  

·ӓᴚ (James Joyce) 

ȇ Ԋѿ (A Painful Case)Ȉ 

 

ױֲ ҹץ ₱ (non-local)*1Ȃ Ȃ 

ѿ ₯ Ȃ Figure 73 Ȃ׆ Chapter 4

̆ Ҋ ѿ ꜚ ̆ (Bohm) Ȃ

ҩ₮ ӊ ̔ ԍ ̆ ᴋᵥ ₱ Ҭ̆ ₱

ṿ ᵝ ᴪ ᾣ Ȃ ̙ 

ᾣ ᴰ ’̆ ҹ (acausal) (non-local)Ȃ ץ

Ṣꜛ Figure 73̆ Ȃ ѿҩ ԍ ע ṿȂ ₱

ṿ ꜚ ᾣ ̆ Ҍ ᾣ Ȃ 

ӊ̆ Ҭ ԍᾣ ̆ᵖ ԍᾣ Ȃ ῖ ꜚⱬ

Ҭ̆ ב ̆ ל Ӟᴪל ’Ȃ ȁ◄₴ ꜚ

Ҭ̆Ҍӎ ᾣ Ȃ ׂ ңҩ ̔ ץ Ҭ ̕

Ȃ ̆↕ ῖ Ӟ ̆ᵖ ֲ Ӈ Ȃῒ ̆

ñ òѿ ᶏ ̔ѿ ҕ ֲ̆ ѿ Ḥ

ᾣ Ȃ ֲ֓ ԅ Ӱ ̆ Ӱ ҉

ᴰ Ȃ ӊ̆ ӈ Ҍ ѿ̆ ױ Ҥ ӈ̆

ӈҹ ᾣ ᴰ Ȃ  

- - ᵿ (EPRᵿ ̆EinsteinïPodolskyïRosen paradox)

Ҭ̆ *2 ₮ԅѿ ̆ ԅ Ȃ

EPR Ҭ̆҈ᵝᵬ ⌠ ⱬ ҍ Ȃ

ҹѿ ̆ Figure 74 Ȃ ԍ 0 ѿ №

̆ ῒҬѿ ̆↕ ѿ Ӟᴪ ̆ ғ

ῃ Ȃ ̆ ԅ Ȃ ӊ̆ ᵌ

Ӎ ԅ ᾣ ḤȂ 

̆ Ҭ̆ ᾣ ᴰ Ȃ ҍ Һ ̆ᵖ

Ҍ Ȃ ԍѿҩ ̔ ױ № ̆ ҹ

̆ῒ ₱ ңҩ ṿȂԊ ҉̆ ᴰ

Ḥ ̆ Ἕᴰ Ḥ ̆ ↕ ԍ (prediction)Ȃ ץ ῒ

ᵌ EPR ̆ Ҍᾛ ᾣ ḤȂ ױ ꜚⱬ Ҭ

’Ȃ  

 
1* ԅ ױ ѿҩ ̔ ױ ӈ Ҭ ԅѿ Ҍ Ȃ 

2* · (David Joseph Bohm, 1917ï1992)̆ ѿᵝ ⱬ Ȃז ҍ ԅ AB

̆ № ҍ Ȃ 

Challenge 127 s 

Ref 108 

Ref 109 , Ref 110 

Vol II Ä01:  

Vol II Ä10:  

Vol III Ä03:  
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Ạ ԅȂ ѿ Ӟ ѿ ̆ 1982 ̆ ῌ·

ᵹ(Alain Aspect) ᾣ ף Ạ Ȃҍ ѿ ̆ ῃ ԅ ⱬ

Ȃ 

ᵹ ֲ ̆Ҍ ң Ҭ ᴋᵥѿ ҹѿҩ ̆

Ҍ ᴋᵥ ̆ ̆ ԍ Ҭױ ᴋᵥѿҩȂ(

ץ ѿ └Ȃ)ң ῍ ԅѿҩ ̆ ҹ ױ ѿ

ҍ ԑᵬ Ȃ 

҉ ңҩ ᵌ ᶛ ᴡץ ̆ ҹ ₮ ᾣ ꜚ̆

₮Ҍᴪץ ῏ ȂҊ ᶛ Ȃ ң ̆ѿҩ

̆ѿҩ ̆ԋ ҹ Ȃװ ױ ̆ ѿ ᾣ ̆↕

ᴃ̗ ӊע-װ ̆Ӟ ᾣ ⌠ ԋ ӊ ̆ ԋ

Ȃ 

̆ Ȃ ԍ ԋ ѿ

Ȃ · (Gerhard Hegerfeldt) ԅ ѿ Ȃ ѿ Ӟ

⌠ԅ Ȃ 

̆ ‗ԍң ⱴ ̔ Ȃ ԍ

ⱴ̆ ̕ ֽ ⱴҬ₮ Ȃ ̆

ה ̆ῒҬ Ȃ 

ӊ̆ ₱ Ҭ ᾣ ӈ Ȃ

̆ Ҭ̆ └ ̆ Ҍ ᴰ

ᾣ Ȃ ̆ ױ ԅ ѿ↕ ̔ ҍ ԑᵬ

̆ ӈȂ  

 

 

1  

Figure 74 

Ȃ 

2 

Ref 111 

Ref 112 
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̔ ⱴ  

 

ֲ֓ ҹ̆ ץ Ҍץ⌠ ᵝ ҹҬ ⱴ Ȃ( ֓

↕ Ḥ Ȃ)ҹָӇ Ҍ ̙ 

* * 

’Ҋ̆ ⌠ ᵞ̆ ᵣҍ ̆ ץ ⌠

≢ ⱴȂңҩ ᶛ̆ ⱬ (Josephson junction)

Ҭ ⌠ Ȃ ԍ╠ ױֲ̆ ⌠ 1000 kg ᵣ ԍ /.Ез ң

ҩ ᵝ ⱴ Ȃ ԍ ̆ Ҭ̆֟ ԅ 1 pA ȁ

ꜚ ⱴȂ  

* * 

Ҭ ⌠ ñ҉òҍñҊò ⱴȂ 

* * 

1990 ץף ̆ῃ ῐ ԅѿ ꜚ̔ ⱴ Ȃ

ԍ ᴆȂ ԍ ⱴ ӊѿȂ 

* * 

1997 ̆ ׆ ԐҬ ⱳ ₮ Ȃ 

* * 

ԍ ̆ᾣӞ Ȃҕ ᾟ ԅñ òᾣ̆ ᾣ̆

ᾣȁ ᾣȁ ᾣȁ ᾣ̆ Ȃ ᾣ ̆ ᾣ

ᾣ ̆ ᾣȂ ֓ᾣ Ȃñ (coherent)ò

ҍñ (incoherent)ò ңҩ ԍᾣ Ȃ ԍ ҍ ȁ ⱬ

̆ᾣ ᾢԍ ₃ҩҕ Ȃ 

ᾣҍ Ҍ ̆ ̆ᵖᾣҌ ̆ ̆

ᾣ Ȃ ₮ ̆ᶛ ᾣȁ ᵣҬ

ᵣҬ ̕ ↕Ҍ ₮ ̆ᶛ ῒ Ԑ Ȃ

ң ’ ץ ӈ Ȃ Ҭ̆ ԍ (ᶛ

ȁ ᾣ)̆↕ ץ ⌠ ᶃ ̆ғ׆ ⌠ ԍҍ

ԑᵬ Ȃ ҉ ̆↕ᾣ Ȃ Ҭ̆

ⱴ ҍ ᾣ Ȃ 

* *  

Challenge 128 s 

Ref 102 

Ref 113 

Ref 114 

Ref 115 

Ref 116 

Ref 117 
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ҍҌ (decay) ῏ Ȃ ῃ ץ Ȃ 

* * 

ᵰ ̙ ԍ ̙ 

* * 

₮ԅѿҩ ̔ ᴶ ғ ῗ (teleportation 

contradicts correlation)Ȃᵰ ̙ 

* * 

Ҭ (ghost image)̆ (spurious reflection) ̆ ԍ ̙ 

* * 

ң ᴪ ָӇ̙ 

* * 

ֲ ₮̆≠ ₱ ⱴ̆ ץ ȂẊ ᵰҌ

ȁҌ (qubit) ָӇ̆ᵰ ₮ѿҩ ̆

̆Ӟ ῒ ̙ 

 

 

ҹָӇ Ҭ₮ ҍ ₱ ̙  

 

ⱬ Ҭ ֲפ ̆ Ҭ₮ Ȃᶛ ᴪױ ̔

₮ Ȃ ѿ ̔ñ ̆־

ҹ נ ҹ Ȃò״ ױ ̆ᴋᵥ Ҍ ᾧ ̆ ױ ̔

(1)ᴋᵥ ᴋᵥ ̆ ̕(2)

ꜚᵬ Ȃ(׆ ҉ ̆ ᾢԍ Ȃ ѿ

҉ ԅҹָӇ ҩ ֲ Ҭ ӰȂ)  

ᵥҹ ̙ ╠ ̆ ᴋᵥ֟ ԑᵬ Ȃ(

ѿ ̆ᵖ Ȃᵰ ҽᶛ ֓ ̆ ֓Ҍ

̙) ̆ ֲ ↕ ҹ Ȃ Ҭ ҌἝ ῖ

̆ Ҭ ҹ Ȃ ҩ ₯

ᾣ ̆ᴪ ₮ ̆ᵖ ױ ╠ ҉ Ҋ ᵝ Ȃ(ᾣ

ᴋᵥῒ ֞ Ȃ) ԍ ̆ ץ ᾢ №

̆ Ȃ  

Challenge 129 ny 

Challenge 130 ny 

Challenge 131 s 

Challenge 132 d 

Challenge 133 s 

Challenge 134 s 

Ref 118 

Vol V page 47 

Vol III Ä07:  
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ᶏ ױ Ȃֲױ ̆ ᾣ ҉ №

'ẞ&״ ץ ₱ ₮ ̔ ẞ';zÞ&ẞ'&ẞ'zфȂ&״ ᶛᵣ

ԅ ҅(first property of quantum measurements)̔ 

 

 ԍ ̆־ ѿ ↓ ṿ φנҬ

ѿҩ̆ ⌠ φנ φו Ҋ ₮ 
 

φו ;zᵩ
Þ zф &57' 

 

ῒҬ ᵩ ҍ ṿ φנ ־ ₱ Ȃ*1 

 

ԅ ԑ(second property of quantum measurements)̔ 

 

 ̆ ԍҍ ṿ φנ ᵩȂ 

Ӟױֲ ̆ Ҭ̆ ₱ ׆ (collapsed)⌠ԅ ᵩȂ 

 

ң ץ ⌠ΐ ṿ ѿ ’Ȃ 

ҍ Ȃӌѿ ̆ Ҭ ҍ ױ

Ҭ ⌠ ₃ Ҍ Ȃץ ȁ ȁFigure 75 ȁ ȁ Ҋ

ṕ ҹᶛ̔ ֓ ̆ (

ᵬ ᵬ )Ȃ ֓ Ҍ ױ ⌠ Ȃ ױ Ҋ ҹ̆

ԍ ∆ ᴆ Ҍ Ȃ*2 

ᵌҌ Ȃ ң ԅ ױ Ҭ

⌠ ̆ ∆ ᴆ ῃ Ȃ Ӈ̆ҹᵥ

̆ᶛ ҩ ᵝ ̆ Ҍ ̙ ӊ̆ ₱ ԅָ

Ӈ̙ ̙ ױֲ̆ ҹ Ҍ ԍ

Ḥ Ȃ ֲ ñ (hidden variables)òȂ ֓

Ȃ ԅ ֓ ⌠̆ Ҍ ԍ ӎ῏ԍ Ḥ

̔ Ȃ  

 
1* Ҭ̆ №≢ᴪ ѿ֓ ҹ Ṑ ̆ ҹ

(eigenvectors̆ eigen ̆ӈҹñ self ò)Ȃ ӊ̆ י ѿҩ פ̆

̆ ғ 

;'פ&י פ &6.' 

ῒҬ ̆↕ פ ҹ י ̆ ṿ(eigenvalue)Ȃ י

ṿ ҹ י (spectrum)Ȃ 

2* ֓ Ẋ ̆Ҍ ӊ╠ Ԋ̔ѿ֓ ԅѿ ̆

ԇ ∆ ̆ Ȃ 

Ref 119 

Vol I Ä04:  
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ҹԅ ̆ ױ ѿҊ ѿ Ȃ 

 

 ᴋᵥ Ȃ 

 

ץ Ҭ Ḥ ̆ ץ ӥΏȁ ̆ ᴋᵥ Ȃ╠ѿ ⌠̆

ҌᴪẼ ₮ ̆↕ ѿᴍ Ȃҹԅ ᾧẼ ̆

Ḡ ȁ ᾧ ̆ᶛ ױֲ̆ Ҭȁ ᴆ

Ḡ Ҭȁ ᾧ ᴴ Ȃ 

Ḡ ᾧ ῤ Ȃ ᵣ ᴆ ̆ ῤ Ȃ

̆ № ₮ ῤ Ȃ ⱴ ⁞ ̆

⁞ Ȃᶛ ̆ ̆ ̆ ԅ̕

̆ᴪ ҡ Ḥ Ȃ ӊ̆ ᵣ ̆ ᶏӊ ῤ

ҬḠ Ȃ ӊ̆ № ̆ ₮ Ȃ 

ץ ҩ ̔ ҩ ̆ ҩ ֟

̆ ѿҩ (bath)Ȃᴋᵥ ֟ ѿ ץ ҹ̔ 

 

 ᴋᵥ ̆ ҍ Ҭ ԑᵬ Ȃ 

 

Ḃ ѿ ̆ ̆ Ӟױ ץ ̔ Ȃ ̆ᴋᵥ

ᶭ ԍ ῏ ԑᵬ Ȃ ֓ ᵌ Ҍ ̆ ױ

ץ Ȃ 

ᴋᵥ (apparatus) (detector) ңҩҺ ̆ Figure 76 ̔ 

ҍ ԑᵬ ȁ ԍ֟ Ȃ ̆ ᴋᵥ

̕ ̆ ȁ ԑᵬ

ץ (ᶛ ᴃᵭ)Ȃ ԑᵬ ԅ ῤ ̆ ԅ Ȃ 

ῖ ꜚⱬ Ҍ ̆ Ҍ Ȃ ץ ῖ ̆

↕ ᵣ̆ ֟ ̆Ӟ ԅ˻ ῖ Ȃ(

℗ ̆ ѿ ῖ Ȃ)Ҍ ̆ ץ ⱬ ᴪ ̙  

 

Figure 75 

ѿҩ ₮ ҹ ̔ 

ѿ ҊȂ 

 

ⱬ 

Ref 120 

Vol III Ä07:  
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ᵬ ῒ̆־ ₱ ҹ ᵩȂ ױ

ⱬ ̆ Ȃ Ώץ  
 

; ᵫ ЏлϱϓЬ; φע ᵩ ЏлϱϓЬ
ᵩ

&6/' 

 

ῒҬ̆ ᵫ ױ ( ) ѿ ̆ ױ

־ ̆ ЏлϱϓЬ ῒ ̆ ֓Ҍ ־ ̆

Ҍ ־ (spanned)Ȃ φע ; ᵩ
Þ
ᵫ ₮ԅ ᵫ ץ

ᵩҹ ѿ (normalized) Ȃᶛ ̆ ῖ ᵝ Ҭ̆₱ ᵩ ᵝ

₱ ̆ ЏлϱϓЬ↕ ꜚ ȁ ῒ Ḥ Ȃ  

ҍ ԑᵬ ָӇ ̙ ╠ ҹ влΦЬл̆

ԍ ᵩ ЏлϱϓЬ ₯Ҭ̆ ᴪ׆ влΦЬлҹ ᵩȂ ױ

̆ ԅҍ ־ ₱ ᵩ ṿ φנ Ȃ ײ

̆ ҹ ȁ ̆ ױ ԑᵬ ӊ╠ ָӇ Ȃ

ӊ╠ ₮ ѿ ̆Ҍ ᵩᵬҹҌ ̆ ≢ Ȃ

↕̆ ױ Ҍ ̆ҍ ԑᵬ ӞҌ Ȃ 

ᵖ Ҭ̆ ᵩ Ӟᴪ ЏлϱϓЬ№̆

ѿ № ҹ ЏлϱϓЬּφ̆ΐᵣ ‗ԍ ̆ Ҭ ӊ Ȃ*1  

 
1* ԑᵬ ҉ ᵥ ̙ ↨ױ ₮ ̆ ҹױ ҩ∆ ԅ

̆ ң Ҋ῏  

ϡ;י ўי
Þ &60' 

ױ ׆ץ י Ȃᵰ ₮ Ӈ Ԋ ̙ 

Ḃ ѿ ̆ѿ ̆ ־ ΐ ᶭ ԍ ־ ԑᵬ ̆ғ 

Yׅ ) ўׅЋл*־[;. &61' 

Figure 76 

ᶏ Ȃ 

ⱬ

 

(ҍ )

( ȁ ȁ ) 

 ׅ ўׅЋл ᴃЬ 

ῒ 

  

ῒ ̆ᶛ

 

Challenge 135 ny 
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ғ Ả̆ ѿҊ ױ Ȃ ̙ Ȃᶛ

̆ᴋᵥ ᾣ ᵝ ̆ ᾣ ῤ ᴋᵥ ᵝ ̆

ҍᵝ ῏ ꜚ ᵝ ̔ ᾣ ẢȂ ’

Ҋ̆ влΦЬлѿ ̆ ᵩ ᵝԍ ײ ̆₱ ᵩ ײ ̆

ЏлϱϓЬּφ ײ ₯ ᾣ ꜚ ҍ Ȃ  

̆ ױ ‰ ԅȂ ғ Ҭ ֽ̆ ѿҩ

̆ ᵬ влΦЬлȂ ҍ ԑᵬ ӊ╠̆ ( )

ԍ∆ ᵤ̆ Ҋ ₮ 
 

ᵤ; ᵫ влΦЬл; φע ᵩ ЏлϱϓЬвлΦЬл
ᵩ

&62' 

 

ῒҬ̆ ᵫ ( ) Ȃ ↨↨ ⌠ ̆ ԑᵬ

ӊ ̆ ҹᴥ 
 

ᵜ; φע ᵩ ЏлϱϓЬּφ ᵩ
ᵩ

&63' 

 

׆ ⌠u ᵜ ̆ - Ȃ ᵜ ≢

ⱴ̔ Ҍ ⱴȂ ᶛҬ̆ ᵜ ҉ ѿ

̆ҍ Ҋ ѿ ⱴȂᵖ ׆’ ⌠Ȃ ױ ҹָӇȂ 

̆ ᵜ ᵜ Ҋ ₮  
 

ᵜ; ᵜ ᵜ
Þ; φעρע

ᵩּᵨ
ᵩ ЏлϱϓЬּφ ᵩ ᵨ ЏлϱϓЬּρ ᵨ

Þ &64' 

 

Ҍ ̆ ײ ױ Ȃ ױ Ȃ҉ѿ

ԅ ⱴ Ȃ ױ ̆Ἕ ᵜ ᴪ Ȃ ױ

Ẋ ⌠ ץ Ҍ *1Ȃ ̆ ̆ ▼Ҋ

ᵡ̆ Ҋ ₮ 
 

ᵡ; zφעzф

ᵩ
ᵩ ЏлϱϓЬּφ ᵩ ᵩ ЏлϱϓЬּφ ᵩ

Þ &65' 

 

╠ ̆ ԅѿҩ ̆ῒҬ φו ;zφעzф; ᵩ
Þ
ᵫ
ф ⌠

φנȁ ԍ ᵩ ЏлϱϓЬּφȁ ԍ  φ Ȃ ᵣ ԅ╠

ң Ȃ   

 
1* p ̆ ῃ 0̆↕ Ҥ ̆ ҍ

̆ ≢ ҍ ȁ ȁ Ȃ ҩ Ҭ̆ ῏ ̆

̆ҍ ῃҹ Ȃ 
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ҹҍ ԑᵬ ̆ ץ ⱬ

₮ ң ̔ ₱ Ȃ╠ѿ

ᴃδ ҹ Ҋ  
 

ᴃηЏϿϿΦЛвϓ;ᴃδ:ᴃᵭ &66' 
 

ӊ̆ ԍ Ȃ ̆ ױ ⌠ԅѿ↕ ₱

Ὲ ԅȂ ῏ԍ ԅ ѿ Ȃ 

 
 

ҹᵥ Ἡ?  
 

ֲ ҹץ ң Ҍ Ἡ̆ Ҍ Ȃ 

̆Ἡ₮ Ҭ̆ ̕ ԍ ₱

Ӟ Ȃ ԍꜚᵬ Ȃ 

̆ ױ ⌠̆ ₱ ӊ ₮ץ ̆ ҹꜚᵬ ἩҌҹ Ȃ

₱ ȁ ₱ ץ ̆ ԍ ἩȂ 

֓ ֲ ӊ╠ ⌠ѿ ̔ ԍ Ἡ ( ꜚᵬ

)̆ ᴪ₮ Ȃ ԍ ̆ Ҍᾛ

̆ Ҭ̆ ᴪ₮ Ȃ  
 

 

  
 

ֲ Ҍ ̆Ҍ ‗ԍ ҍꜚᵬ ̆

Ḡ ȂῒҬ ̆ ԍ ֓ Ȃ ֓

Ҭ ҹ (hidden variables)Ȃ 

ⱬ ѿҩ ӊ ԍ̆ ׆ץ ҉ ֓ ̆

ΐᵣԅ Ȃױ ̆ └ ҍ ԍ Ἡ ꜚᵬ

Ȃ ꜚᵬ ҹ Ȃ ꜚᵬ

Ȃ ױ ᾟѿ֓ Ȃ 

҉̆ ѿ↕ –· ᴚ *1 ₮̆ ֓ Ȃ ֠(Kochen)

ҍ ᵹᾥ (Specker)ԍ 1967 ԅ῏ԍ Ҍ (no-go theorem)̆ ·

(John Bell)ԍ 1969 ԅ Ȃ  

 
1* ·–· ᴚ (John von Neumann / János Neumann, b. 1903 Budapest, d. 1957 Washington DC)̆

̆20ҕ ᴯ ȁ ӊѿ̆ ‗ԅ ׂׅ ױֲ ⌠ ̆

ῒ Ȃז ȁ ȁ ѿ Ȃҹԅ

ז̆ ԅ ∆ └ ̆ ԅ · (Konrad Zuse) Ȃז

Ȃז ԍ ̆ ҹ ԍ Ȃ 

Challenge 136 e 

Ref 104 

Ref 121 
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֠- ᵹᾥ ₮̔ 

 

 ᴿ ԍ ԍ 3̆↕Ҍ ԑ Ȃ 

 

ԝ (non-contextual) ̆ ⱬ ῤ Ȃ ֠-

ᵹᾥ ₮̆Ҍ ԑ ̆ ׆ױ ҉ Ȃ ѿ

ԅ ̆ ҹѿ ⱬ ᴿ ԍ 3 Ȃ 

̆ ԍԑ ̆ ԍ Ҭ ̆ ≢ ῒҬ Ҭ

̆ └ Ȃ ̆ῒ ╠ ˻ 

̆ Ṣꜛ ֽ̆₡ Ӟ Ȃ ⱬ

ῤ ̆ Ӈ ץ zillion *1Ȃ Ҍ ᵬҹѿҩ

ԅȂ 

ԅ ̆ ֲ ѿ Ȃ ԍ

Ғ (Bellôs inequality)̆ · *2ԍ 1960 ף ѿ↕

῏ Ȃ 

ȁᶏ ̆ԋ ≢ ̙ ∆

ң ῏ᾣ Ẓ №ң Ȃ ҹ̆ᾣ Ẓ ֽ

̆ ( )↕ Ẓ ᾢ Ȃ

̆ ץ № Ȃ 

ֿ*־ ң Ẓ Ȃңҩ ץ ᴋ /

/Ȃ ҩ ңҩ 1 2̆ ҹ фȂס*Еס*фנ*Еנ ԍ

ҹ 1 /̆ фנ&(Еס'фנ(Еנ& фס'Еנ ṿ ҹ 0Ȃ 

Ẋ ̆Ẋ ֟ Ȃ↕ ץ ₮ Ҍ

( CHSHҌ )̆  
 

z&נЕסЕ')&נфסЕ')&נфסф' ф'zסЕנ& 0 &67' 
 

ῒҬ̆ Ȃ ҍ Ẓ

῏Ȃ 

ҍ Ҍ ̆ ᵝ ־ ֜ Ẓ 1 2 ԍᵝ ֿ ֜Ẓ

-2 ̆  
 

z&נЕסЕ')&נфסЕ')&נфסф' ф'z;0סЕנ& 0<0 &7.' 
 

ҍ ῃ Ȃ 

ׂ̆ Ҍ ԅ ‰ ⱬ ̆ ᴺԅ Ȃ

ᶛ Ȃ  

 
1* /xgjjgml;/.фо 
2* · · (John Stewart Bell, 1928ï1990)̆ ̆Һ Ԋ׆ Ȃ 

Challenge 137 e 

Ref 122 
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ᴿ (Greenberger)ȁ (Horn)ȁ (Zeilinger)҈ֲ̆҈ץ

̆ ԅ ҍ ѿҩ Ȃ ᶭ Ҭ

ץ Ȃ 

ӊ̆Ҍ Ȃ ̆ Ҍ ҹ Ȃ ̆ ԍ ⱬ

̆ ԍ ҕ ҩֲץ ҹ Ȃ Ԋ ̔ Ҭ ѿҩ

ꜚᵬ ἩȂ  

 

 

̔ ҍ‗   

Geometrica demonstramus quia facimus; si 

physica demonstrare possemus, faceremus.  

· (Giambattista Vico)*1  

 

ױ ҉ ₮ԅѿ֓ ̆ ױ Ȃ ̆

֓ ҍ ѿ ̆ Ӟ ⌠ ѿ ˻ ԍ ֓Ẓ

Ԋ ֲ ̆ ҩ ᴪ Ԉ Ȃ 

Ҭ̆ Ҍᴪ₮ Ҍ ⌠Ȃ ̔ 

 

 № ѿҩꜚᵬ Ἡ ̆ ᴪ₮ Ȃ 

 ₮ └ ῒ ԍ Ȃ 

 

ӊ̔ № ῒ ’̆ ᴪ₮ Ȃΐᵣ ̔ 

 

ǒ ₮ Ҭ̆Ҍ ҹ ̆ ҹҍ

ԑᵬ ӊ Ȃ ⱬ ԍ ̆ ԍꜚ

ᵬ Ἡץ Ҭ Ȃ Ҭ ̆ᶏ

( ῒ ֓ Ἡ ) Ҍ Ȃ

ΐᵣ ̆ ץ Ȃ ԍꜚᵬ ̆Ӟ

ԍñ ꜚⱬ òȂ 

ӊ̆ Ҭ Ȃ Ҭ ԍ

Ȃ ≢ ̆ ̆ ֓ ӊ

ѿ №̆ῒҬѿ֓ Ȃ ̆ ץ

̔ñ Ҍ Ȃò ̆ ױ ҹ ₱ ̆ ñ

òȂѿҩ ⃰ (state function)Ȃ  

 
1* ñ ⇔ױ ₃ᵥ̆ ₃ᵥ̕ṛ ֞ ̆ ҹ ҺȂò ӓ · ·

(Giovanni Battista Vico, b. 1668 Napoli, d. 1744 Napoli)̆ ז̆ ₮ԅ

≢Ȃ 

Ref 123 
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ǒ Ҭ ѿ Ȃ ñ ₱ òӞ ԍҍ

Ҭ ԑᵬ Ȃ ҹֲ ꜚ ̆ ғ

̆ ֲץ ת Ȃ ᵣױ 37°C ѿԊ ᶏ ױ

⌠ѿҩ ⱴ ҕ Ȃ( ῒ ̆ᵰ ҽ₃ҩᶛ ̙) 

ǒ ҍ Ҭ ԑᵬ ̆ ԅȂ ᵬҹ

̆ Ҍ ̆ ԅ ꜚ ’̕ᵖ

Ȃ ѿ Ȃ ̆

ῖ ̆ ῖ Ȃ ῖ ̆

⌠ ԅȂ  

ǒ ѿ℗ ҍ ԑᵬ ̆ Ҍ ̆ᴪ ⱴ Ȃ 

ǒ ̆ ̆ ⱬ ̆ ȁ

ᵣ Ȃ ԍ Ҍ ̆ ҬҌᴪ₮

῏ ̆ӞҌᴪ₮ Ȃ 

ǒ Ҍ ȁ ȁ ȁ ₱ ץ ̆ ῒ

Ҭ ᵬ Ȃ ≢ ̆Ҍ Ҍ ᴋᵥֲ ᴋᵥ Ȃ

ҍ Ҭ ԑᵬ ̆ ԅȂ ᶏ ֲ ̆

Ӟᴪ Ȃ ҍ ѿ ̆ᶛ ̆ ֲ

̆ Ӟ *1̕ѿ ṕ Ҭ̆ ᶏ ֲ ̆Ӟᴪ ₮

Ȃ ԍֲ ȁֲ ȁֲ Ȃ 

ǒ Ҭ̆ ҍ ԑᵬ Ȃ ԍꜚᵬ ṿ̆

ᴪ ̆ ᴪ Ȃ ‰

Ȃ Ҭ̆ ꜚ ׆ ЏлϱϓЬ⌠ ЏлϱϓЬּφ

Ȃ ̆ ꜚ̆ Ҍ Ȃ 

ǒ ⱬ ̆ ׅ Ȃ ⱬ Ҭ

Ȃ 

ǒ ץ ₱ ̆ ѿ ñ (explanation)ò̕ ԅ ҍ

ҩ ӊ ῏ ̆ ’Ҋ̆ Ҭ Ȃ

₱ ȁ ȁ ̆Ҍ ױֲ̆ ҹ ѿ

ҩñ (interpretation)ò *2Ȃ 

ǒ ᶏ ̆Ӟ ׆ ‗

Ȃ ̆ Ῥ ᵌ̆ Ӟ Ҍ ̆Ҍ ₱

Ȃ*3  

 
1* ԍ · Ȃ ҍ Ȃᵰ ↓ҽ₃ ̙ 

2* ñ ҕ ò ѿ Ȃ ̆ᵰ ҹ Ӈ

ԅȂ ѿ Ḥᴀᵣ ̆ ԍԊ Ȃ 

3* ѿ №̆ ‗ ⌠ Ȃ ̆ Ҍ ѿҩ

̆ ‗ Ԉ ԅ № ӈȂ 

Challenge 138 s 

Challenge 139 s 

Ref 124 

Vol III Ä09:  

Vol III Ä09:  
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ӊ̔  

 

 ⱬ ‗ Ȃ 

 Ȃ 

 ̆ ҹꜚᵬ Ȃ 

 

ӊ̆ ҬҌ Ȃ₄ ץ ᵬҹ Ḥ ꜚȁ ҹȁ

Ḥᴀף ᶭ ̆ ԅ ẊḤ Ȃ

ѿҩᶛ Ȃ · ̔ 
 

é ֲ ⱬ (nobody understands quantum mechanics)Ȃ  
 

̆ ᶏ ӞҌ Ȃ ̔ 

 

 ꜚᵬ ҍ ῏ Ȃ 

 

ῒ ̆Ἡҍ ץ ῒ Ȃ ױ ₃ҩ Ȃ 

 
 

≢  
 

Ҍ ԍ Ȃ Ҭ (localized)̆ᵖ ҬҌ ȂҹָӇᴪ

̙ Ҭ̆ ҍ ԑᵬ ̆ ל Ȃלҍᵝ

῏̆ᵬҹᵝ ẞ ₱ ҍᵝל̆ ץ) ҍ ԑᵬ ) Ȃ

≢ ̆ ↕ ᴪ Ҍץ ᵝ ҹҬ Ҍ ⱴ

ᾝ Ȃ ӊ̆ ӊ ץ ᵝ̆ ҹ ױ ҍל ԑᵬ Ȃ 

̆ ѿ ┴Ӟ ѿҩ Ȃ ҍ ԑᵬ ҍ ῏̆

Ӟᴪ ñ òȂ ҍ ᵣ ԑᵬ ҬȂ ̆ 

₃Ӎ׆ ⌠ ⱴȂ ԍ ȁ ȁҬ ΐ ̆ ѿ

ץ ⌠̔ ᵣ Ҍᴪ ԍ ⱴ ̆ ҹ ҍױ ԑᵬ ҍ

῏Ȃ  

҉Ҍ ̔ ױ Ȃ ҹ₃Ӎ ҍ

ԑᵬ Ҍҍ ȂԊ ҉̆ ѿ Ӈ ӈ Ȃ ӊ̆

ӄ ̆ ҹ ҍױ ԑᵬ Ȃ 

ᶭ ꜚ ᶭ ᵝ ԑᵬ ̙ ָӇ̙ 

ӊ̆ҍ ӈ Ҍ ̆ ֟ ԅ ҍ ≢ȂԊ ҉̆ ױ

ץ ᵝ ӈҹҍ Ȃ ҍ ≢̆ ԍ

ҍ ԑᵬ Ȃ Ҍױ ӈ Ҭ ⌠ ≢Ȃ  

Challenge 140 e 

Ref 125 
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ױ ᴨ ̙  

 

ֲᵣ ῖ ̙ Ȃ ֓ ҍ ῏̆ᵖ

̆Ԋ Ȃ ױ ῖ ̆ ҹֲ ҍ

ԑᵬ Ȃֲ Ӟ ῖ ̔ ᾝ ԍ ҬȂ ҬҌ

‗ ᵬ Ȃ 

ᴋᵥ ̆ ֲ ̆ ҍ ᵣ Ȃ

̆Ҍ Ȃ ̆ ױ

Ẓ ̔ ׆ױ Ȃ Ἕ Ҭ ̔

ױ ױ Ҭ ᵝ Ȃ ֲ (anthropomorphism) ץ

ױ ̙ ╠ ̆ ᴪױ Ȃ 

 
 

Ḥ Ŀ Ŀ ̔ᵰ҈ױᵝ ָӇ῏ ̙  
 

Ȃѿ℗ ᴪ֟ Ḥ Ȃ ̆ №(ᵖ

Ҍ ῃ ) Ḥ (information theory) Ȃ ≢ ̆

̆ ῏ԍ Ḥ Ҍ ̆Ḥ ᴰ ̆Ḥ ׆

Ҍ ῃ ḤȂ ֓ ԅѿ ҕ ֲ Ȃ 

ҹ (cryptology)*1 ̆ ҍḤ ⱴ

Ȃ ѿ ᴰ Ḥ ̔ Ȃ ֲף

ӊҊ̆ Ḡ ҩֲ ΐȂ 

ꜚᵬ Ḥ (₃Ӎ)ץץ ῃ ᴰ Ȃ ѿҩ Ȃ

ԍ ꜚᵬ Ἡ̆ ױ ץ ⌠ ֲ ױ Ȃ ֓

ֲ Ҭ ᴺ ̆ Ῥ ◐ ̆ҹԅ ᾧҬ

ֲ ̆ ױ ץ ᵬҹḤ ᴰ Ḥ Ȃ ̆

ֲ ԅ ↕ Ȃ ̆ ᶏ ԍ ᾣ Ḥ Ȃ 

(quantum cryptology) ҩ ף ̆Һ №

Ȃ ῃ Ḥ ץ ԍ ҹ Ȃ ḤḤ ΐ ῃ

( ᾣ ׅױֲ̆( ⌠ѿ Ḥᴩᵄ Ȃ

⌠ ̆ Һ ῤ Ȃ ה̆ ̆

֜ ῃȂ 

ӊ̆ ᵬꜚץ └ԅ ⱴ Ḥ Ȃ ֓ └ (₃

Ӎ) ᴇԍ ԍꜚᵬ Ȃ  

 
1* (cryptology) (cryptography)ȁḤ ȁ № (cryptoanalysis)ȁ ⱴ Ḥ

Ȃ ῏ ׃ ̆ ȇAlbrecht Beutelspacher, Jörg Schwenk & Klaus-Dieter 

Wolfenstätter, Moderne Verfahren der Kryptographie, Vieweg 1995ȈȂ 

Challenge 141 e 

Ref 126 

Ref 127 

Vol VI page 83 
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ѿ ̙  

 

ꜚᵬ └ԅḤ ֜ ῃ Ȃ ץ ₮ ᵣ҉ ₃

Ȃ ñ Ḥ ò ñ ò̆ Ἕ № ѿ Ȃ

ᴋᵥ ꜚҒ ̆ Ӈ ֲ ֲȂ 

 

 

₱ ̙ ∆ ᴆ ̙  

 

῏ԍ Ҭ̆ ₱ Ȃ ѿ ץ ₮ԓ

ῇ ̆ᶛ ῏ԍ Ҍ ȁ∆ ᴆ ȁ ḱ Ȃ

֓ ̙ 

ᾢ ñ ò ӈȂ ╠ ̆ ץ ң ӈ̔ Ӈ ѿ℗

ҍ ̆ Ӈ ѿ℗ ȁ ȁ ȂῬ ѿҊñ ₱ ò ӈ̔

ԅ Ȃ ңҩῃ № ̆ᶛ ̆ᵝ ץ №

҉ңҩ ῃ Ȃ ̆ ᴇ ̆ ԅ Ҭ Ȃ  

̙ ӈ ̆ Ȃ

̔ ӈ̆ ӄ ̆ ̆ ԍ №Ȃ 

ӈ ñ ò̆ ֽ ѿ℗ ҍ Ȃ Ӈҹԅ ѿ℗

̆ ױ ѿ ̔ ѿҩ Ȃᵖ

Ȃ ῒ∆ ᴆ̆ ̆ ѿ ̆ ѿ

̆ ̆ ӊ ̆ ױ Ȃ 

ӊ̆ Ҍᾛ Ȃ 

 

 Ȃ 

 

֓ ₱ ԅ ֲȂ ז יּ (Wheelerôs question) ԅ̔

ᵰ ₱ ԅ̆ᵰ ̙ 

̆₃ᵝ ₮ԅ ₱ (ΐ ┬

̆ -יּ (Wheelerï DeWitt) )Ȃ ֓ ҍ

̆↨ ₮ ↕҉ Ҍ Ȃ ̆ ױ

ױ ӊ ȁ ᾧ Ḥ Ҭ̆ ᾧ ԍ ֓ӌ

Ȃ 

Ҍ ҩ Ԋ Ȃѿ ̆ ᶏ ̆ Ӟ ѿҩ Ȃ

ѿ ̆ Ȃ ҩ ᵌӍᾛ ױ

₱ Ȃᵖ ̆Ԋ ̆ ҹ ҉̆ ӈ ̆

Ҍ Ȃ  

Ref 128 

Vol VI page 109 

Vol II Ä08:  

Vol I Ä01:  
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ñ ò̆ ҩ Ȃ Ӟ ∆ ᴆ˻ ῃ Ȃ

ҩ Ҍ Ȃ ӟױ ԍ ҹ ∆ ᴆ̆₃Ӎ׆Ҍ Ȃ(ᶏ ӥ

Ҭ̆Ӟ Ẽ ₮ Ȃ) ∆ ᴆȂ 

ᶏ ̆Ӟׅ ץ ̔ Ҍ ѿҩ ̆ ₱ ̆Ӟ

∆ ᴆ̆ҍ ñ ò ӈ ῏Ȃ 
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Chapter 8 

08. ץ ᾣҍ ԑᵬ   

 

Rem tene; verba sequentur.*1  

ⱴ (Cato)  

 

⌠ ̆ ⌠ ̆ҕ ҆ Ȃ ҹָӇ ̙ ӊ̆ ᵣῤ

ҍ ԑᵬ ΐᵣ ָӇ̙ ᾢ ꜚᵬ ֟

̆ ҍᾣ ԑᵬ Ȃ ̔ꜚᵬ

ᵥ ֟ Ȃ ҍ ӊ ԑᵬ ᴪ ֓ῒ

ֲפ ̆ ≢ ӈ Ȃ 

 

 

 

 

ԅ Ҭ ѿ℗ ̔ѿ℗ ԍ Ȃ ℗ ̆

ԍ ҍᾣ ԑᵬ ̆ѿ℗ Ȃ 

ױ ԅֽ ꜚ̆ ױ ꜚȂ

ԍ ̆ ȁ ץ ױ ׆̆ ȁ ȁ№

⌠ ᵣȁ ᵣ Ȃ ׅ Ȃᶛ ױֲ̆ Ҍ ҹָӇ

(asphalt) ̆ῒ (asphaltene)̆ᵖ ℗

Ҍ Ȃ ⌠ ‗ԅ ҩ Ȃ ╕ҍ ̆

ף ҙ №Ȃ 

Table 7 ԅ֟ └̆ ԅ Ҭ₮ Ȃ

( ָӇ ̙) 

ᾟ Ҽ̆ Ҽ ȂԊ ҉̆ ҙ ѿ № ⱬԍ

╕̆ ԍ ȁ ȁ ȁ ȁ Ȃ Ӟ ⱬẠ ̔

ᴰ Ȃ ѿ Ғ Ȃ ֟ ῒ ̆ Ҍ

ԍ Ȃ₃Ӎ ̆Ҍ ȁ ȁ ȁ ̆ ҈

̔ ȁ ( )ȁ Ȃ ֓ ╕Ữ Ҭ

Ғ ( )ῤȂ ᶫԅ Ȃ   

 
1* ñ ̆ · ӊȂò׆ җ ·ⱴ (Marcus Porcius Cato, 234ï149 bce )̆ ⱴ

(Cato the elder)̆ ῒץ̆ Ȃ 

Challenge 142 s 

Ref 129 

Ref 130 

Ref 131 
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 ᶛ  

1̔ ԍ  

 1. ҍ  

 

ȁ ȁ Ҝȁ 

ȁ 

(magma)ȁ (lava)ȁ 

ᵣ 

ῒ ₮

ᾣ ̕ 

↕ ₮

ȁ ȁ ȁ ȁ ȁ  

( ҍ  © Graela) 

 

ȁ  ̆ 

ҍ ᾣ  

ȁ ȁ ᾣ  ̆ 

ᶛ ȁ ȁ ȁ ȁ  

( ᾣ © Sarah Domingos) 

 

ȁ 

ᾣ ȁ 

ᾣ  

̔ 

-℗ᴶ

ԍ Ҭ ԍᾣ ; 

ԍ ⁞  

( Ҋ ©NASA) 

 2. ᵣ  

 

 

 

 

 

ȁ ȁ 

ȁ ȁ 

ᵣ ᾣ ȁ 

ᾣ ȁ 

֓ ᾣ  

ԍ  

( ᵣ  © Pslawinski) 

 

ᾣ̆  

ᾣ̆  

ᵣ ᾣ 

Ҭ̆ ҍ

ҍ№ ̕ 

ȁ ȁ ԍ  

( ᾣ © Jan Curtis) 

 

ȁ ȁ ȁ 

ȁ ȁ 

֓ ᾣ 

 

 

(KȁCuȁCsȁBȁCa  

© PhilipEvans)  

  

Table 7 ( 1/8)Ȃ 
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 ᶛ  

 3. № ꜚҍ   

 

ȁ— ȁ ȁ 

ȁ ȁ 

CN ȁ 

CH ȁ 

֓ ᵣ ᾣ ȁ 

ᶏồ  

ԍ№

ҍ ꜚ 

( —  © Marc 

Shandro) 

2̔ ᵝ  

 4.  

 

Cu2CO3(OH) 2ȁ 

ȁ 

Cu3(CO3)2(OH)2ȁ 

Fe2O3ȁ 

MnOȁ Mn(OH) 2ȁ 

ȁ Cr2O3ȁ 

ȁ 

ȁ 

ȁ 

ҍ  

Cr2O3 ?j2O3 UV ץ  

ᾣ ȁ ᵣȁ 

֓ ᾣȁ ֓ ᾣ 

֓ ԍ

̕ 

ᾣ ԍ /

ҍ

ᾣ  

( ҍ

̆ 

5 mm̆ 

ԍ Kolwezi, 

Zaire/Congo, 

©StephanWolfsried̕  

 

©Planemad) 

 5.  

 

ȁ ȁ 

֒ ȁ ȁ 

ᾣ  

ᾣ

  

(

҉ ̆

3 cm̆©Rob 

Lavinsky) 

 

  

Table 7 ( 2/8)Ȃ 
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 ᶛ  

3̔№  

 6.  

 

 

 

 

Ҭ ȁ 

Ҭ ȁ 

ȁ 

  Ҭ

ȁ 

  Ҭ

ȁ 

ȁ ȁ 

Ҭ ȁ 

ȁ 

ȁ 

ֲᵣ   Ҭ

ȁ 

Ҭ Ẋ ȁ 

Ӟ ԍ℗

Ҭȁ 

ȁ 

֓ ᾣȁ 

ᾣȁ ᾣȁ 

ⱴ ȁ 

ȁ 

ᾣ  

֓ ₮ԍ῍ ˊ ̆

№ Ҭ֜ - ̕

₃Ӎ ȁ

ȁ ̕ 

ԍ

╕ȁ ȁ

ȁ ԍ

ȁᾣ ╕ 

( י  ©ThomasLüthi̕  

 © Ian Humes̕  

 ©Nathan Wall̕  

 dusdin ᶫ

) 

 

ȁ 

ѿ֓ ȁ 

ȁ 

ȁ ῒ ꜚ  

ᾣ ԍ № ̆ 

ѿ ҹ ᾣ  

( ̆ 4.5 ̆ 

©Steve Haddock) 

 

 

  

Table 7 ( 3/8)Ȃ 
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 ᶛ  

 7.  

 

 

ȁ ȁ 

ȁ 

Fe3O4ץ

ῒ ( ȁ

ȁ ȁ

ῒ ΐ

)ȁ 

ȁ ȁ 

ȁ

ȁ 

Fe2O3ȁ 

֓ ᾣ 

ᾣᶏ Ҍ

̕ 

ᶛ ̆ Ҭ̆

Ti ҍ Fe ̕ 

ԍ

̕ 

ᾣ№ ╕ ԍ№

 

( Laach

̆ 10 mm̆

Stephan ©Wolfsried̕  

 Evelien Willemsen) 

4̔  

 8.  

 

( )ȁ ȁ 

ȁ ȁ ȁ 

ȁ ȁ 

 

 

ԍ ӊ

 

( ᾥ  © Selmer) 

 9. ᵣ  

 

ȁGaAsȁ PbSȁ

HgSȁ CdSȁ 

CdSeȁ AbQvQc/ vȁ 

ZnOȁ HgSȁ 

↨ ȁ 

SmS 

Ҍ ӊ

̕ 

↓ҹ ȁ ȁ ȁ

ȁ / ̕ 

ѿ֓ ᵬ  

( Walkerma ᶫ

) 

 10. ᵣ  

 

ȁ ȁ ȁ ̕ 

ᾣԋ ̕ ̕ 

ᵣ ᾣ ̕ZnS

XlvAb/ vQᾣ ҍῒ

ᾣ  

╕ ҍ ᵣ ӊ

 

(ᶛ ̆ ᵣ̕

ᶫᵣ) 

(  © Andrey Rogach) 

  

Table 7 ( 4/8)Ȃ 
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 ᶛ  

 11.  

 

ȁ ȁ ȁ 

ȁ ȁ 

ȁ 

ȁ 

Mn2+ ȁ 

ᾣȁ 

№ ᾣȁF- ᾣ  

ῒ ₮ԍ ̆ 

ᵣ ᵝ(vacancy)

(hole)̕  

֟  

(  © Rob Lavinsky) 

ѿ֓ᶭ ᾣ  ᾣ ԍ

 

5̔ ᾣ ҍ₃ᵥᾣ  

 12 ҍẒ  

 

℗◓ ȁ 

Ҭ — ᾣ  

ᾣ № ( ᾣ ñ

ò)₮ԍ ᵣҬ  

(   

© Gregory Phillips) 

 Һ ₮ԍᾣ

Ҭ  

  Ҭ Ẓ ԅ

 

 13.  

 

 

̆ ̆ 

̕ 

̕ 

 

ᵣ(№ ȁ ) ԍ

ᾣ ̆ 

≠ ᶏ ᾣ ᾣ

 

(қ֤  © Altus 

Plunkett̕  

 © David Lynch) 

  

Table 7 ( 5/8)Ȃ 



 

 

 

ץ.08 ᾣҍ ԑᵬ  

M
o
t
i
o
n
 
M
o
u
n
t
a
i
n
 

ï
 
T
h
e
 
A
d
v
e
n
t
u
r
e
 
o
f
 
P
h
y
s
i
c
s
 
c
o
p
y
r
i
g
h
t
 
É
 
C
h
r
i
s
t
o
p
h
 
S
c
h
i
l
l
e
r
 
J
u
n
e
 
1
9
9
0

ï
M
a
r
c
h
 
2
0
2
3
 
f
r
e
e
 
p
d
f
 
f
i
l
e
 
a
v
a
i
l
a
b
l
e
 
a
t
 
w
w
w
.
m
o
t
i
o
n
m
o
u
n
t
a
i
n
.
n
e
t

 

162 

 

 ᶛ  

 

ȁ ȁ ȁ 

Ԑȁ ȁ ₮ ȁ 

ȁ ȁ ȁ 

Ҭ ֦   

֓ ₮ԍҍ ῏

̆ ԍᾣ

 

( ֲ©Andreas Kostner) 

 

 

‛ ֲ ȁ 

ֲ ȁ 

ȁ 

ȁ 

ȁ 

ꜚ ȁ   

Ҁ ₮ԍ ╠

҉  

( Dendrobates 

azureus ©LeeHancock) 

 

 

 

₮ԍ

Ҭ ᵣ

ҍ

 

(  © murano-

glass-shop.it) 

 

ȁ 

ȁ 

ԋ (KDP) 

֓ ȁԋ

֟ ץ ῒ

ᴪ ᾣ

 

(800 nm 400 nmṐ

ᾣ  © Jeff Sherman) 

 14. ( ) 

 

ȁ ȁ ȁ 

҉ ȁ 

Ҭ ȁ 

ȁ 

ȁѿ֓ ȁ 

ȁ   

֟ ‰

↓̆ ץ

 

( ©Anne Elliot) 

  

Table 7 ( 6/8)Ȃ 



 

 

 
ץ.08 ᾣҍ ԑᵬ  

M
o
t
i
o
n
 
M
o
u
n
t
a
i
n
 

ï
 
T
h
e
 
A
d
v
e
n
t
u
r
e
 
o
f
 
P
h
y
s
i
c
s
 
c
o
p
y
r
i
g
h
t
 
É
 
C
h
r
i
s
t
o
p
h
 
S
c
h
i
l
l
e
r
 
J
u
n
e
 
1
9
9
0

ï
M
a
r
c
h
 
2
0
2
3
 
f
r
e
e
 
p
d
f
 
f
i
l
e
 
a
v
a
i
l
a
b
l
e
 
a
t
 
w
w
w
.
m
o
t
i
o
n
m
o
u
n
t
a
i
n
.
n
e
t

 

163 

 

 ᶛ  

 

ᵣ

ⱬ Ẓᾣ  

ῒ ₮ԍ ̆ҍ

῏(  Nevit Dilmen 

ᶫ ᾣ ) 

 ( ҈ Figure 57) ₮ԍ ̆ 

ҍ ῏ 

 

ȁ ҍ ̆

ҍ ҉  

₮ԍ

̆ῒ ᶭ  

(  © Simon Griffith) 

 15. (ҍ ) 

 

 ῒ ₮ԍ ῤ

Ҭ ᵣ̕ 

̆

ᴪ ( ᾣ

©Opalsnopals) 

 

ᾣ̆ 

Ԑ̆  

₮ԍ  

( ‛₀ Ԑ © Franz 

Kerschbaum) 

 

ᾣ ȁCDȁ 

ȁѿ֓  

ῒ ₮ԍ ↕

₭  

( ֦ CD  

© Alfons Reichert) 

ᾣ ᵣ ѿҩ ף  

  

Table 7 ( 7/8)Ȃ 
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 ᶛ  

 

̆ ֓  ῒ ₮ԍῤ

 

(   

© Ingo Dierking) 

6̔ ֟  

̆  lite.bu.e

du/vision/applets/Color/Benham

/Benham.html 

 ₮ԍҌ ᾣ

Ҍ  

⌠┬ ֟ ῤ

 

ᾣ ⱬ( ȁ )

 

 Ҁ ┘ ҈ Figure 66  

̆  www.psy.  

ritsumei.ac.jp/~akitaoka/color9e.  

html 

 ֓ ₮ԍ

 

Ẋ ₮̆ 

(Vol III §4: )  

ᾣ ҹ  ᾣ

҉̕Ṣꜛ ᾣ

 

̆ ⁞  

҈ Figure 156  

ȁ ȁ Ҍץ 

└ԅ  

 
 

ꜚ Ҭ ̆ᵖ ꜚ Ҍ֟ ╕Ȃᶛ

ֲ̆ ֟ ѿ ̔ (melanin)Ȃ( Ғ

╕̆Һ ᵬҹ ᵣ ׆ ⌠ῃ ̕ Ҭ ӞҌ Ғ

╕Ȃ) ꜚ ̆ᶛ ѿ֓ ̆ ñ ò̆ ᶛ Ȃ

̆ꜚ ױ ץ ҍ Ῑӊ ̆ ᵣ ∞ Ẽ

ẫ ̆ ҍ ֪ ⱬ ῏Ȃ 

̆҉ №ҹΈҩ Ȃ ѿ ̆

̆ᶏ ᾥ · ᾥ ԅꜚᵬ Ȃ ѿ ̆ ̆ ѿ ≢

₮ԍꜚᵬ ἩȂꜚᵬ ҍ ȁ№ ȁ ᵣȁ ᵣȁ

ӊ ῏ ױֲ̆ ҉ ╕Ȃ 

ӊ̆ ̆ѿ℗ Ȃ ױ

ᶛ ѿ ̆ ̔ ᵣ Ȃ  

Table 7 ( 8/8)Ȃ 

Ref 132 
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ҍ №   
 

18ҕ ∆̆ ᴠ≠֒ת └ *1ҍ ·

(William Wollaston) ₮̔ ԅ ֓ Ȃ ץ ̆ ֓

₮ ȂFigure 77 ԅ ֓ ̆ ױ ׂ ҹ (Fraunhofer 

lines)Ȃ1860 ̆ · (Gustav Kirchhoff)ҍ ᴿ · (Robert Bunsen)

̔ Ҭ ӂ ֓ᾝ ⱴ ₮ Ȃץ ױז̆ ⱳ

Ҭ        Ȃ ԅ №Ȃ 

ҍ 476 Ҭ̆ 13 Ҍ ᴋᵥ

ᾝ Ȃ1868 ̆ · (Jules Janssen)ҍ · (Joseph Lockyer)№≢ ֓

ᾝ Ȃ1895 ̆ ᾝ ҉ѿ ҹ cleveite( ) Ҭ

Ȃ ᾝ ҹ helium( )̆  ɚɘɞɠ (helios )Ȃ  

 
1* · (Joseph Fraunhofer, b. 1787 Straubing, d. 1826 Munich)̆ 11 ҹ ᾙ̆ ᾣ

ȁ ӟ ᾣȂ19 ῀ѿ ᾣ Ὲ ̆ ֟ԅ ȁ ȁ № ȁᾣ ᾣ

Ȃז ԅ№ᾣ ҍ ̕ת ԅ ᾣ Ҭ 476 ̆ ׂ

Ȃ( ׂׅ ᵬ ‰Ȃᶛ ҍ ӈҍӊ ῏Ȃ)ҕ

ז ӯ ̆ ̆ ז ᵬ◐ Ȃ ᶏ ז ҕ ז̆ ת ׅ Ḡ

ᾢȂ1837 ̆ ԅ ̆1846 ̆ · ·ᵍּי ԅ ̆

ז Ȃ ԍ 1819 ҹ Ȃ ҍ Ȃ 

Figure 77  ᾣᾣ ̔ ᵈ ◄ ̕ ₮  (© Nigel Sharp, NOAO, FTS, 

NSO, KPNO, AURA, NSF) 

Vol II Figure 126 
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1925 ̆ ֒·ᵹ (Cecilia Payne, b. 1900 Wendover, England, d. 

1979 Cambridge, Massachusetts) Ҭ≠ (Saha)ҍ (Langmuir)

₮ ̆ ҕֲ ԅ ᵥ ᾣ ₮ ᾝ № Ȃ ̆

ҍ ȁ ӂ ү ң ᾝ Ȃ

̆ ׂ ҹ Ȃᵹ ╤ ԅ ҙ̆ᵖ ᴍ

ᵝȂ ╠ ̆ ԅ ̆ ҹ ᵫ ̆ ҹ

ҺᴋȂ ῒ ̆ᵹ ҹԅᴧ Ȃ 

Ҭ ԋү ᾝ ̆ᵖ ҉ ̆ ҹ ѿ Ҍ

ᵣȂ ᴪ Ҭ ̆ Ȃ 

ӊ╠̆ ᾝ ҹֲ῏ ̕ ȁ ȁ

ȁ ᵣȁ ȁ ᾣ ױֲ̆ ῐ ѿ ⱴȂ ׂ̆

ȁ ᵣȁ ҙ̆ ҙᴇṿȂ 

ӊ̆ ᾣ Ȃᾣ ѿ ̆ ꜚ

Ȃ ԍ ̆ ԍ ҍ ԑᵬ Ȃ ̆ ≠

ῖ ꜚⱬ ̆ ױ Ȃ 

 
 

ָӇ‗ ԅ ̙  
 

̆ ≠ Ȃ ᵣҬ Ȃ

ȂFigure 78 ᾣ̆ ᾣ Figure 79 ᶷ ₃

Ȃ 1885 ̆ · (Johann Balmer, 1828ï1898) ̆

ᾣ ҊῈץ ̔ 
 

/

ᵨ

ח;
/

2

/

фױ
ῚҲ µ*3*2*1;ױ &7/' 

 

ᾣ ̆ ῤ · ᴿ(Johannes Rydberg, 1854ï1919)

҉ ҹ̔ 

/

ᵨᵩ

ח;
/

фײ
/

фױ
&70' 

 

ῒҬ̆ײҍ ײ>ױ ̕ ᵅ (Rydberg constant) 75k,./;ח /̆ῒṕ

ҹ 4lkȂ/,/7;ח-/ ↕ Ὲ Ȃ ῖ

ѿ Ȃ - ᴿῈ ҍ ṿח ̆ ⱬȂ 

ѿ ̆ фЕ ҹ (Lyman-alpha line)̆ /0/,4lk

Ȃ ̆ Ҭ ⌠

Ȃ ץ ̆ ҹ ̆ יּ

ᴪ Ȃ2004 ⌠ѿ Ẓ ⌠ 1337 nmȂᵰ ₮

̙  Challenge 143 s 

Ref 133 

Vol III Ä03  
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Figure 78   

20 Ҭ ᵞ

 (© Jürgen Bauer at 

www.smart-elements.com) 

Е ғ  
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nm 

656.2852 nm 

954.597 nm 

656.272 nm 

486.133 nm 

434.047 nm 

397.007 nm 

410.174 nm 
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 1;ײ

 

 Ö;ײ

    

 /;ײ

 Е-фט/

 Е-фט/
 /;׃

 .;׃

 /;׃
 .;׃

 .;׃

 /;׃

 /;׃

 0;׃

0QЕ-ф  
0NЕ-ф  

0Nо-ф  

1QЕ-ф  
1NЕ-ф  

1Bϧ-ф  
1Nо-ф*1Bо-ф  

0QЕ-ф*0NЕ-ф  

0Nо-ф  

1QЕ-ф*1NЕ-ф  

1Bϧ-ф  
1Nо-ф*1Bо-ф  

(

- ᾥ)

( ) 

 

( )  

 

(

) 

(ῌ ᵝ

) 

Figure 79  ̔ ᾣ (NASA) ῒ ̆ ᵌȂᵰ

ᾣ ҍ ̙ 
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ѿ׆ױֲ ̆ ₮ԍῒ ꜚȂ(ҹָӇ̙)1913 ̆

· ԅ ꜚᵬ Ὲ ѿ Ȃ ̆ҍ

Ҍ ̆ ꜚ ԍ ꜚ ̔ ꜚ

Ȃ Ẋ ꜚ Ἡ Ṑ̆ ⌠ Ὲ ̆

ᴿ ח ṿȂ ↕ ̆ Ҭ Ҭ Ȃ ѿ

Ӟⱴ ԅ ⱬԍ ‗ Ȃ 

1926 ̆ · ԅ ל ф-2פ;'ᴁ&כ їᴁҬ ꜚ

ꜚ ̆ ץ ₮ԅ ̆ ₮ԅ Ὲ ̆

ȂҌ ̆ ѿ Ȃ ץ Ȃ 

̆ῒ Ҍ ꜚ ̆ ң Ȃ

ΐᵣ ꜚᵬ Ἡ-0 Ṑ ̆ ץ Ạ⌠ ѿ Ȃ

̆ ȁ ȁ₣ּי ₮̆ ׂ ҹ EBK Ȃ ᶭ

ԍ ѿ↕Ԋ ̔ᴋᵥ ꜚᵬ ט Ҋ  
 

;ט
/

0
u״bᴀu; uײ) ᵤ

2
Ἡ &71' 

 

ῒҬ̆ᴀu ̆u״ ῒ῍ ꜚ Ȃ ԅ ꜚ ҍꜚᵬ ᵌ ȂῒҬ̆uײ

̆ ᵤ (Maslov index)̆ Ҭ̆ ԍ ᴁҍᵩ

ṿҹ 2̆ 0Ȃ № ѿ Ȃ ӊ̆ꜚ

ᵬ ט ꜚᵬ ṐȂ ѿ ץ Ȃ

ױ ѿ Ȃ 

ל ᴁ'Ҭ&כ ᴋᵥ ꜚ ץ ׂ ꜚ ҍב ᵵҹב

Ȃ ̆ ᴁ** ῍ ꜚ №≢ҹ 
 

;ᵭ״ ױ0 ׂ 'ᴁ&כ
фב

ᴁф

;״ фב
ᵵב
ф

qglф

״ ᵵב;

&72' 

 

≠ (93)̆ פ ײ(ײ(ᵭײ;ײ )/̆ *1̆ ץ ⌠ Ҋ   

 
1* Ȃ 2-פ;'ᴁ&כ їᴁף῀ (94)̆ ( ) №Ȃ≠ ѿ  

/

0

bᴉ

ᴉ
ᴉф)0ֿ־ ᴉ ;׀ (׀

ֿ

־
&73' 

⌠ 

(ᵭײ
/

0
Ἡ)ײ;בἩ;

фפ

2 ї

ױ

0ׂ
&74' 

₮ Ὲ (97)Ȃ 

Challenge 144 e 

Challenge 145 e 

Challenge 146 ny 

Challenge 147 ny 

Ref 134 

Equation 28 
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ׂφ ;
/

фײ
ϩפױ

0&2 ї'
фἩф
;
עקח

фײ
;
ױфע ф

фײ0
0,/7_H

фײ
/1,4cT

фײ
&75' 

 

֓ (energy level) ײׂ ̆ Figure 79 Ȃ≠ ѿ↕

̔ ׆ ׂφ ҹ ׂρ ᴪ ᾣ ̆Ḃ ⌠ ᴿ

₮ Ὲ ˻ ҍ ᵝ Ȃ (₃Ӎ) ҉

׆ ѿ ̔ ȂῒҬ῏ ꜚᵬ ἩȂ(

ҩ Ẋ Ҭ ԍ ҩ ȂҹָӇᴪ ̙) 

ӊ̆ꜚᵬ ῤ ֓ ṿȂײ;/ ᵞ

ҹ (ground state)̆ῒ ṿ 2.19 aJ (ionization energy)̆

ᴍ ̆ ҌῬ ԍ ȂӞ ̆ ԍ

̆ ̆ Ἕ׆ ҉ Ȃ 

ꜚᵬ ‗ ԅ ѿ℗ Ȃ ̆ ȁ

ᾣ ̆ ₮ԍꜚᵬ ȂԊ ҉̆ Ҭ ѿ

̆ ꜚᵬ ‗ Ȃ 

 

 

  

 

̆ Ҭᴪ Ȃ ᵥ ’̆ ₱

‗ Ȃ ᶛ ̆ῒ ₱ ( ℗ ̆╠₃ҩ

₱ ) Figure 81 ᶷ Ȃ 1926 ₮ԅ ֓₱ ̆ ׂ

ӥҬ ⌠ Ȃױ ױ ҌẠ ֽ̆ № Ȃ 

₱ ̆ ҍ ⱴ ᵞȂ

Ἕ Ԑѿ ̆ ᶏ ̆ Ӟ Ҍᴪҹ Ȃ ױ ץ

̆ᵖ Ҭ̆ ᵣ ↓ ̆

Ԑ ҹ Ȃ 

ֲפ ̆ ⌠ 2013 ԅ ₱ ̆ ·

(Aneta Stodolna) ῒ ≠ ѿ ᾣ Ȃ Figure 80

Ȃ ֓ Ἕ ԅ ₱ (node) ̆Ӟ ѿ֓ ₱ ҹ ̆

ᵖ Ҍ Ȃ 

ӊ̆ѿ℗ ̆ Ҭ ץ ₱ Ȃ

ҍ ⱬ ѿ Ȃ 

  

Challenge 148 e 

Challenge 149 s 

Ref 138 
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Figure 80  ԅ Ҭ ̆ Ȃ ֓

₱ ԋ Ȃ ̔ ₱ ᵥ׆ ⌠ ̕Ҭ ̔

̕ ̔ ( )ҍ ( )  (© Aneta Stodolna/APS, from Ref. 138) 

Figure 81  ̔ - ̆ ̆ ̆ ̕ 

̔ ᶏ  (© Wikimedia) 

0 0.2 0.4 0.6 0.8 1 nm 

 .;װ*/;ײ

 .;װ*0;ײ

 .;װ*1;ײ

 0;װ*1;ײ /;װ*1;ײ

 /;װ*0;ײ
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₮ԅ ̔ 
 

ᴁφ фײ;
Ἡф2 ї

ױ φפф
;
Ἡ

ױ φע
їנфײ; ф30,7/6715nkײ ῚҲ µ*1*0*/;ײ &76' 

 

Ῥ ⌠̆ҍ ῖ Ҍ ̆ ᾛ ֓ Ȃ( ῏

Ḥ ̆ Ȃ) ℗ ̆ ֓

Ԑ Ȃ /;ײ 53 pm̆ ҹ (Bohr radius)̆

їנ Ȃ 

ᵣҬ̆ ԍ ̆ ᴁЕ;נї Еׂ Ȃ

̆ ⌠ ..3;ײ ҹ 12 k̔ ˻

̆ ҹ ᵅ (Rydberg atom)̆ Ҭ ⌠ԅ̆

Ҍ ױ ꜚ Ȃ 

ӊ̆ꜚᵬ ‗ ԅ Ȃ ԅ · · (Arthur Erich 

Haas) 1910 Ȃ ӊ 

 

 ꜚᵬ ‗ ԅѿ℗Ԋ Ȃ 

 

1915 ̆ · (Arnold Sommerfeld) ⌠̆ ץ ң Ώ ꜚҍ ⱬ

ꜚ Ȃ ᾢ̆ ѿ Ҍ ҉ ꜚ̕ ꜚ

₃ Ẓ ̆ ꜚ ̆ Ẓ ̔ Figure 81

Ȃ Ẓ (azimuthal quantum number) ṿ ̆.;װ ײ;װ /

Ȃ ֓ ץ Ҭ Ҍ Ȃ 

₮ ԋ ̆ Ҭ ҉ ̔ҍᾣ

̆ῒ Ҍ ȂԊ ҉̆ Ҭ ҹ 
 

φץ ;
/

оײ
ᵠױϩפ
2ї
фקо
;
/

оײ
ױ φעф ф

ק

4,5NFx

оײ
&77' 

ҹ 

ᴅφ ;
/

ײ

фפ

2 їἩ
;

ע

ײ

0,0Kk-q

ײ

ע5..,.

ײ
&/..' 

 

ғ ̆ ꜚ Ȃ ѿ ץ ̔

ѿ ̆ ɛ׃ ̆ ץ ׃

Ȃ ҍ Ȃ 

ӊ̆ ₮̆ Ȃ ̆

ҍ ӊ Ȃ Ȃ  

Ref 135 

Ref 137 

Ref 136 

Equation 102 , 112 

Ä01  
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₱ Ȃ ≢ ̆ ⌠

Ȃ 

’Ҋ̆EBKꜚᵬ ᶭ Ἡ-0 Ṑ Ȃ Ҭ ꜚ

 
 

;ױфע(ׂ ϩעфױ(фעф״
фפ

2 їᴁ
&/./' 

ץ ⌠ 

ᵭ״
ф;0ׂױ /)

ׂ

ױфע0
)
фפױ0

2 їᴁ
/)

ׂ

ױфע
&/.0' 

 

ҹ Ḃ ̆ ῀ (fine-structure constant)̆ ф-&2פ; їἩע';

2Ἡעױ-ח /-/15,.14Ȃ( ѿҩ ̕ῒҬ 75k,./;ח Е ᴿ

Ȃ) EBKꜚᵬ  
 

ׂφ )γעфױ;
ױфע

/)
ф

ײ װ /
0) 0/(װ

ф
ф

ф

&/.1'
 

 

ѿ ԍ 1915 ̆ ̆ Ҍ

Ȃᵖῒ ̆ ҹ 1/2̆ ץ ҉ ҬẠ ש;װ /-0̆ ᴪ ⌠

Ȃ ץ ᵌҹ 
 

ׂφ ;v
ח

фײ
/)

ф

фײ
ײ

0/(ש

1

2
) &/.2' 

 

ץ ԅ ᾣ Ȃ ҍ ̆ ҩ

ײ № ҩҌײ ̆ Figure 79 Ȃ Ҭ̆ ץ ⌠

ᾣ № ̆ (fine structure)Ȃ ‗ԍ

ҩ Ȃ ԅ ѿ ’Ҋ ז̆

̆ ̆ ῃҕ Ȃ ԅ ԑᵬ

̆ ӂ (electromagnetic coupling constant)Ȃ 

ף ԅ ῒ ̆ Figure 79 Ȃ

ҍ ѿ ̕ ̔ ᵝ ȁ יּ ȁ

Ẓ ̆Ӟ ᴪ ᾣ Ȃ ѿ ᾣ ̆ ῌ

ᵝ (Lamb shift)̆ Ȃ  

Challenge 150 e 

Challenge 151 e 

Ref 134 

Equation 113 

Vol V page 125 
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ꜚ (2) 

The equation was more intelligent than I was. 

Ḡ · ᾥ ז ̆

ԅ · ῗ ѿ Ȃ 

 

ѿ ȁ ȁҍ ԑᵬ ̆ ₱ ᵥ̙

ױ ץ (Foldy)ҍ (Wouthuysen) ₮ ꜚ ⌠ΐ

ԑᵬ ’Ȃ Ҍ Ȃ ҹ ⌠ ̆ᴪҦ ῖⱬ ҍ

ⱬ ѿ Ȃ 

ᶃ ԅ ѿ ̆

Ḡ · ᾥ*1ԍ 1926 Ȃ ᾥ ‗ԅ Ҭ

( ̔ ֲ ҉ ᴯ )Ȃ ᾥ Ҭ̆

ҹ̔ 
 

τׅўЬΦη; ע(ױфע Ẕ &/.3' 
 

ῒҬ̆  ;&Е*ф*о' ҩ№ 4× 4 Ȃ 

ᾥ Ҭ̆ᵝ ᴇҌῬ ᵝ ̆ ⱴ ̕

ṿ ȁ ᾣ ̕ ҍꜚ ῏ ӞҌῬ ̕ ꜚ

ñZitterbewegung( ꜚ)ò ̕ ꜚ Ҍ ꜚ Ȃ 

  

 
1*  Ḡ · · · ᾥ(Paul Adrien Maurice Dirac, b. 1902 Bristol, d. 1984 Tallahassee)̆ѿ

ᵝ ̆ (Bristol) ӟ ̆ ╠ ╤ ҹ ̆

ᴋ ᵝȂԍ 1925 1933 ז̆ ԅѿ ↓ ̆ῒҬ ҹ ԍז̕≢ 1933

Ȃ ᾥ ѿԅ ӈ ҍ ̆ ԅ ̆ ԅ ̆ ԅ

̆ ₮ Ẋ ̆ Ȃזῤ ȁ ȁ ̆ ┴ ̆ ӊ ̆ῒѿ ҹ

ᴰ Ȃז ̆ ⌠ ꜚⱬ ף ̆ᵖ ⱳȂ׆ז╤ ᴡ

ᵫ ᵬ̆ ҕȂ 

Figure 82  Ḡ · ᾥ(Paul Dirac, 1902͠ 1984) 

Ä04 (1) 
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ҹ Ӈ ֲ ̙ ᾥ ԍ

Ȃ (minimal coupling)̆ ץ ҹ ̆

Ӟ Ạ Ҋ ף  
 

ẔὪẔ ᴀṫ &/.4' 
 

ꜚ ҹ ꜚ Ȃ ̆ ᾥ ԅҍ ṫ ԑᵬ

ꜚȂ - Ҭ Ȃ

ᾥ Ҭ̆ ̆ - Ҭ̆↕

ҍ ԑᵬ Ȃ( ױ ῏ԍ QED № Ȃ) 

̆ ( ᴋᵥῒ 1/2 )

ꜚᵬ ҍט ₮ 
 

;ט Тϒτb
ϩᴇ ῚҲ

Тϒτ; ⱧרἩע B ױфע
/

2ї

׃ ׃ ῚҲ

B ; Ἡ-־ᴀר

&/.5' 

 

Ҭ ѿ ̆ ̆ ₮ ᾥ ̔ ԅ 1/2

ᵥ ꜚȂ ԋ ̆ ̆ ₮ ᾥ ̆ ₱

ᵥ ꜚ Ȃ ѿ֓ ̆ ֓ ԅ ꜠Ⱶ

(quantum electrodynamics)̆ QEDȂ 

╠ ̆QED (107) ₮ ҍ ꜚ

̔ ̆ᵖ ׂ ҍ ᴋᵥẒ

Ȃ ҍ ῃѿ Ȃ ҍ ӊ

⌠ ֲ 13ᵝ Ȃ ̆QED ֓ ῖ ꜚ

ⱬ Ҭ ̆ ױ ѿҊȂ  

Figure 83  ꜚ(Zitterbewegung)̔ ⱴ ṿ Ȃ

ᵝ̕ ԅң ̆ ҹѿ ᾥ ңҩ№ (Ҍ ҩ)̕

Ȃ (QuickTime film © Bernd Thaller)  ( ̔ Ȃ) 

Ref 139 

Vol III Equation 43 
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ᾥ   

 

QED Ҭל ₱ ᾥ ̔ 
 

ר Ἡ ־ᴀר ױע; &/.6' 
 

ԍ ҍ ̆ ᵟ ↕ Һ ̔ -ꜚ ṿ

(ӗץᾣ Ȃ(ע ӊ̆ ץ ע ꜚȂ 

₱ ҩ № Ȃңҩ ꜚ̆ңҩ ꜚ̆

ңҩ № ̆ ҹ ԅ ҍ Ȃ ᵬҹѿ ̆

҈ҩ Ȃ ̆ ҍ ῍ ҩ ̆ ץ ңҩ ̆

̆ ֞ Ȃ 

₱ ҩ№ ̆ -ᾥ -

(SchrödingerïKleinïGordon equation)Ȃ ҩ№ -ꜚ

῏ Ȃ 

₱ ҩ ̔ 0 ᴪ ̆ 2 ᶏ ₱ Ḡ

Ҍ Ȃ 1/2 ῖ ҹȂ ̆ 1/2 № ₱ ҹ

(spinor)Ȃ 

 

 

  

 

ñ (antimatter)òѿ Ȃ ̆ ҩ ₮ ᾢԍ Ȃ

ז Ҭ̆ פ ׂ ҹ 
 

ׂ)
פז

2 їᴁ
; фעф״(ϩעфױ &/.7' 

 

̆ ᾛ ΐ פ Ȃ ̆ ѿ

̆ ֓ ԍ Ȃ 

ᾥ 1920 ף ז (108) ԅ ̆ ԍ

῏ (109)Ȃ · (Carl Anderson) Ҍ ’Ҋ̆ԍ 1932

ԅ ̆ ӊҹ (positron)Ȃ( ópositonô̆ órôȂ

Ҭᶏ Ȃ) ⌠̆ѿ֓ñ ò Ԑ

Ҭ ԅ Ȃהז ԅת ̆ ז̆ ԅѿ ҍ

ȁ Ȃ 

῏Ӎ ԊȂ 1928 ̆ ӊ╠̆ ῖ

·ᾥ (Oskar Klein) ₮̆ ᾥ ԅ ̔ ₯

ל ̆ ץ ԍ 1Ȃל ̆ Ȃ ̆

ѿ № ₱ ᴪ ל Ȃ  

Challenge 152 e 

Challenge 153 e 
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1935 ̆ ̆ · ҍ · (Hans Euler) ԅ ↕ᵿ

Ȃױז ̆ ᾥ ̆ ҳ ṿ 
 

ׂγ ;
ױ φעф

ᵠפ
;
ᵠױ
фעо

Ἡפ
;/,1CT-k &//.' 

 

ᴪ ֟ - ̆ № Ȃ Ӟ ⁞ Ȃ

(vacuum polarization) ᾥ ԍ 1 Ȃ ל

ԍ Ȃ 

̆ Ҍ ѿҩ ̆ ҍ Ҍ Ȃ

ӊ Ȃ └ԅ ױ Ҭ

˻ 

̆ Ҭ ⌠Ȃ ’Ҋ̆

ᴪ ˻ ̆ ױ ׃ ̆ Ẋ ԍ

Ȃ 

- Ҍ ₡ ֟ ̆ ҹ Ȃ

ѿ ѿ №ȂҌ ̆ ӟ ԍ

ҹñ ⇔ (pair creation)ò̆ ѿ ҉ ԅ Ȃ ԅ

̆ Ҋѿ Ȃ 

  

Figure 84  ₱ ל ꜚ Ȃ ₱ ѿ №ᴪ ̆ №

₱ ̆ῒ Ҋ№ ѿ Ȃ(QuickTime film © Bernd Thaller)  ( ̔

Ȃ) 

Ref 140 

Vol V page 153 
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ױ ꜚᵬ ̆ᵖ ԍ ꜚᵬ ꜚᵬӞҌ Ȃ ױ

⌠ԅѿҩᶛ ̔ ң Ҭ̆ ᾣ ֜ Ȃ ױ ԅ ⌠̆

֜ ᾣ ⌠Ȃ ֜ ꜚᵬ ט  
 

ט Ἡ &///' 
 

ӊ̆ (virtual particle)ֽ ԑᵬ Ҭᵬҹ ׃ ̆ ⌠Ȃ

Ҍ ׆ ῏ ׂф ϩȂᶛעфױ;фעф״ ̆ῒꜚ ץ Ȃ

ҍñ ò Ҍ Ȃ ̆ Ҭ ⌠

Ȃױ ױ Ȃ 

ᾣ ֟ ԅ ȁל ȁ ȁ ȁ ⱬ ῌ ᵝ

Ȃ ̆ ᾣ ’Ҭ̆Ӟ ̆

ᵞȂ 

ԍ ȁ └ȁ ȁ ̆ Һ Ȃ

Ӟ ԑᵬ Ҭ ᵬ ̆ ױ Ҭ ѿ ̕

ԑᵬ Ҭ̆ ױ ԅҹָӇᴪ ɓ ץ ҹָӇ ᴪ ᾣȂ 

≢ ̆ ץ̆ ̆῍ ԅ ױ

(vacuum)Ȃ ԅ Ȃ ױ

ԑᵬ Ȃ ≢ ̆ ԅ Ȃ 

 

 

̔ ҍ  

 

̆ ҹ ᾣ ᾣȂ ԍ № ꜚ

̆ ꜚ ₮ ҍҌ № ᵈ Ȃ ̆ Ȃ 

700 nm( ) ᾣ Ҭ /-c ҹ /kȂ 

ᾣ̆ ᴪ ̆ Ҭ ᾣ ̆

Ӟ Ȃ Ȃ( ץ ñ

ò Ȃ) ̆ץ ȁ ȁ ‛̆ ᴪ ≢ ̕

’ ̆ ῀ Ҭ̆ ӞᵞȂ (Sargasso 

Sea) 5Ὲ ̆ѿ Ҭ № ‛Ȃ ҹ ҉

Ȃ 

Ҭ ̆ Ӟױ Ȃ ֓ ᾣ ֟ ̆

ᵌԍ ӊ Ȃ ҉ Ȃ 

* *  

Ref 141 

Ä02  
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῏ԍ ᾣ ף ̆ www.mediatheque.lindau-nobel.orğ Theo

dor Hänsch ᵝ Ԉ 2012 ѿז̆ № ⱬ

ԍ Ȃ 

* * 

ֲӊ Ȃ2015 ̆Friedmannҍ Hagen ̆ ׆ץ Ҭ

;1,/2/37043≠ Ὲ (Wallis formula)Ȃ ⱬ ҍ Ȃ 

* * 

Ҭ ̆ Ӈ ᴪ ֓ ׆̆ꜚ

̆ ≠ⱴ Ȃ ѿ ᾥ· (Mark Silverman)

₮Ȃᵖ ̆ Ȃ 

* * 

ᾣᴪ (material grating) ̆ Ӈ ᴪ ᾣӊ (light grating) ̙ ᾥҍ

ԍ 1937 ԍ̆ץ 1986 ץ ̆ ҹ - ᾫ

(KapitsaïDirac effect)Ȃ ѿ ⱴ ̆ ₮ 2001

̆ ᾣ ԅᾣӊ Ȃ 

* * 

ᾣץ ⌠ ҉̆ᾣ ῀ ̆ ᴪ ῃ Ȃѿ ḇ

̆ ̆ῃ ᾣ ᴪ Ȃ ╠ Ҍ

ᴪ Ȃ 

* * 

≠ױֲ ҩ ̆Ỳ ԅ ף Ȃ ֽֽׂ̆

ҩ ᾣ ̆ ץ ӊ ȁ ȁ Ἕȁ ꜚȁ ȁ Ȃ1997

̆ ԇԅ ⇔ ֲ (Steven Chu)ȁᾥꞋ · · ꜜ

(Claude Cohen-Tannoudji)ȁ · ≠ (William Philips)Ȃ 

* * 

ң ҍ₃ ᾣ ̆ ѿ ᶏӊ ң ӊ ꜚȂ №

ҩ ₃ ӊѿ̆ ׂ ᵬȂᵰ ⌠ ӇẠ⌠ ̙ 

* *  

Challenge 154 s 

Ref 142 

Ref 136 

Ref 143 

Ref 136 

Ref 144 

Ref 145 

Vol I Figure 239 , 241 
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Ҳ (hollow atom)̆ ῤ ̆ J.P.Briand ῒ ԍ 1990

̆ ѿҩ ף Ȃ ѿ ῃ ̆ ᴋᵥ ̆ҍ

̆ ᴪ֟ Ҭ Ȃ ⌠ ̆ ῤ ᶭ ̆

ҍ ҹҌ Ȃ Ҭ Ӟ ץ ᾣ Ȃ 

* * 

֓ ̆ᶛ ҍ Ȃ ̆ 79̆ ῒ ₮ԍ

ᾣ 5d 6ͯs Ȃ ̆ ᾣ ᵝԍ ̆ Ἕ 4d|5s

̆ Ӈ Ҍ ԅȂ ѿ Ȃ 

80 ѿҩ 6s Ȃ ԍ ̆ ֓ ᴪ ̆

Ҍ Ȃ ̆ҍ ῒ Ҍ ̆ Ҋׅ ᵣȂ ᶏ ҹ ᵣ̆

ᵬ Ȃ 

* * 

(phosphorus) ᾣ (phosphorescent) ̙ 

* * 

ѿ ᾣ ̆ Ҍ ӊ Ȃ ᵥ ̙ 

 

 

 

  

 

ҍ ῒ ꜚᵬ ‗ Ȃꜚᵬ ҉‗

ԅ ӊ ԑᵬ ̆ ‗ ԅ Ҭ ѿ℗ ԑᵬ ̆Ӟ ‗

ԅѿ℗ Ȃ 

ȁ ȁ ȁ ȁ ꜚᵬ ‗ ȂἩ ԅ

˻ ױ Ҋѿ Ҭ ѿ֓ Ȃ Ἡҍ ῏ ׅ

̆ ֓῏ ҍꜚᵬ Ȃ ף ӊ

ѿ̆ ױ ᴀ ԍ Ȃ 

ӊ̆ ̆ ̕

̆ Ҭ ԍ ̆ ԑᵬ Ȃ 

  

Challenge 155 s 

Challenge 156 ny 

Ref 146 
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Ҥ ̔   

 

ᴯ ῧ· ≠ ז̆ ҉ ѿᴆԊ̆

Ȃ( ֲ ᶓ̆ ҉ ≠ ᴪז̆ ѿ ̆

̔ñҌ ˻ò) 

῀ ҩ ̆ῒ ṿҹ 
 

;
фפ

2 їἩע

/

/15,.13777457&72'
.,..50751303154&3.' &//0' 

 

₮ Ҭ̆ Ȃ ѿҩ ⌠

ῒ ֲȂ ꜚⱬ Ҭ ԍ ᵝ̆ Һ Ҋ₃ץ Ȃ 

ᾢ̆ ԅ (strength of electromagnetism)̆ ңҩ

פ ԑᵬ ֟ Ȃң ӊ ⱬ ׃ ῏ב  Ώᵬץ
 

;׃
Ἡע

ᴁф
&//1' 

 

̆ ԅ ԑᵬ Ȃ ṿ ̆

ᵣӊ ⱬ ⱬ Ȃ ̆ ṿ‗ ԅ ̆ ‗ ԅ

Ҭѿ℗Ԋ Ȃ 

ῒ ̆ ҹ ̆ ױ ץ ñ òȂ Ԏ

ԍ 1̆ № Ȃ ԍ 1̆ ӊ

ԑᵬ ץ̆ ԍ №≢ ̆ױ ñ òȂ 

₮ԅ ҈ҩ Ȃ ԍ ҩ ̆ ֓

└ ԅ ṿȂ ῒ └Ḃ ╠ױ ӊѿȂ └ׅ ̆

ױ ױ ᴋᵥқ ˻  

ҍ ⱬ ̆ ᴪ֟ Ҥ Ȃ ̆

ⱴṐֲ̆ᵣ ȁ ᵣ ȁ ᾣ ȁ ᵬ ̆№≢ᴪ

ָӇ ̙ Ҋ ⌠ ׂṿ ѿ ̙ 

1920 ץף ̆ ṿ ҹ ף ҳ Ҥ ӊѿȂ

Ӟ ≠ Ȃ1946 ̆ ז Ҭ̆ז ԅ ѿ ̔Ҍ

ҩ Ҍ Ȃ׆ ̆ ᵌӍ№ ԅң ̔ѿ Ҍ

ֲ̆ ѿ ֲȂ ▲ ̆ éé 

̆ ֲ ῒҬȂᶛ ̆ ֲ ̆Ҍ ץ

Ἡ*פ*ע ԍ 1 ᵝ̆Ҍ ᴪ ;/-/15,.14,,,&/'Ȃ

ᵰ ѿҊҹָӇ Ӈ Ҍ ̙ 

  

Challenge 157 s 

Challenge 158 s 

Ref 147 

Ref 148 

Ref 149 
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̔ ҍ   

 

ӊ̆ ȁ№ ȁ ᵣȁ ᵣῤ ҍ ӊ ԑᵬ ץ̆ ꜚᵬ

Ἡ̆῍ ‗ ԅ ױ ѿ℗Ԋ ȁ ȁ ȁ Ȃꜚᵬ

‗ ԅ ȁ ȁ ̆‗ ԅ ȁ‛₀ ̆‗ ԅ

ᾣ ץ̆ ᾣ Ȃꜚᵬ ‗ ԅ

Ȃ ֓ Ḃ Ҋѿ Һ Ȃ 

ԑᵬ /-/15,.14 ̆ ṿ Ȃ 
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Chapter 9 

09. Ҭ   

 

 

ԍ ῖ ̆ ȂҌ ῒ ̔ ѿҩ

̆ ꜠ᵲ (smallest action)̆ῒṿҹ Ἡ;/,//.оϩHqȂ ℗

̆ ҩ ѿץ ӊ̔ 

 

 Ҭ̆Ҍᴪ ⌠ ԍ Ἡ;/,.3235/6..&/1'/.оϩHqꜚᵬ

Ȃ 

 

ҩ ꜚᵬ ̆ ꜠ᵲ (quantum of action)̆ ԅ ѿ℗

̆ ꜚ ȁҌ ῏ ȁ ȁ ȁҌ № ȁ ꜚ

ȁ ȁ ֟ ȁ ȁ Ȃ 

Ȃ ̆ ṿ

ױ ̙ ṿ ̔ ┴ȁ ‰ȁᵣ Ȃ ᾢױ ῒ ̆

ׅ ‗ Ȃ 

 

 

  

 

ꜚᵬ ԅ ױ №῏ԍ ꜚ ̔ 

 

 ꜚ (quanton) Ȃ 

 

ԍᴋᵥ ̆ ԍѿ℗ ᵣҍἝ̆ ԍ Ȃ ꜚ қ

Ȃ ȁ ȁ ȁᾣȁ ̆ ױ ҍӊ ԑᵬ ѿ℗

Ȃ 

ױ Ҭ̆ ױ ҍ Ӟ ꜚȂ ꜚ ᵣ

̆ Ӈ ̙ ױ ץ ̆ Ҍᴪ₮ ̆ ҹ

ѿ ӊ ҹ Ȃ Ҍ ̆

ӊ ѿ Һ Ȃ 

ױ ╠ ̆ ױ ָ̔Ӈ ȁ ȁ ԑᵬ ̙ ױ ̔

ױ Ȃ ≢ ̆ ԑᵬ ֜ Ȃ  

Vol II Ä11  
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ԍῒ ᵣȂ

̔ -ꜚ ȁ ȁ ȁCPT Ȃ ױ Ҋѿ ⌠̆ Ҍ

Ȃ῏ԍ ῤ ̆ ֓Ҍᶭ ԍ ̆

Ạ₮ԅѿ↕ ̔ 

 

 Ҭ̆ ῤ ( )̆ ȁ ȁ ȁ

̆ ҹ ᵝ ṐȂ ԍѿ℗ ̆

Ҭ̆ ԅ *1̆ ῤ ץ ⱴ ӗȂ 

 

ӊ̆ѿ℗ ꜚ ᵣ ̆ ῤ Ȃ

ԅ ѿ ┴̆Ҍ ӊ ԍ ȁ ȁ ᶏȁי ȁ ȁ ȁ ȁ

ȁ ̆ ѿҊ ⌠ ױ ᴪ ָӇȂ 

 

Deorum injuriae diis curae.*2  

(Tiberius)̆ ᵧ(Tacitus)   

 

 

ꜚ   

 

Ҍ ԍ ̔ ᴪ ̆ ₮ ҍ ꜚ Ȃ

ԍ Ἡ ̆Ἡ ꜚᵬ Ȃ׆ Ἡ ₮ ̆

₮ԅ῏ԍ ꜚ Ȃ ױ ῒҺ ῤ Ȃ 

ҌẢ Ȃ Ғ ῗ (indeterminacy relation)̆ᶛ ᵝ

ᴇ ꜚ ״ Ҍ ҹ 

 

ᴇ ״ Ἡ-0 ῚҲ Ἡ;/,//.оϩHq &//2' 

 

Ҍ ῏ ᶏ ҹҌ Ȃ ҍ ῖ Ҭ

ӈ̆Ҍ ӊ ԍ Ҍ Ȃ ῖ ԍ ᾥ Ἡ

ץ ᴇҹ Ȃ 

ꜚҬ ῀ԅ (probabiliaty)Ȃ ҩ ҍ

ԑᵬ ̆ꜚᵬ ԅ ₮ Ȃ ᴇ ̆ ₮ ԍᴋᵥ ᶏ

ԍꜚᵬ Ȃ 

  

 
1* ℗ ̆ҍ ѿ ̆ ӞҌ Ȃ ֓ Ҋѿ ӈȂ 

2* ñ ῳ ֪ Ȃò 

Challenge 159 e 

Table 5 



 

 

 

09.Ҭ  

M
o
t
i
o
n
 
M
o
u
n
t
a
i
n
 

ï
 
T
h
e
 
A
d
v
e
n
t
u
r
e
 
o
f
 
P
h
y
s
i
c
s
 
c
o
p
y
r
i
g
h
t
 
É
 
C
h
r
i
s
t
o
p
h
 
S
c
h
i
l
l
e
r
 
J
u
n
e
 
1
9
9
0

ï
M
a
r
c
h
 
2
0
2
3
 
f
r
e
e
 
p
d
f
 
f
i
l
e
 
a
v
a
i
l
a
b
l
e
 
a
t
 
w
w
w
.
m
o
t
i
o
n
m
o
u
n
t
a
i
n
.
n
e
t

 

184 

ҹ ̆ ҍ ̆ῒ ҍꜚ ״ ῏ ҹ 
 

;
ק

״
;
0Ἡ

״
&//3' 

 

ᾣҍ ꜚ ҹ ԍ Ȃᾣ ҹᾩ (photon)̆ ᾣ ᵬȂ

₮̆ᾣ ȁ ȁ ȁ№ ̆ѿ℗ ҍ ѿ ᴪ ȁ ȁ

ȁ ⁞ȁẒ Ȃѿ℗ ̆ѿ℗ ץ ȁ ȁ ꜚȂ

ᶛ ̆ᾣ ץ Ҭ ᾣ -ᾣ Ҭñ ⌠ò̆ ץ ñ

ò̆ ץ ⱬ ñ ꜚòȂ № ̆ ץ

Ҭ ̆Ӟ ץ ⱬ ꜚȂ

Ȃ 

ץ ҹ ԐȂ Ԑ Ҍ Ҋ̆

ѿ Ȃ ᴇ ̆ ѿҩ ᵣ(phase)Ȃ 

Ҍᴪ Ȃ Ҍ ῀̆ᵖ ̆ Ҍ Ҍ

Ȃ Ҍ ̆ ̆ ױ ᾥ ᴋᵥ ̆ ҹᾥ

ᴋᵥ Ȃ׆ ̆ ҹ (tunnelling)̆׆

̆ ҹ (decay)Ȃ ԅ Ἕ ᵬ ץ Ȃ 

ѿ℗ ҍ ץ Ȃ ῤ ꜚ ҹ (spin)̆‗ ԅῒ

ҹȂ ΐ ̆ ΐ ȂẼ ҩ ᴋ

ҹ ̕ ҩ ֟ ᵞ Ȃ ԍ Ҭ

̆ ᵣ ԅҌ ῀ Ȃ 

̆ Ȃ ̆ῃ

Ғ ⅎ (indistinguishable)Ȃң ץ ֜ ̆ᴪ ₱ ̕ ң

֜ ̆ ₱ Ҍ Ȃ ῒ ҍ ῖ ̆

ȁ ԑᵬ ȁ ȁ ȁ ꜚ ȁ ȁꜚ ȁᵝ ץ̆ Ҍ ῀

῀ Ȃ ̆Ҍ └ Ȃ 

Ҭ̆ ֜ ῒ ԑᵬ Ȃ Ҭ ̆

֜ ̆ ֜ (off-shell) ԑᵬ Ȃ ꜚ ԍ ֜

̆Ẽ ֜ ׃ ⱬ̆ ֜ ׃ ⱬȂ 

Ҍ Ȃ Ҭ̆ ₮ץ ̆Ӟ ñץ ֥

(created)ò̆ Ӟ ץ ̆Ӟ ñץ (annihilated)òȂ

Ȃ 

(antiparticle) ̆ Ҭ ⌠ Ȃҍ

Ҍ ̆ Ҍ ԍ ױ ̆ ғ ֟ Ȃ

̆ ꜚ ᾣ Ȃ 

ץ (decay) (transformed)Ȃ ̆ Ҍ

Ȃ Ҭ̆ ץ ῒῤ ȂҊѿ ׃ ѿ Ȃ

ᴇ ̆ꜚᵬ ̔ ̆ ֙Ȃ  
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Ἕ̆ҍ ΐ ̔ᵝ ȁ ᵝȁ ȁ ȁꜚ

̆ ṿҍ Ҍ ȂἝ ῒץ ᵝȂ 

ᾥ Ἡ ₮ ҍ (scale)Ȃ ҹѿ℗

ꜚ ῀ԅ ̆ ԅ Ȃԍ ₮ ԅ

Ҋ Ȃ ≢ ̆ ̆ Ҭ ҉̆ ָӇ Ἕֲ

҉ Ȃ ԅ ֲ (Lilliput ) Ȃ 

ԍ ꜚᵬ ץ ҍ ԑᵬ ̆ ҍ Ȃ

̆ ↕ Ȃ 

Ҝ Ҍ ‛ ȁ ȁ ᴰ ȁ ȁ ȁ Ҭ

ȁ ȁ ᾣ ̆ ꜛԍ EPRӞ Ȃ 

 

 

Table 8  ῖ ȁ ӊ ѿ֓ Ȃ 

 ῖ  a
  (ġ) 

ᵣ ꜚ 

Ҍ  0 ᴇ ״ Ἡ-0 &/ /.ф'Ἡ-0 10 k 

/& 0Ἡ;״   /.ф'Ἡ 10 k 

  ᵞ;ױ-ק φע &/ /.о' 20 k 

֟  0  ׂ  100 k 

/& оײ-/   /.ф' 5 k 

ꜚ  0 Ἡ-0 &/ /.и'Ἡ-0 10 k 

/ /& 'ᴁϩ.02&-'עфἩ&;״ 0  /.о' 30 k 

ᵣ  

ᾣ  Ҍ  ЅΦё;2,734&-עקiR' &/ /.ϩ'  10 k 

ῌ ᵝ  ;/.35,64&/'KFx &/ /.и'  50 k 

ᴿ Üח   ױ; φע
ф-0ק &/ /.Ќ'חÜ  50 k 

- ῗ   ; фתϩ-4.Ἡоעф &/ 1/.ϔ' 20 k 

ᵝ ;ס   ЅΦёי &/ /.ϧ'20 ס k 

  1.34 ԍ №ӊ₃ 1 k 

ᾣ -ᾣ  0 QED:   50 M 

 1 2 2.002 319 304 365(7) 2.002 319 304 36153(53) 30 M 

ɛ  0 // 437 /605&41' /.11 // 437 0.6.&4.' /.11 100 M 

 

 / q Ö > 10 20 a 1  

ɛ׃ №   4463 302 542(620) Hz 4463 302 765(53) Hz 1 M 

№   QED ԍ /.о 20 k 

a. ֓ Appendix AҬ ₮ Ȃ  

Ref 150 

Ä07 EPR 
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‰ ҍ  

 

ԅ ҉ ̆ ԅ ‰ ׆̆ ῖⱬ ₃ᵝ

( ῖⱬ )̆ ⌠ ׂ ҍ ⌠ 13ᵝ Ȃ ׂ

Ҍ Ẓ ̆ ԍ Ȃ ӊ̆ ׂ ҍ

ѿ ̆ └ȂTable 8 ԅ ѿ Ȃ 

ױ ⌠̆ ṿҍ ṿ Ȃ ԍ ῖ ₃ӍҌᾛ ױ

ᴋᵥ ṿ̆ ԅ Ȃ ԍ ῀ԅꜚᵬ

ἩȂ ץ ̔ ꜚᵬ ̆ Ҍ Ȃ 

ӊ̆ ‰ Ȃ ̆ ҍ ̆

ү ӊҊ̆ ֲ ℗῏ ̆Ӟ ҍ

ᴋᵥ Ȃ ѿ ̆ ԑᵬ ;/-/15,.13777.52&22'

ṿׅ Ȃ 

 

 

ⱬ ѿ ̙  

 

Ἕ ̆ ץ Ȃ ױ Ҭ ╠

ױ ԅ Ȃ ױ ҹ ѿ №̆ ױ

ῒҬ Ȃ ̆Ӟ ꜚ Ȃ 

* * 

ᵌӍҌ ̆ ֲ Ȃῒ ̆ ױ ԅ̆ ҹ ױ Ȃ 

* * 

ᵌӍ ̆ᵖԊ Ȃ ױ ԅ̆ ҹ ױ Ȃ 

* * 

ῒ Ȃ ױ Ҭ ̆ ҹ ױ Ȃ 

* * 

ꜚᵌӍ ̆ᵖῒ ꜚ Ȃ ױ ̆ ҹ Ȃ 

* * 

ᵌӍ № ̆ᵖῒ № ױ Ҍ № Ȃ ױ

ԅ̆ ҹ ױ ᵞ Ȃ 

* *  
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ᵌӍ ̆ᵖԊ Ȃ ױ Ȃ 

* * 

ꜚ ῖ ӈ҉ᵌӍ ̆ ‗ ̆ᵖῒ ꜚ Ȃ ױ

̆ ҹ ױ Ȃ 

* * 

ӊ̆ ױ ֲ ׆ Ȃױ ̔ ῖ

Ἕ ̆ ӊ Ȃ ⱬ Ȃ 

 

 

ӊ   

 

ױ ץ ѿ ױ ѿ №̔ 

 

 Ҍ ҍ Ȃ 

 

̆ Ҭ ̆ ῒ Ҭ

̆ ꜚᵬ Ἡ;/,.3235/6..&/1'/.оϩHqȂ 

ѿᶛ ̆ꜚᵬ Ἡ ⌠ Ȃ ꜚᵬ

‰ ȁ Ȃ ꜚᵬ Ἡ̆ Ἕ ѿע

̆ ȂӞ ץ ң ҹ Ԑ (fundamental truths)Ȃ 

ԍ ҉ ῃ ꜚᵬ Ἡ̆

̆Ӟ ѿ ̆ ⌠ѿҩҍ Ἡ ṿȂ ˻ 

ױ ⌠ ѿ ̆ᵖ ױ ̆

Ȃ ̆ ױ ῖ ̆ ꜚ ѿ

̆ ױ Ԋ̆ᵖ Ȃᶛ ̆ ױ ԅ ָӇ‗ ԅ

Ҭ ̆ Ҍ ָӇ‗ ԅ ꜚ Ȃ ױ

ᴋᵥ ᵣ ᵣ ̆ Ҍ Ἕ ᵣ ԅȂ 

ӊ̆ ӊ ̆ ױ ҍ ױ ҕ

Ȃ ̆Ҋѿ Һ ꜚҍ ῤ ץ̆ꜚ ׆ ᵣ⌠

ῤ ꜚ̆ ֓ ᵬꜚץ ҹ ȂῬ ̆ ױ ꜚȂ 
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Ä01 
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Appendix A 

A ᵝ· ·  

 

 

(measurement) ҍ ‰ Ȃ ץ‰ ᵣ(units)ҹ Ȃҕ ᶏ

Ҍ ᵣ┼( ᵝ ,systems of units)Ȃ ‰ ᶏ ⱬ̆

ⱬ ̆ ̆ ׂ֞ ̆ᶛ ҙȂ ‗

ѿ ̔ ѿ ῃ ‰Ȃ 18ҕ ̆ҹԅ ᾧ ᵝ Ғ└

̆ҹԅ ‰№ ȁҌ ȁҌ └ ̆ҹԅ ᶏӊ

ⱴῈ ̆ѿ ȁ ȁ ԅѿ ᵝ̆ ҹ ᵣ┼

(Syst¯me International dôUnit®s)̆ Ώҹ SĬ ѿ ñ └Ὲ (Convention du 

Mètre )ò ӈȂ ֓ ᵝ ñ ᴪ(CGPM)ò ῒ ñ ᴪ

(CIPM)ò ñ (BIPM)ò Ȃ ѿ℗ ԍ ╠ Ȃ 

 

 

SI β  

 

SIᵝ ҂ҩ ᵝ ȂץҊ ױ ӈ̆ץ ױ └

ѿ֓ ( :  ‰GB 3100-93)̔ 

 

ǳ  ñ 133 ңҩ ӊ 9 192 631 

770ҩ Ȃò (1967) 2019 ӈҍ ᴇ̆ Ҍ Ȃ* 1 

ǳ  ñ ᾣ Ҭ(1/299 792 458)͍ ῤ Ȃò (1983) 2019

ӈҍ ᴇ̆ Ҍ Ȃ* 1 

ǳ  ñ ᾥ̆ kğ SI ᵝȂץ J·s̆ kg·m2·s 1ҹ ᵝ̆

ᾥ ק ṿ ҹ 6.626 070 15·10 34̆ ׆ kg ץ ӈȂò(2019) * 1 

ǳ  ñ ̆ Ă ᵝ└Ȃץ C̆ A·sҹ ᵝ̆ פ

ṿ ҹ 1.602 176 634·10 19̆ ׆ A ץ ӈȂò (2019) * 1 ҩ ӈ ᴇ

ԍ̔1 ԍ 4,02/ 3.7 .52µ·1018ҩ Ȃ 

ǳ  ñ ̆ K̆ ⱬ SI ᵝȂץ J K 1ҹ ᵝ̆ ῗ

k ṿ ҹ 1.380649·10 23̆ ׆ K ץ ӈȂò (2019) * 1 

ǳ  ñ ̆ mol̆ (amount of substance) ᵝȂ1

6.02214076·1023ҩᾝ ᵣ(elementary entities)ò (2019) * 1 

ǳ  ñ ѿᾣ ҉ ᾣ ̆ ᾣ ₮ ҹ 540·1012 Hz

̆ғ ҉ ҹ(1/683)W/sr Ȃò(1979) 2019 ӈҍ

Ref 151  
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ᴇ̆ Ҍ Ȃ*1 
 

ױ ⌠̆ ᵝ ӈҹ ‰ ꜚ(Ӟ ᾣ) ֓ Ȃ

ӊ̆ ᴪ ₮̆ ꜚ ӈ ᾢ‗ ᴆȂ ꜚ

ѿ℗ Ȃ Ḃѿ ̆ ῤ *2 1827 ₮ԅ ᾣ

ӈ Ȃ 

ῒ ᵝ ֓ ᵝ ӗ ӈ̆ SI ᵝ Ҋ ̔ 
 

ǳ  SI ᵝ ѿ ̔ ᵝ ԍ Ȃῒ

ӈ Ӟ Ҍ Ȃ ӈ ╠ Ҍ ҹ 10 14̆ ҹ 10 10̆

ᾥ 10 9̆ 10 7̆ ԍ 10 6̆ 10 6̆ 10 3Ȃ 

ǳ  SI ᵝ ѿ ̔ ӈ ᵝ ץ ᴋᵥ Ҭ

ȁ Ȃ ᾧԅ ‰└ Ȃῒ ̆ ᵝ└

ׂ ᾥ ᵝ̔SI ׂ ӈԅ҂ҩ ζв*ע*Ἡ*ד*ת*פΥ*

ηυȂא 200 ̆CGPM ׂñḱḱ ò  ԅȂץ

ǳ  SI ᵝ ѿ ̔ ᵝ ̆ ᵝ ‰

ΏȂ ԅ ᵝ ꜛ ᵝȁ ₮ ᵝȁ ᵝȂ 

SI ꜡ ᵣ(supplementary unit) ңҩ̔( ) ᵝ (rad, radian)̆

ҍ ӊ ̕ ᵣ ӈҹ ҍ ӊ ̆ ᵝҹ (sr, steradian)Ȃ 

Ғ ₴ ᵣ(derived units)̆ῒ Ҍ Ώ̆Ҍ ̔ 

  

 
1* ҂ҩ ᵝ sȁmȁkgȁAȁKȁmolȁcdȂ ӈ www.bipm.orgȂ ῏

Ḥ ̆ ׃ ӥȂ ӈҹ̔ -íA;א-י 051,/3̕

ҍ ӈҬ₮ Ҍ Ȃ ӈҬ̆ᾣ ԍ 555.5 nm̆

̆ Ȃ 

2* ᾥ· ῤ (Jacques Babinet, 1794-1874)̆ ̆ ᾣ Ạ₮ ᵬȂ 

Ref 152  

 ( Abbreviation)   ( Abbreviation) 

ῗhertz Hz = 1/s    newton N = kg m/s 2 

pascal Pa = N/m 2 = kg/m s 2   joule J = Nm = kg m 2/s 2 

 watt W = kg m 2/s 3  ᴶ coulomb C = As  

ᴟ  volt V = kg m 2/As 3   farad F = As/V = A 2s4/kg m2 

 ohm ; T-? ; ie k2/A 2s3   siemens Q ; /- 

ᴿ weber Wb = Vs = kg m 2/As 2   tesla T = Wb/m 2 = kg/As 2 =kg/Cs  

֠≠ henry H = Vs/A = kg m 2/A 2s2   °C  ( ӈ) 

 lumen lm = cd sr ᾥיּ   lux lx = lm/m 2 = cd sr/m 2 

 becquerel Bq = 1/s    gray Gy = J/kg = m 2/s 2 

 sievert Sv = J/kg = m 2/s 2   katal kat = mol/s  
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ױ ⌠̆ ᵝ ӈҬ̆ ᾥ 1ȁ0 / Ȃᵰ

ѿҊ ̙ 

admitted SI ᵝ № ȁ ȁ ( ԍ )ȁ /í; -/6.p_bȁ№/;

-/.6..p_bȁ /; -426...p_b( ԍ )ȁ (litre)ȁ (tonne) Ȃ ᾧᶏ

ῒ ᵝȂ 

῀ ‰ Ώ̆ ῀ ╠ *1̆ ᵝ

ⱴ ( : SI ‰GB 3100-93)̔ 

 

     

101  da deca   10 1 № d deci 

102  h hecto   10 2  c centi 

103  k kilo   10 3  m milli  

106 ᾠ M Mega   10 6   micro 

109  G Giga   10 9  n nano 

1012  T  Tera   10 12  p pico 

1015  P Peta   10 15  f femto 

1018  E Exa   10 18  a atto  

1021  Z Zetta   10 21 ּ z zepto 

1024  Y  Yotta   10 24  y yocto 

̔  ̔ 

1027  X Xenta  10 27  x xenno 

1030  W Wekta  10 30  w weko 

1033  V Vendekta  10 33  v vendeko 

1036  U Udekta  10 36  u udeko 

 

SIᵝ ѿ ̔ ץױ ԅ ῃ ̆Ӟ

ҹῒ ԅ ᵝȂ 

SIᵝ ѿ ̔ ױ ץ ȁ ҙȁ ҙȁ ȁ Ҭ

 
1* ῒҬѿ֓ ₮ (yoctoἝ Ҁ octo'eight'̆zeptoἝ Ҁ septem̆yotta

zettaɜ̆exapetaἝ ɝəɘɠ́ŮɜŰɎəɘɠs̆ ñΈò ñԓò̆

Ἕ Ӝȁ ȁ ѿȁ ԋ)̕ ֓ Ҹ / (attoatten ñ ῇò̆ femto

femten ñ ԓò)̕ ֓ Ҁ ( milleñ ò̆ centumñ ò̆ decemñ ò̆

nanusñ ò)̕ ֓ ≠ ( piccoloñ ò)̕ ֓ (microɛɘəɟɧɠ ñ ò̆

deca/dekaŭŮəŬñò̆ hectoəŬŰɧɜñ ò̆ kiloɢɑɚɘɞɘñò̆ mega ɛɡɔŬñò̆ giga

ɔɡɔñò̆ teraŰɞɟŬñò)Ȃ 

ֲ ̔ ⌠ԅ֜ ̆1 ҕ ꜚ 1 (parsec)̆

̔ №ӊԋ Ȃ 

Challenge 162 e  

Challenge 161 s  

Ref 153 
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ᶏ Ȃ ֲ̆ Ӟױ Ȃ 

SIᵝ ѿ ̔ңҩSIᵝ ӗ ̆ ѿҩSIᵝȂ

↕҉̆ᴋᵥ ᵝ ץ SIᵝȂ 

SIᵝ Ҍ ѿ ֓ ᵝ̆ᵖ ѿ ֓

Ȃ*1 

 

 

ӈ 
 

ҍ ‰ ̔ ῒ ‰( ᶏ ‰)̆

Ȃ ̆ ԅ ̆ ғ ץ ԑ№

Ȃ 

Ȃ ̆ ̆ ғ ױ Ҍ Ȃ 

ᴪ֟ ѿҩ Ȃ ̆ ỮȂ

̆ ץ № ╠ ’Ȃ ӊ̆ ҩҌ

Ȃ 

ѿҩ Ȃ ̆ ѿ ѿ Ȃ 

֓ ᵖ Ȃ ᴋᵥ ױ ֲȂ 
 

 

 

ᾥ ᵝ 

 

ΐᵣ ‗ԍ ᵝ└̆ ᶏ

ᴨ ᵝ└Ȃ ᵝҍ ṿ ῏Ȃ ̆ ᾫ

ᵣ(Planckôs natural units) Ȃ ᵝ└ ׄ*/;Ἡ*/;ע */;ת*/;

ї;/-&2'* ї;2 Ȃ ᾥ ᵝ ̆ҍSI ᵝ

ᾥ ᵝ↓ԍTable 10Ȃ ץ ץ ᵝ└ӥΏ

ᵝ└̔ ҩ ם ҹ  КϿȂם-ם

  

 
1* ԅ ᵝ̆ └ ᵝ(imperial units)Ȃ ׅ ᶏ └ ᵝ ԍ Ȃ

(mile) milia passum̆ ѿ ( ) ̆ 1480 mm̕ ӈҹ №

(nautical mile)ׂ̆ ӈҹ 1852 Ȃ (inch) uncia/onzia ( ԋ№ӊѿ̆ ѿ

(foot) )Ȃ (pound, pondere ' ') ץ libra ( )̆libra ῒ Ώ lb Ȃ (

ԋ̆dozen) Ҍ ӟ Ӟ Ȃ ֓ ῒ ᵌ ᵝðð

ᵝ ñfò̆ץ ᶏ furlong/fortnightᵬҹ ᵝ ðð ӈҹ ᵝ

Ṑ Ȃ 

Challenge 163 e  

Challenge 164 e  
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Table 10 ᾥ ᵝ*1( ḱ )Ȃ 

  ӈ ṿ 

ᵣ    

ᾥ ; Njװ  Ἡׄ  о ;/,4/4.&/0'/.оϧkע-

ᾥ  ᴃNj ; Ἡׄ  ϧ ;3,17.4&2.'/.ϩϩqע-

ᾥ ; Njױ  Ἡע-ׄ  ;0/,545&/4'e 

ᾥ ; Nj׆  2 їע
и-ׄ  ;1,2571&00'/.фϧ? 

ᾥ ; Njי  Ἡעϧ-ׄ  ф ;/,2/5/&7/'/.офIת

ₐ ᵣ    

ᾥ  ᴅNj ;1,.; עEk-q 

ᾥ ꜚ  Nj ;Ἡ ;/,//.оϩHqב 

ᾥꜚᵬ  Nj ;Ἡ ;/,//.оϩHq_ט 

ᾥ  1,6wH-I/; ת; cNjט 

ᵣ    

ᾥ  Nj ;עϧ-ׄ фἩ ;3,0/.Ќиie-kо 

ᾥ  Nׂj ; Ἡעϧ-ׄ  ;0,.EH;/,0/.фϔcT 

ᾥꜚ ; Nj״  Ἡעо-ׄ  ;4,3Lq 

ᾥⱳ ׄ-ϧע; Njו   ;1,4/.ϧфU 

ᾥⱬ ׃Nj ;עϩ-ׄ  ;/,0/.ϩϩL 

ᾥ ׄ-зע; Nj״  Ἡ ;2,4/.ЕЕоN_ 

ᾥⱴ ; Njנ  з-Ἡׄע  ;3,4/.ϧЕk-qф 

ᾥ ; Njץ  ϧ-Ἡׄע  ;/,7/.ϩоFx 

ᾥ  ᴀNj ; 2 їעἩ ;/,7_A;//,5c 

ᾥ ; Njך  ϩ-2ע їׄ  ;/,./.фзT 

ᾥ Nj ;/-2ח  їע ; 1.,.  

ᾥ Nj ;2׀  ї Ἡׄ  о ;/,6/.ϩϧDע-

ᾥ Nj ;&/-2ב  ї' Ἡׄ ע-
з ;/,4/.ϩфF 

ᾥ  Nׂj ; з-2ע їἩׄ
ф ;4,3/.иЕT-k 

ᾥ  Nֿj ; ϧ-2ע їἩׄ
ф ;0,0/.ϧоR 

 

  

 
1* ₮ ᵝᴇКϿ ╠ ̆ ֓ ᵝץ ᾥ Ἡ ӈ̆

ᾥ ∆  ÅÅ ᶏ 0Ἡ;ק ӈȂ ῏ ᵝҬ̆ 2 ї ̆Ӟ

ῒ ӈ̔ᶛ ̆ ᶏ 2 ї ̆↕ ⌠ ᴀКϿ=פȂ Equation 112 
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ᵝ ѿҩ ӊ ̔ ҌҤ ҹñ (

)ò̆ ñҍ ḱ ᾥ ᵝѿ ( ѿ )òȂ ῒ ⌠

ӊ №ᴪ ̆ ̆ ҹ₃Ӎ ᾥ ᵝ̆

ҹ 1 ḱ ῤ̆ ҹ ᶫԅ ṿ̆ ֓ ҉ ̆

֓ Ҋ Ȃ ̆ ֓ḱ Ȃ ⌠ Ҭ ҩ

ṿ̆ ᾥ Ҭ ׄ ҹ 2ׄ ̆ 2 ї ҹ 2 ї Ȃ

֓ ṿ̆ ḱ ᾥ ᵝ̆ ᵝȂֽ ֓ ̆

֓ ṿȂ(ᵰ ₮ ֓ ̙) 

 

 

ῒ ᵝ└ 

 

ѿҩ ԑᵬ ̕ ̆Ἕ ᾥ

ᵝ└Ҭ ⱬ ׄ ҹ 1 Ҍ Ȃ פ /;ת;Ἡ;ע

ғ ї;/-ї;2 ̆*
׆1 ҬḠ ⱬ GȂ 

ᵝ└ ѿҩ ᵝ̆ᵖ Ȃֲױ ץ ‰ ҹ

ᵝ̆ ҹ ῖ ף Ȃ׆ ӊ

Ҋ῏ ̔  
 

/-Yװф[; Yׂ[ф;Y׃[;Yֿ[;Yׂjcarpga[

/-Yװ[; Yׂ[;Yױ[;Y״[;Yנ[;Yץ[;Y׆[;Yך[;Yי[

/;Yᴅ[;Yᴀ[;Yפ[;Yח[;Yט_[;Yטc[;Ἡ;ת;ע;Y[

Yװ[; /-Yׂ[;Yᴃ[;Y׀[;Yב[

Yװ[ф;/-Yׂ[ф;Yׄ[;Yו[

&//4' 

 

ῒҬ̆Yᴇ[ ᴇ ᵝȂҌ ̆ ȁ ȁ ѿ ᵝ Ҍ

ֲ ӟ ̆ ױ Ҍᶏ ᵝ└Ȃ*2 *3  

 
1* Ҭ̆ ᶛ Ҍ ӈỲ ԅ ᵝ└̆ ᵝ└(Gaussian)ȁ֝ -

ᴶῗ ᵝ└(HeavisideïLorentz)ȁ ᵝ└(electrostatic)ץ ᵝ└(electromagnetic)Ȃ 

2* ӈ ҹװ̔ ̆ ҹׂ ҹⱬ̆׃̆ jׂcarpgaҹ ̆ ҹֿ ҹױ̆ ꜚҹ״̆ ̆

ҹⱴנ ҹץ̆ ҹ׆̆ ҹך̆ ҹי̆ ̆ᴅҹ ̆ᴀҹ ҹח̆ ҹⱳו̆

̆ ҹׄ҆ ⱬ ҹꜚᵬ_ט̆ cҹט̆ Ȃ 

www.chemie.fu-berlin.de/chemistry/general/units_en.htmlᶫԅ ᵝ ΐȂ 

ӈ ₃ᵥ ᵝ└̆פ ׄ*/;ע ;/̆ ץ ᴁᵮ;0ׄ ¡фעױ ᵬҹ

ᵝȂ ̆ ҍ ΐ ̆ ᾥ Ἡ ↕ҹ Ȃ 

3* ̔ ץ ѿ ȇ ҍ Ȉ̆ӥҬ №ԅ ᵌ ̆ ̔ ȁ

ȁ ȁ ᵝ└ ȁ ᵝ└ȁ ȁ Ȃᶛ ̆ⱳҍⱬ SIҬ Ȃ 

Challenge 165 s  

Ref 154  

Vol VI page 37 

https://www.chemie.fu-berlin.de/chemistry/general/units_en.html
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̆ҹԅ ᴪױֲ̆ ѿҩ ‰ ᵬҹ

ᵝȂ ᵝ ᴟ eV ̆ 1ᴟ ל ⱴ

ꜚ (ῒ ñ ᴟ ò ℗)̆ /cT;/,4/.ЕЌH̆   
 

/cT
/

4
_H &//5' 

 

ᵟȂפ ̆/;Ἡ;ע ׄ;4,7/.ϧзcTф̆ ᶏ eV ᵝӞ

ԍ ȁꜚ ȁ ȁ ȁ ̆ ῏ ҹ/cT /,6/.оиie

3,2/.фϔLq 020RFx//,4iĬ ץ /cTЕ 2,/dq/,0kȂ 

ᴟ eV ѿ ᵝ̆ץҊ῏ № ̔ ױ (20°C 

293K )̆ ꜚ ҹ 0.025 eV( 4.0 zJ)Ȃ ׂ

₮ ̆ 3× 1020 eV( 48 J)Ȃֲ ⱴ ҹ

ᶫ 105 GeV ( 17 nJ) ̕ ̆ 14 TeV 

( 2.2 H) ⱴ Ӟ Ȃ ң ⱴ CERN ̆ғ 27

ῤȂ 

╠ֲ ᵞ ҹ 280 pK̆ ԍҒ ‛ Ҭ

ᵣ ῤȂ ҩᵞ ῤ ̆ ҩ Ҭ ‛ Ȃҍ

ꜚ ̆Ӟ ֲ ׂ ꜚ ̔ ҹ 24 feV(3.8 vJ̆1 vJ 

= 3.8× /.ооJ)Ȃ ԍ ̆Ҭ ꜚ ╠ ᵞ̔ ᵞ /.зcT 

Ҭ ꜚ ̆ ҹ 60 nm Ȃ 

 

 

̔ ᵝ 

 

ᾥ ԍѿҩֲ׆ ̆ῒ Ὲ ҹ

̕(ie*ᴅ;.,3k-q.6;ױ)ᴅױ-ק;@ ꜚ ҹñ ᾥ (Planck stroll)òȂ 

* * 

ᾥ ҹ /.ЕЌҩ ̆ ҹѿҩ 10 ֲ Ȃ 

* * 

̔ ֓ ‖ ȁ ֓ ץ̆

ᴿ Ȃ ֓ ⌠ ӈ Ȃ ӈ

̆ └ԅ ̔ῒ ҉ ҹ 14

ᵝ Ȃ 

* *  

Challenge 166 e 

Ref 155 

Ref 156 

Ref 157 

Ref 158 
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ץ └ 500 ῤ /.ЕиȂ ԍ

̆1997 ҹ/.Еϧ̕/.Ез ṿᵌӍӞ ῤȂ

 ῤ ⌠ └̆ ῤ↕ ⌠ (drift)( )

└Ȃ ‗ԍ ̕ ᾣ 1 ms⌠  

5000 s ӊ Ȃ ‖ ╠ ѿ ῒ ̕

ᵖ ץ ̆ 20 ̆ Ώ ̆ ‖

ץ Ȃ 

* * 

╠ ̆ ֓ñ ò Ȃΐᵣ ̆ ֓D׃

ԍ /.фо Ȃ Ṣꜛ ̔ Ҭ Ҋ

Ȃᵰ ᵀ ₮ ̙( ҩ Ȃ ᵰ ₮

ᾣ ⌠̆ ᵰ Ȃ) 

* * 

̆ ֓ ᵝ ( /.Еϧ )̆ ץ ֓

Ҋ ( /.оф )Ȃ ֓ ԍ ᵀ ( 140ַ )Ȃ 

* * 

ױ ṿ Ȃᶛ ̆ ⱬ Ҭ̆1992 ⌠

ҹ ЕЌ̆./1;װ-װ ҹ 1 Ȃ ӊ̆ ԍѿ 1

̆ ץ ⌠ 3000Ṑ Ȃ ֓

ת Ȃף ԅ /.фЕ ̆ת ғׅ ҬȂ 

 
 
 

ҍ‰  
 
 

Ȃ (error)Ȃ ԍ ӎ ‰

Ȃ (precision) Ῥ ̕‼ (accuracy) ṿҍ

ṿ Ȃ 

Ҍ ԍ (random error) ̆ ‼ (standard 

deviation) ̆ Ώҹ ̆ῒ ӈҹ 
 

ф;
/

ײ /
&ᴇu ᴇⱧ'ф

ᵩ

;uЕ

&//6' 

 

ῒҬ ᴇⱧ ṿ ᴇu ṿȂ(ҹָӇῈ Ҭᶏ ײ / Ҍ ײ ̙)  Challenge 168 s  

Ref 159 

Ref 160 

Ref 161 

Challenge 167 s 

Ref 162 

Ref 163 

Ref 164 
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ԍ ̆ ⱴ̆ ṿ № ᴪ ԍ № ̆Ӟ

ҹ ⅎ Ȃ Figure 304 ̆ № Ҋץ  
 

פ;'ᴇ&ד
&ᵳB ᵳⱵⱶⱶⱷ'ʜ

ф ʜ &//7' 

 

‰ фӞ (variance)Ȃ ԍ ṿ № ̆2.35 ῃ Ȃ 

ӎ‰ (systematic errors) ̆ ᵀ Ȃ 

ҍ ⱴ̆֟ ̆ Ӟ ҹ Ғ (total 

uncertainty)Ȃ Ҍ ҍ ṿ ṿȂ 

ᶛ ̆Ғҙ ᴪ ₮ 0.312(6) m Ȃ ῤ ‰Ẓ ̆

ᵝҍ ѿᵝ Ȃ ҉ ̆Ẋ ҹ № ̆↕ 0.312(6) m ṿ

ṿ ҹ 

 

1 ῤץ ҹ 68.3%̕ ᶛҬҹ 0.312± 0.006 mץῤ̕ 

2 ῤץ ҹ 95.4%̕ ᶛҬҹ 0.312± 0.012 mץῤ̕ 

3 ῤץ ҹ 99.73%̕ ᶛҬҹ 0.312± 0.018 mץῤ̕ 

4 ῤץ ҹ 99.9937%̕ ᶛҬҹ 0.312± 0.024 mץῤ̕ 

5 ῤץ ҹ 99.9999 943%̕ ᶛҬҹ 0.312± 0.030 mץῤ̕ 

6 ῤץ ҹ 99.99999 80%̕ ᶛҬҹ 0.312± 0.036 mץῤ̕ 

7 ῤץ ҹ 99.9999 999 74%̕ ᶛҬҹ 0.312± 0.041 mץῤȂ 

( ӈ ̙)  

ṿ 
 
ṿ 

 

№  :  
 

ῃ  
FWHM  

‰  

 

 

Figure 85 ῒ № Ȃ № ̆↕ ̕ № Ҭ ҍ ṿѿ

̆↕‰ Ȃ 

Challenge 169 e  

Ref 165  

Challenge 170 e  

Challenge 171 s  
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̆ ‰ ѿᵝ ̆ᵰ ҕ Ғ ңᵝ̆ἇ

Ȃ ₮ ‰ ̆↕ ҹ(1)Ȃ ̆ ԍҒҙֲ ̆1 km 1000 mҌ ˻ 

ңҩ ṿ A B ⱴ ⁞ ̆ Ӈ ̙ ṿ

Ҍ ῏ ̆↕ ‰ ; ᵂ
ф) ᵃ

фȂ ԍңҩ Ҍ ῏ṿ C

D ӗ ṿ̆ ҹ ; ᵂ
ф) ᵃ

ф̆ῒҬ ‰Ẓ Ȃ 

Ẋ ᵰ ⌠ѿҩ 3.0 sῤ ꜚԅ 1.0 m̔ ṿ ̙ 

 

 

‰  

 

‰ ָӇ̙ ↕҉̆ ץ ԍ 61ᵝ

ᴇ̆ ҹ ӊ ҹ ᴇ-ᴇ<װКϿ-ףϱЏЬўіЏЋ;/.
иЕȂ(

ҩ ṿ Ӟ ԍⱬ ᵣ ̙) ѿ ̆ ҍ ᴪⱴ Ȃ 

ᵖҌ ₮ Ҥ └Ȃ ̆ ץ

( /.ЕЌm) ̆ 26ᵝ Ȃ 1000

̆ 22ᵝ Ȃ ╠ ̆ ⌠ԅ 17

ᵝ ̆ ԅ ̆ ҹ ԅ ̆ ҩ └̔ Ȃ

Ȃ 

 

 

 

 

Ҭ̆ѿ ׆ Ҭ ₮ Ȃ ̆ ṿ ׆ץ

ṿҬ ₮Ȃ Ȃ 

Ҋ ₮ԅ ‰ Ὲ ҕ ҉ ᶃ

ṿ̆ץ ᵝ└ ῒ ѿ֓ ᵝ Ȃ ֓ṿ ׂῃҕ ᶃ ṿ

Ȃ ̆ ᵀ ̆ѿ ῤ ‰Ẓ

ȂҊ Ҭ ҩ ѿұṿ Ԋ̆ᵖ

Ȃ 

↕҉̆ ץ ( ℗ ̆ ‰

) Ҋ ₮ ѿ Ȃᶛ ̆ ↕҉̆ᴋᵥ ȁ

ץ Ȃ 

  

Challenge 172 s  

Vol.VI page 94  

Challenge 173 e 
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  ṿ(SIβ ) Ҍ a 

װ ӎSI ᵣ  

ᾣ c
 a 299 792 458 m/s 0 

ᾥ c
1510 070 6.626 ק  34 Js 0 

ᾥ ̆ 

ꜚᵬ  

Ἡ 1.054 571 817...10 34 Js 0 

c
 aC 0 6634 217 0.160 פ 

ῗ c
64910 1.380 ת  23 J/K  0 

ᴟᵍ mol/1 761023 140 6.022 ?ד   0 

װ ӎSI ᵣ  

҆ ⱬ   ׄ 6.674 30(15)10 11 Nm2/kg 2 2.2 10 5 

Ὶ  

  3+1 0 b 
d

 

 

¡'ф&2.Ἡaפ;

cױ&emצ;
фעф'

 
1/137.035 999 084(21) 

= 0.007 297 352 5693(11) 

1.5 10 10 

1.5 10 10 
d

 

 

EF&Ἡa'
о¡  

W&גZ';צW
ф 2¡  

1.166 3787(6)10 5 GeV 2 

1/30.1(3) 

5.1 10 7 

1 10 2 
d
 q&גZ';צq

ф2¡  0.1179(10) 8.5 10 3 

 qglф W  Ⱶⱶⱶⱶⱶⱶⱶⱶⱶⱷטג

qglф W(on shell)

;/ 'Zױ-Wױ&
ф
 

0.231 22(4) 

0.222 90(30) 

1.7 10 4 

1.3 10 3 

CKM ᾥ  zכz .,75161&02'.,0050&/.'.,..174&7'

.,005/&/.'.,75074&02'.,.200/&6.'

.,..6/2&42'.,.2/4/&56'.,777/..&12'

 

Jarlskog Ҍ   ׇ 3.08(18)10 5  

PMNSҬ

 

zוz .,60&0'.,33&2'.,/3.&5'

.,15&/1'.,35&//'.,5/&5'

.,2/&/1'.,37&/.'.,47&5'

 

e 9.109 383 7015(28)10ױ  31 kg 

5.485 799 090 65(16)10 4 u 

0.510 998 950 00(15) MeV 

3.0 10 10 

2.9 10 11 

3.0 10 10 

ɛ ɛ 1.883 531 627(42)10ױ  28 kg 

105.658 3755(23) MeV 

2.2 10 8  

2.2 10 8 

Ű 6.8  2ע/Ű 1.776 82(12) GeVױ  10 5 

Ҭ /ɜe < 2 eVױ    2ע

ɛҬ /ɜɛ < 2 eVױ    2ע

Table 11 Ȃ 



 

 

 
A ᵝ   

M
o
t
i
o
n
 
M
o
u
n
t
a
i
n
 

ï
 
T
h
e
 
A
d
v
e
n
t
u
r
e
 
o
f
 
P
h
y
s
i
c
s
 
c
o
p
y
r
i
g
h
t
 
É
 
C
h
r
i
s
t
o
p
h
 
S
c
h
i
l
l
e
r
 
J
u
n
e
 
1
9
9
0

ï
M
a
r
c
h
 
2
0
2
3
 
f
r
e
e
 
p
d
f
 
f
i
l
e
 
a
v
a
i
l
a
b
l
e
 
a
t
 
w
w
w
.
m
o
t
i
o
n
m
o
u
n
t
a
i
n
.
n
e
t

 

199 

  ṿ(SIβ ) Ҍ a 

ŰҬ /ɜŰ < 2 eVױ    2ע

҉ ᾥ  ᴄ 0/,4&).,27- .,04'

MeV/2ע 

 

Ҋ ᾥ -26,.(&2,45 ף  .,/5'

MeV/2ע 

 

ᾥ  ᴂ 71&)//- 3' KcT-2ע  

ᾥ   2ע/GeV (2)1.27 ע 

ᾥ   2ע/GeV (3)4.18 ס 

ᾥ  ᴃ 172.9(0.4) GeV/2ע  

ᾣ   < 2 10 54 kg  

W ל   80.379(12) GeV/2ע  

Z  Z0 91.1876(21) GeV/2ע  

 H 125.10(14) GeV/2ע  

 eЕּфµϔ c. 0 MeV/2ע  
 

a . Ҍ ̔ ‰Ẓ Ȃ 

b. ҹ 10 19 1026 Ȃ 

c. ӈ Ȃ 

d. ᶭ 4-ꜚ ᴰ ̆ (renormalization)ѿ Ȃ

ckצ ̆ ᵠױ;фז
фעф 4-ꜚ ᴰ ’Ҋ̆ ṿȂ ꜚ Ҋ̆

ῒṿ ̆ᶛ φצ &ρזф;גᵘ
фעф' /-/06Ȃ ӊҊ̆ ꜚ ᴰ ΐ ᵞ

ṿ̕ᶛ ᵮ&12EcT';.,/2&0'Ȃ 
 

 

֓ ṿҹᵥ ῒ ̙ ԍᴋᵥ ̆ ꜚᵬ

Ἡ̆ῒ ṿֽ ӈ̆ ҹ SI ӈ̆ 1.054·10 34 JsȂ

̆ҹָӇ ṿҌ ԍ ԍ ̆ ҩ

̆ ₮ԅ ҍ ᵝӊ ̆ ֓ ᵣ(natural 

unit) Υד*ת*ׄ*ע Ἡ ӈȂ ᵝ Ḥ ṿ ӊ╠ Ғ Ȃ  

 

ӊ̆ԅ ȁֲȁ ȁ ̆ԅ № ̆

̆ ԅ ֓ṿҍ ᵝӊ Ȃ ̆

῏ ׆̆ Ȃ ѿ ̆

̆ᵖ ῳױ ѿ Ҭ Ȃ 

֟ ԅץҊ Ȃ 
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  ṿ(SIβ ) Ҍ  

 ї /,034 415 .40 /0&/7' F-k 1.5 10 10 

׃  ї;/-їa
ф 8.854 187 8128(13) pF/m 1.5 10 10 

;їן  ї-ї 154,51. 1/1 446&35' 1.5 10 10 

 

(273.15K , 101 325 Pa) 

 J 2.686 780 111...1025 1/m3 0ד

 C/mol 0...12 485.332 96 פ?ד;׃ 

ᵣ  J/(mol K) 0...618 462 8.314 ת?ד;ח 

ᵣ ᵣ  

(273.15K , 101 325 Pa) 

 l/mol 0 ...54 969 22.413 ״-יח;כ

ᴿ a
Öח  caױ;

ф-0(21)160 731.568 973 10 ק m1 1.9 10 12 

 Eї;0פ
ф-55,26 ק. 7/5 07,,, Q 0 

 ї;848 833 2.067 פ0-ק... fWb 0 

 THz/V 0 ...8484 483.597 ק-פ0 

ᾥ ;фפ-ק  їa-0  03 6/0,6.5 23,,, 0 

 ΰ;פἩ-0ױc 9.274 010 0783(28) yJ/T 3.0 10 10 

ῖ  ᴁc;c
ф2 caױ.

ф¡  2.817 940 3262(13)fm 4.5 10 10 

 

 

A;ױ-קca 

A;Ἡ-ױca;ᴁc-  

2.426 310 238 67(73) pm 

0.386 159 267 96(12) pm 

3.0 10 10 

3.0 10 10 
a
Öנ  ;ᴁc-

ф 52.917 721 0903(80) pm 1.5 10 10 

c 3.636 947 5516(11) cm2/sױ0-ק   3.0 10 10 

c 175.882 001 076(55) GC/kg 3.0ױ-פ  10 10 

ֿ-aץ  c 27.992 489 872(9) GHz/T 3.0ױ0-פ; 10 10 

 ϓ 

ϓ-ΰ 

ϓ-Њ 

9.284 764 7043(28) yJ/T 

1.001 159 652 181 28(18) 

1 838.281 971 88(11)103 

3.0 10 10 

1.7 10 13 

6.0 10 11 

g- ϓ 2.002 319 304 362 56(35) 1.7צ  10 13 

ɛ׃ - ױ  ϓ 206.768 2830(46) 2.2ױ- 10 8 

ɛ׃   4.490 448 30(10)10 26 J/T  2.2 10 8 

ɛ׃ g 6.3 (13)8418 331 2.002 צ  10 10 

ᵝ /s;ױ Aɭʜ-/0 1.660 539 066 60(50)10 27 kg 3.0 10 10 

ᵫ 1.672 621 923 69(51)10ױ  27 kg 

1.007 276 466 621(53) u 

938.272 088 16(29) MeV 

3.1 10 10 

5.3 10 11 

3.1 10 10 

- ϓ 1 836.152 673 43(11) 6.0ױ-Лױ  10 11 

ᵫ 9.578 833 1560(29)107 C/kgױ-פ   3.1 10 10 

Table 12 ₮ Ȃ 
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  ṿ(SIβ ) Ҍ  

 A*n;ױ-קᵫa 1.321 409 855 39(40) fm 3.1 10 10 

 L;פἩ-0ױᵫ 5.050 783 7461(15)10 27 J/T  3.1 10 10 

 ᵫ 

ᵫ-ΰ 

ᵫ-Њ 

1.410 606 797 36(60)10 26 J/T  

1.521 032 202 30(46)10 3 

2.792 847 344 63(82) 

4.2 10 10 

3.0 10 10 

2.9 10 10 

 ᵫ;0ᵫ-(18)518 478 42.577 ק MHz/T 4.2 10 10 

g n 5.585 694 6893(16) 2.9צ  10 10 

Ҭ l 1.674 927 498 04(95)10ױ  27 kg 

1.008 664 915 95(43) u 

939.565 420 52(54) MeV 

5.7 10 10 

4.8 10 10 

5.7 10 10 

Ҭ - c 1 838.683 661 73(89) 4.8ױ-lױ  10 10 

Ҭ - n 1.001 378 419 31(49) 4.9ױ-lױ  10 10 

Ҭ  A*l;ױ-קᵩa 1.319 590 905 81(75) fm 5.7 10 10 

Ҭ   φ

ᵩ-ΰ 

ᵩ-Њ 

0.966 236 51(23)10 26 J/T  

1.041 875 63(25)10 3 

1.913 042 73(45) 

2.4 10 7 

2.4 10 7 

2.4 10 7 

₄- ῗ  ; фתϩ-4.Ἡоaф 56.703 744 19... nW/m2K4 0 

ᵝ ;ס  k_v955 771 2.897 י... mmK 

58.789 257 57... GHz/K 

0 

0 

ᴟ  aJ 0 ...6634 217 0.160 כפ 

- jl0 1023 bit = 0.956 994...J/Kת   0 

TNT   3.7 to 4.0 MJ/kg  4 10 2 

 

a. Ȃ 

 

 

 

Ҋ ₮ԅ ѿ֓ Ȃ 
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  ṿ 

(1900)
a
 s 7 925.974 556 31 נ 

 s 925.2 556 31 נ (1994)

ק01 ף  344.090 53  
b
  149 597 870.691(30) km 

ᵝ b
 AU 149 597 870 691 m 

ᾣ ̆ ԍὪ b
 al 9.460 730 472 5808 Pm 

 pc 30.856 775 806 Pm = 3.261 634 al 

 Kᶐ 5.973(1)1024 kg 

ⱬ  GM 3.986 004 418(8)1014 m3/s 2 

ⱬ ᶐ;0EK-aװ 
ф 8.870 056 078(16) mm 

c
 KᶐϓУ 6378.1366(1) km 

c
 KᶐЛ 6356.752(1) km 

-
c
  10 001.966 km ( ) 

c
 cᶐ 1/298.25642(1) 

 ᶐ 5.5 Mg/m 3 

 Rᶐ 4.50(4) Ga = 142(2) Ps 

‰ ⱬ 65 9.806 צ m/s2 

‰  ї 101 325 Pa״ 

 Pᶍᵱ 1738 km  

 Pᶍr  1737.4 km ңҩ  

 Kᶍ 7.351022 kg 
d
 bᶍ 384 401 km 

d
  ѿ 363 Mm; 359 861 km 

d
  ѿ 404 Mm; 406 720 km 

e
  .,3/6/í;1/,.6 9 

0.49°; 0.55° 

 ᶍ 3.3 Mg/m 3 

ⱬ צᶍ 1.62 m/s2 

׆ ᶍ״  10 10Pa( )⌠ 10 7Pa( ) 

 Kᶒ 1.901027 kg 

 Pᶒ 71.398 Mm 

 Pᶒ 67.1(1) Mm 

 Bᶒ 778 412 020 km 

ⱬ צᶒ 24.9 m/s2 

׆ ᶒ״  20 kPa⌠ 200 kPa 

Table 13 Ȃ 
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  ṿ 

 K  u 1.988 43(3)1030 kg 

ⱬ  0EKu -aф 2.953 250 08(5) km 

ⱬ  EKu  132.712 440 018(8)1018 m3/s 2 

֦  Ju  384.6 YW  

 Pu  695.98(7)Mm 

  0.53°;  

07.04( '/666 9 ./,.2&'/73. 

  u 1.4 Mg/m 3 

 AU 149 597 870.691(30) km 

 Ru  4.6 Ga 

Ҭ  ᴅuϫ 220(20) km/s 

 ᴅuα 370.6(5) km/s 

ⱬ uצ  274 m/s2 

ᾣ Ҋ  u״  15 kPa 

Ҭ   8.0(5) kpc = 26.1(1.6) kal  

  13.6 Ga 

  c. 1021 m or 100 kal 

  1012 , c. 2 1042 kg 

 SXDF-XCLJ 0218-0510 9.6 109 al 

 

a. ӈ №ԋ׆̆ ⌠ԋ№ ̆ ӈ Ȃ(ˊ ѿ ҕ Ȃ)

Ȃ(ҹָӇ̙) ҩ Ὲ ץ ѿ Ȃ 

b. 30 m̆ ֤ 20 ₮ Ḥ

ṿ Ȃ ̆ ᴪ(IAU) ҍ ᵝ №̆

ӈҹ ғ Ȃ ̆ᾣ (light year)Ӟ IAU ӈҹ Ȃ ̆

www.iau.org/ public/measuringȂ 

c. ҕ (WGS) ԅ Ȃ҉ѿ ₮ ԍ 1984 Ȃ ῏ῒ

̆ www.wgs84.comȂ ᴪ 2000 ԅ Ȃ ₮

ñ ò Ȃ ҍñױ ò 0.7 Ȃῒ Ғ Ȃ 

d. ҹԋ Ҭ Ȃ ⌠ ᵝ ̆ www.fourmilab.ch/earthview/

moon_ap_per.htmlȂ῏ԍ ̆ www. fourmilab.ch/solar/solar.htmlȂ 

e. ӈ Ҋ̔1 ;/í; -/6. p_b̆1№;/ ;/í-4.̆1 =1 ;/ -4.Ȃ№(minute) ∆№(first 

minute)̆ (second) Ῥ№(second minute)̕ ñ҈№(third minute)ò ñ №(fourth minute)ò̆

ҹ╠ѿҩ ᵝ 1/60̆ ֓ ף ᵝ Ȃ(ñminuteòñ ò̆ ף Ҭׅ Ȃ) 

 

Ҋ ↓₮ԅѿ֓ Ȃ(ᵰ ᴋᵥ ̙) 

 

Challenge 174 s ; Ref 168  

Challenge 175 s  
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  ṿ 

  c. 1 10 52 m 2 
a 

ӈ ̆  

ᴃї 4.333(53)1017 s = 13.8(0.1) 109 a 

a 

̆  

ᴃї 3.5(4) 1017s = 11.5(1.5) 109 a 

+ a
 їׅ 

  ї100 km/s Mpcק;

2.3(2) 10 18s 1 = 0.73(4) 10 10 a 1 

ї1.022710ק; 10 a 1 

+ a
 ї 0.71(4)ק 

⁞ a
 ᴀї; ׅ-ї'נ-Ἕנ& ї

ф 0.66(10) 
a
ᴃї 40.0(6)עї;1ף  1026 m = 13.0(2) Gpc  

  trivial up to 10 26 m 

  3, for distances up to 1026 m 

ҳ  a;1ׅ ї
ф-6E 02ק 1.878 82(24)10 26 kg/m3  

= 0.95(12) 10 26 kg/m 3 

( )
a
 ї; ї-a 1.02(2) 
a
 @.; @.-a 0.044(4) 

‛ a
 ABK.; ABK.-a 0.23(4) 

Ҭ a
 .; .-a 0.001 to 0.05 
a
 V.; V.-a 0.73(4) 

 ᴆ; V.-V 1.0(2) 

α 1.6710ױ  27 kg 

  0.25(1) /m 3 

ᾣ   3.8(2) 10 28 kg/m 3 

Ҭ в 1022±ײ  1 

Ҭ α 1018±ײ  1 
b
 ї 2.725(1) Kי 

Ҭ ᾣ ײ   1089 

ᾣ  ; фתϩ-/3יї
ϩ 4.6 10 31 kg/m 3 

ᾣ   410.89/cm3 or 400/cm3 (0י/ 2.7 K) 3 

ꜚ (1.5)5.6 ט  10 6 

ⱬ 0.71 > י   ט

8 Mpc ꜚ ϔ 0.84(4) 

 n 0.93(3) 

running  bײ-bjl(2)0.03 ת 

ᾥ ;Njװ  ἩE-עо 1.6210 35 m 

Table 14 Ȃ 
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  ṿ 

ᾥ  ᴃNj; ἩE-עϧ 5.3910 44 s 

ᾥ ;Njױ  Ἡע-E 0/,6 e 

ñ ò 
a
 ᴃї-ᴃNj 8.7(2.8) 1060 

ῤ a
'Njװ-їח&;їד 

о&ᴃї-ᴃNj' 10244± 1 

ῤ 1054± ג  1kg 

 

a. 0 ׂȂ 

b. ԍ 38҆ Ṝ̆ ҹ 3000 K̕ їי ╠ ҹ

16± 4 I =  6(2)·10  їȂי 6

 

 

 

 

 1,/2/3704313675710162404211610573.0662/75/47177153/.ϧ 
ф 7,6474.22./.671364/661227.777654/3//131/14772.502.57ї 

 0,5/606/606237.2301314.06525/130440275535025.7147773Ќ פ

 .,3550/34427./31064.4.43/0.7..602.021/.20/3711371770о 

jl0 .,471/25/6.3377231.72/5010/0/236/54346.533../1214.03ϧ 

jl/. 0,1.0363.70772.23462./577/2324621420.54.//./26640655ф 

/. 1,/4005544./4615711/7766713222105/63115/7333/171030/и 

 

 

(normal number̆ ₮

)̆ Ӈᴋᵥ ΏҊ ΏҊ ץ̆ ᴋᵥ ₮ ̆

ץ ↓Ҭ ⌠ Ȃ ױֲ (normality)̆ ᵖ ѿ

Ȃ Ҭ̙ Ȃ ҩ Ҍ

̔ Ӟ ԍ ץ ...0.123456789101112131415161718192021  ῒ

Ȃᵰ ҽ₮₃ҩᶛ ̙  

Ḃ ѿҊ̆ ₱ cᵳ Ἕ҉̆(0, 1) ѿΐ ңҩ Ȃ

҉ ΐ ңҩ ̆ Ӈ ҩ ᴪ Ȃ

̆ ῒҬѿҩ ̆ ԅ ῒ Ȃ 

 

Vol II Table 6 

Ref 169  
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Appendix B 

B ҍ   

 

ѿ ҹ Ȃ  

Ḡ · ָ(Paul ErdŖs, b. 1913 

Budapest, d. 1996 Warsaw)  

 

ץ ñ (set)òҍñῗ (relation)ò Ȃ҉ѿ ׃ ԅ

̆ᵬҹ ֓ ̆ҹᵥᴪ ѿֲ֓ ̙ ҍ῏ ᵥ

ҹѿҩֲ Ҭ ̙ ꜚ ׃ ѿ֓ ̆ᶫ

ȁ ӟ ֲ Ȃ 

Ҍ ̆ Ҍ ̆ ҹἝ ῒז ҙѿ ̆ Ӟ

(hide)ױז Ȃ ץ (formalism)ᵿ ׆̆

Ȃᵖ ̆ ᵝȂ ׃ ש

(algebraic structure)ȂҊѿ ׃ ѿ֓ ף ̆

(topological structure)̆ ҈ (order structure)̆ᵖ

Ҭ Ҍ Ӈ ̆ ⌠ ӈҬ Ȃ 

Ҍֽ῏ ̆ ῏ ⅎ (classification)Ȃ ῀

̆ ᴪ ’ № ̆ ῒ Ҍ ȁ

ץ ҍ Ȃ 

 

 

̔   

Ҍ⌠ѿ ῤ ₮ ᴇф 70ᴈф;/ ֲ

Ȃ 

(Brahmagupta, b. 598 Sindh, 

d. 668) ( ῤ )  

 

ױ ̔ ץ ⱴȁ ץ ӗ ᵣȂ ᾣ ҹ Ȃᴋᵥҍ

(natural numbers)ΐ ҹ (semi-ring)̕ᴋᵥҍ

(integers)ΐ ҹ (ring)Ȃ( ֓ · ᴿ

₮Ȃ ң Ӟ ץ Ȃ) ℗ ̔ (R, +, ·) ԅң

ԋᾝ ̆ח ң ҹꜘ(addition)ҍӝ(multiplication) ( ᵬ+

ҍ · ̆ӗ )̆ғ ԍ ᾝ ע*ס*נ ̆ח Ҋץ ̔  

Challenge 177 ny 

Ref 170 

Vol III Ä08  
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ð ח ⱴ ֜ ̆ ס(נ  ̆ח

נ;'נ&(נ*נ;.(נ*נ(ס;ס(נ ע̆('ס(נ&;'ע(ס&(נ*.;נ  

ð ח ӗ ̆  ̆ חסנ 

ð ח ӗ ̆  ̆ ע'סנ&;'עס&נ

ð ח № ̆  ̆ נע(נס;נ'ע(ס&ףײנענ(סנ;'ע(ס&נ
 

ᵬ ᴪ ⱴ Ӈ Ὲ  
 

ð ѿҩӗ ᵝ̆  Ȃ נ;/נ;נ/

 

ӈ ҹ῎ (axiom)Ȃ ̆Ὲ ָӇ

Ḥ ̕Ὲ ӈѿҩ Ȃ҉ Ὲ ̆

↕ Ὲ ̆ (unital ring)Ȃ 

Ὲ ̆ᵖⱴ Ҭ ᾝ ᾝ

̆ף ע̆(ס;ע(נ ↕ Ȃס;נ ̆ ñ ò ᾝ Ȃ 

ҹԅ ῀ ӈ ̆ ױ ѿҩ ̔ (number field) (field) 

ѿҩ א ̆ ғ 

 

ð ѿҩӗ ᵝᾝ 1̆ ԍ ᾝ נ  ̕נ;נ/

ð ѿҩ ᾝ ̕ 

ð ҩ ᾝ ̆נ ѿҩ(ӗ ) ᾝ  ЕȂנ

 

ӗ ֜ ̆ ֢ (commutative) ̆ ֜ Ӟ (skew field)Ȃ

ץ Ȃ( ῒ ┴״ ̔ ҩ״ 1 ⱴ ⌠ Ȃ

̆↕ ״Ȃ.;״ Ȃ) ֜ Ȃ ѿҩ

Ҭ̆ ס;ᴇע ᴇע&ס;ע .' ᴇ ̕ ס .̆ ↕ ѿȂ

῏ױ ̆ ѿҊ̔ ѿ֓ᾝ ̆ ⱴ ȁ⁞ ȁӗ

ȁ ( )Ȃ Ȃ 

(real numbers) ̆ ȁῃ Ȃ*1ᵰ 0

̆ᵖҌ ̙  

 
1* ̆ ҉ (complete)Ȃ ̆ѿҩ ̆

ғֽ ᴋ ҉ ҉ Ȃ 

ԋᾝ῏ ̆ᶏ ᾝ ҍנ ס Ҋ῏ ̆↕ Ὴ (totally ordered set) 

ð נ ғס ס ע̆ ↕ נ ע̕  

ð נ ғס ס ↕̆נ ס̕;נ  

ð נ ס ס נ Ȃ 

ӊ̆ ѿ ԋᾝ῏ ̆ №₮ᴋᵥңҩᾝ ӊ╠̆ Ӈ ῃ

Ȃ Ҭ ѿᶏ Ȃ 
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ῖ ̆ ғ ȂҌ ̆

̙ ӊ̆ѿ℗ ̙ 

ñ ò Ȃ ⌠ Ȃ 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

ᵝ ̆ ץ ᴋᵥ Ȃ 

ѿҩԋ Ȃ ӈҹ ᴉ;ס̆ר(נῒҬ נ ס

ר̆ ᵝ(imaginary unit)Ȃ ᾝ 1ҍ ר ӗ ῏ ҹ 
 

/ ר
/ / ר
ר ר /

&/0.' 

 

ҹ (;ר /Ȃ ᴉ;סר(נҬ̆נ ҹ (real part)̆ס ҹ

(imaginary part)Ȃ Figure 86 Ȃ 

ᴉ;סר(נ ΐ (complex conjugate) ᴉ*( ᵬ ᴉⱧ'̆ ӈҹ ᴉ*;נ  Ȃסר

ṿ zᴉz; ᴉᴉ*; ᴉ*ᴉ; ф̆ס(фנ ӈԅ Ȃ

zᴆᴉz;zᴆzzᴉz̆ (two-squares theorem) 
 

Еנ&
ф)נф

ф'&סЕ
ф)סф

ф';&נЕסЕ 'фסфנ
ф)&נЕסф)נфסЕ'

ф &/0/' 
 

uנ*uס Ȃҡ (Diophantus of Alexandria) Ὲᾝ҈ҕ

ԅῒ Ȃ 

Ώץ ̆'־*נ& ῒⱴ ҹ&־*ס(נ&;'ֿ*ס&('־*נ) 'ֿ̆ ӗ

ҹ ־סנ&;'ֿ*ס&'־*נ& נֿ* Ȃ'־סֿ( ̆ ץ ҉

̆ ̆ ץ ҉ Ȃ ӗ ӈ ₃ᵥ ̆

ױ ֓₃ᵥ ̆ Figure 87 Ȃ  

Figure 86 ԋ ҉ ̕ ᴉ ῒ῍

ᴉ* ץ Ȃ 

 

 

ᴉ;סר(נ;ᴁcᵤ  

ᴉ*;נ ᴁcᵤ;סר  

 נ

 ס

ᴁ;zᴉz 

ᴁ;zᴉz 

)  

 

Challenge 179 s 

Challenge 180 e 

Ref 171 
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סר(נ ץ ҹѿҩ 2× 2  
 

נ ס
ס נ

ῚҲ ס*נ ח &/00' 

 

ⱴ ӗ ԍ ⱴ ӗ Ȃ ̆ ץ ѿ

Ȃ Ҭ zᴉz ָӇ̙ 

҉ ̆ ⱴ ӗ ԅѿҩԋ ֜ ѿҩ ҉

Ȃ Ҭ̆ ԍ ᴉ̆ ԋ .;ע(ᴉס(ᴉфנ ңҩ (

.;נ )Ȃ 

ץ ҉ Ȃ ץ ҹӗץ ᵝ

Ȃῒזԋ Ӟ ץ Ȃ ΐ ᵝ (

)̆ᶛ Ҭ ֜ Ȃ 

ᵝ Ώᵬ amq)רqgl̆ ⱴ Ὲ ѿҩ Ȃ≠

amqײ ײqglר( ;&amq)רqgl'ᵩ̆ ץ ₮ amq0;amqф qglф ץ 

qgl0;0qglamqῈ Ȃ ѿ ̆ ᵝ ױ QM&0';S&/'Ȃ 

 
 

ᴉ;ᴁcᵤ &/01' 
 

∆ ῀ ױ Ȃ ᵝ(phase)̕ ᴁ̗ zᴉz ҹ ṿ(absolute value)

(modulu) ṿ(magnitude)̆ ꜚ ꜚ̆Ӟ ᴁҹ (amplitude)Ȃ

₱ ץ 0 ҹר ̆Ӟ  
 

cЕ;cф &/02' 
 

ױ ᵝ Ȃ  

Figure 87  

҈ ѿҩ ̆ Ȃ 

 ער

 ס נ

;קר ᵜᵝר
ᵞ

 

Challenge 181 s 

Challenge 182 e 

Challenge 183 e 

Challenge 184 e 
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ᵖ ֲ ҩ ң ז̆ ᴪ ₮ 
 

cЕ;cЕ)фᵤ;&cЕ)фᵤ'Е)фᵤ;c&Е)ф 'u&Е)ф 'u;cЕ ϩ
ʜ)ϩᵤ;cЕ ϩ

ʜ

&/03' 
 

̆ ;. ˻ Ԋ̙  

Ӟ ץ ₃ ₃ᵥȂ ץ ̆ ֓

ᵬ̆ ץ ȁ ȁῒ ץ̆ ȁ ȁ

Ȃ 

Ḃ ѿ ̆ ҩ ѿ Ȃᵰ ̙ 

 

Ἕ ̆ Ȃ 

ᵪ  

 

 

ᾝ   

 

ѿ ҉ ᵝ ץ Ȃѿҩ ҉ ᵝ ץ Ȃ

ױֲ ⌠ ȂᵖԊ ̆҈

Ȃ ץ ѿҩ ᾣ (quaternions)̆

̆ᵖ╠ ӗ ֜ Ȃ 1ȁ2ȁ4 ץ ӈ Ȃ 

ᾝ ԍ 19ҕ ̆ ѿז1̆* Ҭ №

ᾝ ȂԊ ҉̆ ᶏ ҈ ӊ╠̆ ᾥ ꜚⱬ ᾝ

Ȃ 

ӗ Ҋ̆ ᾝ ҉ ѿҩ ף ̆ῒ ת*ש*ר*/  
 

/ ר ש ת

/ / ר ש ת
ר ר / ת ש
ש ש ת / ר
ת ת ש ר /

&/04' 

 

֓῏ Ӟ Ώ ;фת;фש;фר ;שר*/ ;שר*ת;רש ;רת*ר;שת Ȃש;תר

ᾝ Ӟת*ש*ר*/ ҹ ᵣ ᾣ(generator)Ȃ ңᶷҌ

ᾝ ӗ Ҍ ֜ Ȃ ᾝ Ҭ ῀ԅ ֜ ̕Ҍ ᾝ ᶭ

ӗ Ȃ ԍ ֜ ̆ ᾝ

̔ ѿ .;/(фם Ȃ  

 
1* · · (William Rowan Hamilton b. 1805 Dublin, d. 1865 Dunsink)̆

ȇץ̆ ⱴ (Vulgate. Acts. 12: 4)Ȉ ѿҩ ԅ ᾝ (quaternions)Ȃ 

Challenge 185 e 

Challenge 186 s 

Challenge 187 s 

Ref 173 

Vol V page 358 
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ҩ ᾝ ם ץ № ᴇїҍ № ẚ ҹ Ҋ  
 

'ᴇї)ẚ;&ᴇї*ᴇЕ*ᴇф*ᴇо';&ᴇї*ẚ;תᴇо(שᴇф(רᴇї)ᴇЕ;ם &/05' 
 

ῒӗ ҹ &ᴇ*ẚ'&ᴈ*ẛ';&ᴇᴈ ẚẛ*ᴇẛ)ᴈẚ)ẚ ẛ'̆   
 

фנЕנ&;'фף*фע*фס*фנ&'Еף*Еע*Еס*Еנ& фסЕס фעЕע фנЕס(фסЕנ*фףЕף
фףЕע( фעЕנ*фעЕף фעЕס(фףЕנ*фסЕף(фנЕע(фףЕס 'фנЕף(фסЕע

&/06' 

 

῍ ᾝ Ⱶⱶⱶⱷם ӈҹ Ⱶⱶⱶⱷ;ᴇїם ẚ̆ ⱵⱶⱶⱷȂםⱧמ;Ⱶⱶⱶⱶⱶⱶⱶⱶⱷמם ᾝ ם zםz ӈ

ҹ zםzф;םםⱵⱶⱶⱷ;םםⱵⱶⱶⱷ;ᴇї
ф)ᴇЕ

ф)ᴇф
ф)ᴇо

ф;ᴇї
ф)ẚфȂ ӗ (multiplicative)̆

zמםz;zםzzמzȂ 

ҍ Ҍ ̆ ҩ ᾝ ҍῒ ῍ ῏ Ҋ 
 

;Ⱶⱶⱶⱷם
/

0
'תםת(שםש(רםר(ם& &/07' 

 

῏ Ȃ Ҭ̆ ῒ῍ ̕ ᾝ ↕Ҍ Ȃ

̆ ᾝ ₱ Ҭ Ҍ ₱ Ȃ 

zמםz;zםzzמz (four-squares theorem) 
 

;

Еנ&
ф)נф

ф)נо
ф)נϩ

ф'&סЕ
ф)סф

ф)סо
ф)סϩ

ф'

ЕסЕנ& фסфנ оסоנ 'ϩסϩנ
ф)&נЕסф)נфסЕ)נоסϩ 'оסϩנ

ф)

фסϩנ(Еסоנ(оסЕנ& 'ϩסфנ
ф)&נЕסϩ)נϩסЕ)נфסо 'фסоנ

ф

&/1.'  

 

ԍ uנ ŭס ԍᴋᵥῇҩ Ȃ (1707-1783)ԍ

1748 ̆ ז ҩ ҩ Ȃ(ᵖ ⌠ 1770

· Ȃ) 

№ҹ ᾝ ҹ (vector̆ ז ԅ ҩ )̆ ҹ

ץ ׂױ ҈ ꜚ ̕ᵖ Ȃ ᾝ

ׂ ҹ ᾝ ȁ ᾝ ȁ ᾝ Ȃңҩ ᾝ ẚ'ҍ*.&;כ ל ;&.*ẛ'

ӗ ҹ ẚẛ*ẚ&;לכ ẛ'̆ ῒҬ ̆× Ȃ ̆ᴋᵥ

ᾝ Ώץ ңҩ ᾝ ӊ Ȃ 

҉̆ ᾝ &.*ẚ' Ҋ ҹ ҌἝ ꜚ ̕ ᾝ

ẚ;&ᴅᵳ*ᴅᵴ*ᴅᵵ' ӈ 180° Ȃ 

҈ Ҭ̆ ѿ ᵝ ᾝ ז ̆Ӟ ҹ zזz;/

ᾣ (normed quaternion)Ȃ ᾝ Ώץ &amq-0*Ẓqgl-0'̆ ῒҬ

Ẓ; ᵵײ*ᵴײ*ᵳײ ̆ Ȃ ᵝ ᾝ

'amq-0*Ẓqgl-0&;ז ᾝ 'ẚ*.&;כ ҹ ѿ ᾝ ל ;&.*ẛ'̆  

 

ל *זכז; &/1/'  

Challenge 188 ny 
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̆ ץ ᾝ ( כ ל ) ᵝ ̆↕ ᵝ ᾝ

Ȃ ң ᵝ ᾝ ӗ ₮ȂԊ ҉̆ Ẑ

̆ ẑ ̆ ᴇԍ Ẓ ̆῏ Ҋ 
 

amq
0
*Ẓqgl

0
; amq

0
*ẑqgl

0
amq
0
*Ẑqgl

0
&/10' 

 

Figure 88 ԅ ѿ῏ Ȃ ᵝ ҉ └҈ ̆ 1/2 ̆

ץ ң Ȃ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ᾝ ҹ ̆Ӟ ץ ѿ ȂҌ ѿ ̆ Figure 89

̆ ҉ΏҊ ̆ת*ש*ר*/ ӈ҈ 180° ̆ ҹӗ

̆ Ӈ ꜚ ҍ ᵝ ᾝ ñ ↕òȂ(

№ ҍר( ר̆ ῒ ᵝӞ Ȃ ӗ ̆ ᵰ

ֲ ⌠ ҩ Ȃ) ץ ;фת;фש;фר /̆ ̆/;ϩר

ῒ ᾝ ῏ Ȃ ҩ ̆ ᾝ ѿ Ȃ

ӊ̆ ңҩ ᾝ ӗ לכ ҹᾢ Ῥ̆ל כ̆ Ӈ

ץ ᾝ Ȃ ᾝ ҍֲ ̆ ᵌԍ 1/2 Ȃ ᾝ ҍ

Ȃ 

ҹ ץ Ȃ ҈ ԅ҈

ñ ֜ (special orthogonal group)ò̆ ҹ SO(3)Ȃᵖ ̆ - - ꜚ ԅѿҩ

Ҍ ̆ҍ SU(2) Ȃ ԍ Ҭ₮ ԅ ̕Ԋ ҉̆

҉ 0 ԍӗץ /Ȃ ⌠ 20ҕ ױֲ̆ ⌠ ѿ֓

̆ῒ ҹ ̆ ̔ (spinor)Ȃ╠ №

׃ ԅѿ֓῏ԍ Ḥ ̆ ҍ ץ Ȃ ӊ̆ ᵝ ᾝ

SU(2) SO(3) (double cover)Ȃ  

Figure 88 Ȃ 

Ẑ 

Ẓ 

ẑ 

0
 

0
 

0
 

Figure 89 ̆ץ ᾝ Ȃ 

ẍ 

ẏ 

Ẏ 

 ת

 

 ר
 ש

ᶚ 

 

Challenge 189 e 

Challenge 190 s 

Ref 174 

Ref 175 

Ä06 1/2 

Vol V page 369 

Ä06 1/2 
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ֲȁ ȁ ᾝ ҍᵝ Ȃ3D

ᴆ ᾝ ᾣ ׆̆ ᶏ Ȃ 

ᾝ ף ҉ ѿ ȁ ֜ ȁ ᵝᾝ(identity) ף

Ȃ ᾝ ѿҩ ֜ ̆ (skew field)̆ῒҬ̆ ᾝ ם ҹ ם Е;

zф ȂםⱵⱶⱶⱷ-zם ױ ץ ӈ ᾝ ( מם Еҍ מ ЕםҌ )Ȃ ᾝ

ש (division algebra)ȂԊ ҉̆ ᾝ ȁ ȁ ҈

ף Ȃ ӊ̆ ᾝ ѿ ֜ ף

Ȃ ᾝ Ҭ (centre)̆ ҍ ῒ ᾝ ֜ ᾝ ̆

Ȃ 

ᾝ ץ ҹ Ҋ  
 

־ ֿ
ֿ* *־

ῚҲ ֿ*סר(נ;־ ףר(ע; &/11' 

 

נ ס ע ף
ס נ ף ע
ע ף נ ס
ף ע ס נ

   ῚҲ ף*ע*ס*נ ҿ &/12' 

 

ῒҬ ᾝ Ȃףת(עש(סר(נ;שֿ(־;ם ⱴ ҍӗ ᾝ ⱴ ҍӗ

Ȃ ᾝ ᾝ ᵬ  
 

/8ї * 8ר Е * 8ש ф * 8ת о &/13' 
 

ῒҬ ᵩ ⌐ (Pauli spin matrices)*1 

4× 4 Ҍ ѿ̆ᶛ Ӟ ץ  

נ ס ף ע
ס נ ע ף
ף ע נ ס
ע ף ס נ

&/15' 

ᾝ 3× 3 Ȃ 

֓ ᾝ ̆Ҍᴪ Ȃҍ Ҍ ̆ ΐ ᾝ

ᾝ ̆ ̆ ҹ ᾝ ӗ Ҍ ֜ ̆ Ἕ rp־ ;ֿrpֿ־

῏ ѿ Ҍ Ȃ  

 
1* ≠  

.;ᶚ;
/ .
. /

* /;
. /
/ .

* 0;
. ר
ר .

* 1;
/ .
. /

&/14' 

ṿ ҹ /̕ ױ  Y*u [β);0ᵤ ҍβ Y*u [β;0uר ᵦᵧγȂ ;&Е ф'-0Ӟ

Ȃ Ḃ ѿ ̆ ᾝ ѿ  ЕȂר8ת*фר8ש*оר8ר

Challenge 191 ny 
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ᾝ ꜛԍ ̙ ᾢ̆ ױ ⌠ (binary rotation) ᵌԍᵝ ̆

Ӟ ᵌԍ ̔ 3- Ȃ ᵬ ̙ ̆

ñ ò̙ ױ ѿ ̆ ҍ Ȃ 

ᾥ ᾝ ΏҊԅז ꜚⱬ Ȃ( ῗ ֝ ῀

ԅ ׂ 3- Ȃ) ֓ ץ ᾝ ץ ӥΏȂ

№ / ᾝ ᵝ Ȃת*ש*ר ̆ ҩ ꜚⱬ ԍѿ ̔ 
 

b׃;
ז

ї

&/16' 

 

ῒҬ ׃ ӈ ז̆ ӈ Ȃ ӈ Ҋ̔  
 

(ׂ;׃ ֿע/

תׂ(ᵴשׂ(ᵳרׂ;ׂ ᵵ

תֿ(ᵴשֿ(ᵳרֿ;ֿ ᵵ

b; ) /ᵯ-ע

ᵵת(ᵴש(ᵳר;

;ז ) /ׇ ע-

&/17' 

 

ῒҬ ׂ ץֿ № ׇΐ ӈȂ (138) ῤ ҍ

Ὲ ῃ Ȃ 

ᾝ ΐ ⱬ̆ ғ ̆ᵖᵌӍ ꜛԍ ӈ ̆Һ

ҹῒ Ȃ ̆ Ȃ ᾝ ̆ᵖҌ

ᴪҹ ᶫ Ȃ 

 

 

ῇᾝ   

 

ᾝ ̆῍ᾣ (octonions)↕ ᾝ Ȃ ·₣ (Arthur Cayley, 

1821ï1895) ᾢ ԅ Ȃױ ӗ Ҋ̆ῇᾝ ҉ΐ ᾝ 1 φר ῇ ף

ᾝ ̆ῒҬ µ5̆/;ײ  
 

/ Еר фר оר ϩר ϧר иר зר
/ / Еר фר оר ϩר ϧר иר зר
Еר Еר / оר фר ϧר ϩר зר иר
фר фר оר / Еר иר зר ϩר ϧר
оר оר фר Еר / зר иר ϧר ϩר
ϩר ϩר ϧר иר зר / Еר фר оר
ϧר ϧר ϩר зר иר Еר / оר фר
иר иר зר ϩר ϧר фר оר / Еר
зר зר иר ϧר ϩר оר фר Еר /

&/2.'  
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Ԋ ҉̆ 479ҩ ᴇ ӗ Ȃ ף ҹ₩ ש (Cayley algebra)̆

ѿҩ ᵝᾝ ѿ Ȃ ף ȁ ̕ᵖ ֜ (alternative)̆

ԍ ᾝ ᴇ ᴈ̆ ᴇ&ᴇᴈ';ᴇфᴈ &ᴇᴈ'ᴈ;ᴇᴈф̔ ѿҩ

Ȃ ѿ 8 ֜ ף Ȃ ҹ ̆ ץ ῇᾝ

O Ҍ ̆ӞҌ ̆ ñ₣ ò Ȃῇᾝ ѿ

ñ ò̆ ӗȂῒ ᾝ ׆ &φרρר'γר; φר&ρרγר'̆ ῒҬ

ᾝ ̆ 1-2-4Ȃ 

ῇᾝ ץ ҹ Ҋ  
 

־ ֿ
Ⱶֿⱶⱶⱷ־Ⱨ

ῚҲ ־ғֿ ᾣ Ї־ғֿ 6 6 &/2/' 

 

̆ ӗ ҍῇᾝ ӗ Ȃ  

῏ zᴆᴉz;zᴆzzᴉz ₮ ῇ (eight-squares theorem) 
 

Еנ&
ф)נф

ф)נо
ф)נϩ

ф)נϧ
ф)נи

ф)נз
ф)נϔ

ф'&סЕ
ф)סф

ф)סо
ф)סϩ

ф)סϧ
ф)סи

ф)סз
ф)סϔ

ф'

ЕסЕנ&; фסфנ оסоנ ϩסϩנ ϧסϧנ иסиנ зסзנ 'ϔסϔנ
ф

ϩסоנ(Еסфנ(фסЕנ&( иסϧנ(оסϩנ ϔסзנ(ϧסиנ 'зסϔנ
ф

оסЕנ&( фסϩנ(Еסоנ(ϩסфנ ϧסзנ(ϔסиנ(зסϧנ 'иסϔנ
ф

оסфנ(ϩסЕנ&( зסиנ(ϔסϧנ(Еסϩנ(фסоנ иסзנ 'ϧסϔנ
ф

ϧסЕנ&( зסоנ(иסфנ фסиנ(Еסϧנ(ϔסϩנ 'ϩסϔנ(оסзנ
ф

ϧסфנ(иסЕנ&( ϔסоנ зסϩנ 'оסϔנ(ϩסзנ(Еסиנ(фסϧנ
ф

зסЕנ&( ϔסфנ оסϧנ(иסϩנ(ϧסоנ 'фסϔנ(Еסзנ(ϩסиנ
ф

ϧסϩנ(иסоנ(зסфנ(ϔסЕנ&( ϩסϧנ оסиנ 'Еסϔנ(фסзנ
ф

&/20' 

 

ԍ uנ uסȂ( ↕ ᵣ̆ Ҍ Ȃ)

· · (Carl Ferdinand Degen, 1766ï1825)ԍ 1818 ̆ ·

(John Graves)ԍ 1844 ץ ·₣ ԍ 1845 Ȃ ·

(Adolf Hurwitz, 1859ï1919) 1898 Ҍ Ῥ ⌠ Ȃ  

ῇᾝ ԍ ̆ ץ ҈ ҉ץ ӈȂ  ×   
 

ᴄ ᴅ; ᴅ ᴄ ֢ (anticommutativity)

&ᴄ ᴅ'ᴆ ;ᴄ&ᴅ ᴆ' ֢ ∑(exchange rule)
&/21' 

≠ ӈ 

ם ;מ
/

0
מם& 'םמ &/22' 

 

ᾝ ̆ &.*ẙ' ᾝ ̆ᶭ ̆ғ ԍ ҈

׆̆ (143)Ȃ ̆ῇᾝ Ӟ (144)Ȃ ῇᾝ ӗ Ӟ

̆ ғӞ (143)ȂԊ ҉̆ ԋ ₄ ’Ȃ  Challenge 193 e 
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ӊ̔ ԍ҈ ҂ Ȃ ̆ ῏ ҍ

῏̆ᵖ ֓ ᴋᵥ ⱳȂ 

Ҭ ⱬ ԅѿҩᴧ Ȃ ᵝ U(1)̆

ᵝ ᾝ SU(2)Ȃ Ӈ̆ ᵝῇᾝ SU(3) ̙ 

 

 

ῒ   

 

ñ ò ף ñⱴṐò̆ ץ ף

Ȃ ̆ῇᾝ ȁ Έᾝ (sedenions) ⱴṐ ̆ Ҍ ӞҌ

̆ ΐ ᵝᾝ ף Ȃ ץ ӈῒ ҉ΐ ᵝᾝ ף

̆ ҹ ñ ò̆ ̔ñdual numbersò ñdouble numbersò ñCliffordïLifshitz 

numbersòȂ ױ ҬҌ ᵬ Ȃ 

ӈԅΐ ñone and a bitò̆ ף Ȃ Ӟ

ץ ⌠ ̔ (Gaussian integers)̆ ӈҹ ױ̆ר(ײ ῒҬ ײ ױ

Ȃ ӈԅ ׂ (Gaussian primes)Ȃ( ӇẠ ̙) ױ

Ҍ ԍ ̆ᵖ Ҭ̆ ԍ Ȃ 

ⱬ ҹñᴀ (q-numbers)ò̆ ᵖ ҩ Ȃ 

ѿ ԍ Ȃ (transfinite 

number) (ordinals)ȁ (cardinals)ȁ (surreals)Ȃ ҉

̆ Ȃ ӈ҉ ̆ Ҭ̆

ᵬ ҍ Ҭ ᵬ ᵌ̆ ԅ ӊ ̆ Ἕ

Ạ Ȃ ̆ Ҭ ↓ Ҭ Ȃᵰ ҽҩᶛ

̙ 

(surreals) ̆ ‰№ (nonstandard analysis) Ӟ

̆Ӟ ҹ (hyperreals)Ȃҍ Ҍ ̆ ңҩ Ҭ 1 .,777777µҌ

̆ ῒ Ȃ ╠ӊױ Ȃ ‰ ץ ӈ №

№Ҭᶏ ̆ Ҭ Ȃ 

 

 

׆ ⌠ ᴿ   

 

(vector space)̆Ӟ ҹ (linear space)̆ ҈ ֓

Ȃ ᴋ ңҩᾝ ץ ⱴ̆ᴋѿᾝ ץ ӗ̆ғ ׅ

Ҭ̆ ↕̆ Ӈ ҹ Ȃ 

℗ ̆ ҉א ѿ ̆ῒᾝ ҹ ̆ ӈ

ⱴ ҍ ӗ̆ ԍ ץע*ס*נ Ҭא ᴁ*ᴂ̆ ̔  

Challenge 194 s 
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Ref 177 

Ref 171 
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