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Die Menschen stärken, die Sachen klären. 
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╠  

 

Primum movere, deinde docere.*1 

(Antiquity) 

 

ҚӥΏ ᴋᵥ ꜚ ῐ ֲȂԊ ȁֲ ȁꜚ ȁ Ἕ

ᵥ ꜚ ̙ҹ ̆ ױ ҉ѿ ұ Ȃ ̆

׆ ⌠≠ ׆̆ ᾣ℗◓ ⌠ֲ Ȃ 
 

ף Figure 1 ̆ ꜚ ῒ ֲ

№Ȃῒ ̆ ױ ₃Ӎѿ℗Ԋ Ȃ Έ ҈

̆ Έ ԍ 1990 ץ ҈ ץ̔ ȁ ȁ ֲ῀

ꜚȂ   
 

Έ ԋ ̆ Έ ⱬ ⌠ 1990 ץ ҈

ץ̔ ȁ ȁ ֲ῀ ꜚȂ 
 

ҹ ̆ ᶷ ̆ Ȃ Ὲ

Ȃ Ȃ 
 

ҹ ̆ ԅ Ҭ ҍ Ȃ 
 

ҹ ֲ῀ ̆ ñ ò Ȃ Ἕѿ ̔

⌠ ̆Ҍ Ḥ ̆ ̆ Ȃ ױ ̆

ᵣ Ȃ ̆ץ ѿᴍ ᶫ Ȃ 
 

ӥ ñdie Menschen stärken̆ die Sachen klären.ò̆

ҹ̔ñTo fortify people, to clarify things./ ָЇ òȂ Ԋ ȁ ̆

שּׂ ̆ ҹֲױ ̆ ᵄ Ȃ ᾥ ̆ ⱬ ̆

ᴪᵣ ⌠ Ȃ ӊ ̆ ԍ ̆ ꜚḂ ῒҬӊѿȂ֣

ӊ Ȃ 

 

ᾥ ·  (Christoph Schiller) יּ

 

 
1* ñᾢ ꞉̆Ῥ Ȃò ף ꞉(moving)( ) Ạ ꞉(motivating)̕ ңҩ Ҁ
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ᵓ⌐  Ⱶ   

 
꜠ ҕ ̔ ғ ֲ Ȃ 

̔ ꜚ, ӏ, , ,  

, (vol.I) 

ᶏ ᾣ, , ,ԅ ֲҍ (vol.III) 

 

ҏ 1/˂ 
̔  ₮  

,  

֙, , , ,  

, , ,

֟ҙ 
(vol.IV and vol.V) 

( ‼ )   

ҏ c/˂ 
̔ ⱴ ,

ᾥ, ᵣ, ץ,

, ,

 
(vol.V) 

῝ Ⱶ  

ҏ 1/4G 
̔  

 ,

, ,

 
(vol.I) 

ӎ   

ҏ c4/4G 
̔ ,

ғ ꜚ

,

ץ ,

, (vol.II) 

῝ Ⱶ   

̔ Ҭ

 
(vol.V) 

ҏ 1/4G˂  

ҏ c 

꜠ ҅  

ҏ  c4/4G˂  
̔ ҅⅓ ꜚ, ,֣

, ҍ , ѿ ӏ(vol.VI) 

̔ 

꜠ᵲ (least action principle)

‰ ꜚ 

   ╠ ̔ 

ⱴ ꜠ (motion limit) 

‰  

G 

└ 

 

ꜚ 

 ˂e k 
└ 

 

ꜚ 

c  
└ 

 

ꜚ 

ӎ   

̔ᾣ  

   

E0 = mc2 

(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 G └

ꜚ̆ ꜚ ↕ ᾣ c ₮̆ ꜚ №≢ ( ) ᾥ ȁ˂ e

ῗ k ₮Ȃ 
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ӥᶏ   

ȁῒ ȁ ҍ Ȃ Ҭ̆ ȁ ȁ

ץ Ȃ ̆ ץ

www.archive.orğ Ḡ ԅ ◐ Ȃ ӥ ᾧ pdf̆ ץ

www.motionmountain.net⌠̆ῒҬ( ) ₯

Ȃpdf ̆ ץ Adobe ReaderȂ 

₮ԅ Ȃ №ҹ (e, easy)ȁ ‰ (s, 

standard)ȁ (d, difficult)ȁ (r, research)ȂӥҬ ᶫ ‗

ҹ(ny, no solution has yet been included in the book)Ȃ 

 

ӟ   

ӟ̆ ױ ץ ҹָӇ ֲȂ ӟ̆ ȁ ⱬȁ

Ȃ ѿ ӥ̆ ῒ ѿ ῏ԍ ӥ̆ ̆≢Ἕ

⅝ᵌ ӟ̆ ԅ˻ӞҌ ᵰ ӥ҉⅝̆Ҍ ȁ

҉ ⅞ ̆ ȁ ᶫ Ẋ ȁᴪᶏ ץ ȂҌ ҹ ⱴ

˻≢ ӟ̆ ῒ≢ ȁ ȁ ӟȂ

₃Ӎ Ȃ № ̆ᴪ ֲ҉ ȁ ӟȂ

ᵰץ ӟ̆ ᵰ ˻ ӥ҉Ӱ Ӱ

ӟȂ 

̆ ӟ ҹ ̔ ᵰҹԅ

ӟ ѿ ̆ ᵰ Ἕ ᵰ ѿ №̆ ₮ Ȃ

Ạ⌠ ѿ ̆ Ῥ ̆Ҍ ̆ ⌠ Ἕ

₮ᵰ ⌠ ῤ Ȃ֣ ӏ ˻ᵰ ץ ҍ ѿ ̆

ẠȂ ᵰ ῤ Ặᵰ ⁞ ӟ ̕

ᵰᴪ ӟ ̆ Ȃ ץ ᵞ

ᶏ ̆ Ҍ ẠȂ 

 

  

̆ ױז ῒ Ȃ ᵬ ⱳ ῏

Ȃ ᵰ ̆ ҉ ╠̆ ȁ ̔ᵰ Һ ̕

ȁ ̆ᵰ ᵥ ҩ ̆ Ἕᵰѿױז ֣ ҩҺ

Ȃ Ạ ҩ ӟȂᵰᴪ⁞ ҉ ̆ ᵰ

ⱳ Ȃ 

ӥ ҹ ̕ ҕӂ ҹ ҍ ֣ ̔

ꜚ Ȃ 

 

http://www.archive.org/
http://www.motionmountain.net/
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̆ Ȃ 

ף ̆ ╠ Ȃ ԍ ≢ ̆ ᵰ ̆ᵰ
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└ᵬȁ ₮ ↓ӥ ȁᾧ ≠ Ȃ ῏

̆ www.motionmountain.net/donation.htmlȂ Ⱶ ᴪ

ᶏ Ȃ ̆ ↓῀ ꜛ Ȃף ҕ

̆ ╠ ꜛȂ 

ӥ ̆ ̆ ץ www.amazon.com ⌠̆

֓ῒ Ȃ ̆ Ȃ 
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Chapter 1 

01. ꜚ · ·  

 

 

ᾩ(light) ָӇ̙ ↨↨ױ ӟԅ ̆ ҩ ̆ᵖ

ꜛ ױ Ȃ ̆ ױ ԅ ᵥ ᾣ ꜚҍ ᵣ ꜚ̆ ԅ

⌠̔ᾣ ѿ Ả ꜚ ᵣ̆ᾣ ױ ‰̆ᾣ ѿ℗

Ȃᵖ ױ Ҍ ᾣ ̆ӞҌԅ ̆ Ҍ

ᵥ ₮ Ҽ ᾣ*1Ȃ 

ҩ Ӟ ‗̔ᵥҹ (contact)̙ ױ Ҭԅ

⌠̆ ῤ ѿ℗ ԑᵬ ̆ ԍ қ ֜ Ȃ ֜ ⌠

̙ ױ ԑᵬ ̆ᵖ ָӇ̙ 

҈ҩ Ӟ ̔ ױ ᵥ (sense) ָ̙Ӈ ᴶ (sensor)̆

ױ ₮ ᵥ ῤ Ҭ ̙ ῤ ѿ℗

ᶏ ⱬȂ ӇָӇ (data)ָ̆Ӈ (electricity)̙ 

ᾣ ȁ ȁ ̆ ֓ ῏ ⱬȂ ױ Ḃ׆ҕ

₮ѿ ꜚ ̆ ᴪ ⱬ₃Ӎ Ȃ ȁ ȁ ȁ ꜚ

ⱬ ̆ ӊᾣȁ ̆Ӟ ҍ ⱬ ῏Ȃᵰ

̙ᵰӞ Ἕץ ѿ ̆ Ȃ Ạ ̆ Ҍ

ꜚ Ȃֲѿ Ҭ̆ ᴪ 30ַ ̆ Ả Ȃ 

ֲ ӊѿ̔ ȁ ȁᾣ ȁ ̆ ױ ҍ

╠ ң ⌠ ῏Ȃ ң ̔ 

 

 ѿ℗ ꜚ̆ ԍ Ȃ 

 

↨ ȁҌ ῀̆ ԍῒῤ ̕ ᾣȁ ȁ

ᵬ̆Ӟ Ȃ ῃ ѿ №̆ Ҍױ ⱬ

ҍ Ȃ 

ᾣ ȁ ȁ ̆ ᵌ ᵥᶏ ᵣ Ȃ ̆

ꜚ ׆ ᴋᵥ ꜚ ̆ Ἕ ⱬӊ ѿ Ȃ

̆ ҈ץ ₮ Ȃ 

 

 

 
1* Page 14 ԍ 2006 (Telstra Tower) (©Oat Vaiyaboon)Ȃ 

Vol II §2:  

Challenge 2 e 

Ref 1 
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̔ ȁ ȁ   
 

Figure 3 ᴪ ױ ̔ ꜚ Ẓ

Ȃ Ӟ ֟ Ȃ ҩֲ ץ ᴋᵥ

’ҊẒ Ȃ 

ֲ ⌠ԅ *1Ȃ Ԋ ԍ ̆ №

̆ ҆ (amber)Ȃꜚ ᵣ̆

ȂῈᾝ╠Έҕ ̆ ҂ ӊѿ יּ ѿ ȂӞ ץ

ῒז Ạ₮ ̆ᶛ ̆ ̆

Ȃ ̆Ӟ

⌠ Ȃ(ᵰ ᴪ ָӇ ̙) 

Ԋ ѿ № (lodestone)̆ ѿ ҕ

̆ᶛ ≠֒(Thessalia)ѿҩ ҹ ֒(Magnesia) ץ Ҭ֒ ѿ

֓ Ȃ ң ̆ ᴪױ ԑ Ȃ Ӟᴪ

(iron)ȁ (cobalt)ȁ (nickel)└ ᵣȂ 

ᵣ̔ ( 1 ) ̕ (c. 1 cm) ̕ (c. 10 cm)

ῒ Ӟ ֲ (© Wikimedia, Philips) 

Figure 2 

ᵥ ױ ̆ ῒ  (photo © Robert Fritzius) Figure 3 

 

 

1* ̔ ῤ ₃Ӎ ף ᾟ ȇ ĿӰ Ȉ ñ ̆ òȂᵖ

̆ ᾟ ̔ ҍ ⱳ ᵌ̆ Ἕҍ ҉ ñ ò̆ ץ

ᴂ Ȃ ѿ ѿ ⌠ ׂ 21ҕ Ȃ 

̆ Ҭ Ҍ ȇ (  )ȈȂ 

Challenge 3 s 
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ױ ׂ Ҭ ԅ ΐ қ ̆ Figure 2 ᶷ

Ȃ Ҭ ѿ֓ ץ ᵰҍ ֜ ̆ ץ ̆ ѿ֓

ץ ᵰ Ȃ 

ӊ̆ Ҭ ֓ ᵣ ץ ѿ (at a distance)ῒ ᵣȂ

ױ ⱴ ᵣ̆ῒ ѿҩ Ȃ (field) ѿ ᵣ(entity)̆

ⱴ ῒ ᵣ Ȃ 

 

 ꜚ (A field is space that changes momenta)Ȃ 

 

ᵰ ̔ Ⱶ (a field is space that exerts forces)Ȃ ̆ ΐ ѿ֓

Ȃ ̆ᵖ ѿ Ҍ Ȃ ҈ ᵣ

֟ ҈ ̔ 

 

1. (electric field)ȂElectricity( )ѿ Ὶ

· ᴿ (William Gilbert b. 1544 Colchester, d. 1603 London)͂ ̆

ɚŮəŰɟɞɜ̆ ҹñ ֦̆ òȂ ӄ ᵣ ҹ ᵩ(electret)Ȃ

ᵣ ץ ֓ ᵣ ̆ Ҍ ̆ ֓ ҬȂ 
 

2. ֒(Magnesia) ̆ῒ ҹ (magnetic field)̆֟

ᵣ ҹ (magnet)Ȃ └ Ȃ 
 

3. ҹ / (radio field) (electromagnetic field)Ȃҍ

╠ң Ҍ ̆ Ȃ ױ ᴪ ̆ ̆

֓ Ȃ ᵣ̆ ̆ ҹ

̆ѿ֓ Ȃ 

 

̆ ̆Ӟ Ȃ ᴪ ᵣȂҹ Ḃ ̆ ױ

Ҍ Ȃ Figure 4 ̆

Ȃ ҍӊ ᵌȂ ֓ ᶃ

̆ ₮ ᾥ · (Michael Faraday)Ӟ ԅ ἝȂ 

ױ ץ ҹ ҩ ҉ ̆Ӟ ץ

ҹ ҩ Ҭ ѿ Ȃ ң ̆ӊ ᴪ ⌠

Ȃ 

̆ ȁ ȁ Ҭ ⌠ȂԊ ҉̆

̆ Ҍ ֟ ֓ ˻ ⌠ׂ ̆ ׅҤ ֟ ᶏ

֓ Ȃ ֓ ̆ ԍᴋᵥᴪ ꜚ ȁᴪ ₮ └ ꜚ

Ἕ ̆ └ ῤ Ȃ ̆ Ӟ ᴧ Ḡױ ԅ₃№

Ȃҹԅ ֓ ⱬ̆ ѿ֓ Ȃ 

Ref 2 
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( ) Ҭ ( ) Ҍ қ ̔ ΐ Ȃ

ѿ ̔ ᵣ ̕ ԋ ̔ң҈ҩҌ ̕ ҈ ̔ңҩ ̕

̔ EҬ ץ̆ ңҩ ӊ Ȃ ⌠ ⱬ F

(electric field lines)̆ ₮ԅ ׆̆ ₮ԅⱬ  (© MIT, Eli Sidman, MIT) 

Figure 4 
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ᵥ└ ̙  

 

̆ ♥Ҭ Ȃ ꜚ ȂFigure 5Ҭ

̆ῒ ץ 600 km/ s ╠ Ȃᵖ ꜚ ָӇ ̙ҹԅ

̆ ױ ⌠ѿ ҹ └ Ȃ1995 ̆ (Opel) Ὲ

ԅѿ └ Ȃ 

Ҭ ҉ ԅѿ ֟ └Ȃⱴ ᶿᴪ֟ ̆

ᴪ ⱴ Ȃ Ҍ Ҍ 200҆ Ȃ 

ױ ԅָӇ ױז̙ ҬẠ₮ԅ ̆ ∆ ·

*1 ̔ (Kelvin generator)Ȃ ץ DIY̆Һ ̔

ңҩ ȁ ҩ ̆ῒҬңҩ ң ̆ ̆ ѿ֓ ѿ

֓ Ȃ Figure 6 ѿ ̆ ꜚ ̆ ᴪױ ̔

ң ӊ ꜚ̆ ₮ Ȃ Ạ₮ ҩ ̆

ָӇ ᴆ̙ Ӈ ḱ ױז ̙ 

  

 
1* · (William Thomson, b. 1824 Belfast, d. 1907 Largs)̆ ̆

(Glasgow University) Ȃז ⱬԍ ̆ ֓ ҹ 6000

̆ᵖӞ ҹץ ( ) Ȃז ȁץ ȁ

ꜚⱬ ֟ ԅ Ȃז ᴰԅׂ ᶏ ñ (energy)òѿ ̆ Ҍ ֲפ

Ȃז ѿ ⱬ ץ ӊѿ̆ ᾥ

ȂҺ ԍ ҩ ז̆ ȂזӞ ѿ ӊ

ѿȂז ≠֒ ף ֲ ғḤ ̆ ז ҹ ז̆ ԅ Ӡ ѿ

ᵬҹז ̕ ז̆ ҹԅ (Baron Kelvin of Largs)Ȃ ̆ ᵝ

ԍ ῌ ѿ Ȃ 

̔ ꜚ

̆ ԅ ₯ (© Steven Horsburgh) 

Figure 5 

Ref 3 

Ref 4 
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Ҋѿ ⌠ ӊ╠Ả ̆ᴪ ң Ȃ

̆ ᵬ ҍ ᵬ ̆ ғ Ȃңҩ ץ

ᴆ ̆ ̆ ⌠ ₮ Ȃ ̆ (₃Ӎ)

Ȃ ̆ ֓қ Ҭׂ̆ ױ ӊҹ (electric charge)̆

Ӟױ ֓ ᵣ (electrically charged)Ȃ ̆ ץ

Ҭ ꜚȂ ̆ Ӟ ̆֟ Ȃ 

ױ ̆ ңҩ ң Ҍ ̔ ѿҩ ᵣᴪ

ѿҩ Ȃ · (Charles Dufay b. 1698 Paris, d. 1739 Paris) ̔ 

 

 ң Ҍ Ȃ 

 

ѿ ↓ ה ז̆ ז ץ ̆ ғ

ҹң№ץ Ȃז ᾢ ̔ 

 

 ᵣ ԑ ̆ ᵣԑ Ȃ 

 

̆ѿ℗῏ԍ ץ ֓ Ȃ ң ҹ

ñ (vitreous)ò ñ (resinous)òȂ Ҍ ̆ᵖז ᴰ

Ȃ₃ ̆ · (Georg Matthias Bose)≠ ױ ԅ ѿ Ữ ̆ ᶏ

Ȃ*1 

 
1*  

̕ ҩ ֦ ᾣ (photograph © Harald Chmela) Figure 6 

  
 

 

  

  

  

 

!  

ׅ Ȃׂ ֟ץ ( )Ȃ ѿ №ֲ

̆ᶛ ̆ www.kronjaeger.com/hvȂ ֲӯ ȁ Ғҙֲ

Һ ֒ ̔ ⱴ Ȃ 

̔Georg Bose ԅᾥ (Georg Von Kleist)̆ Ȃ 

Ref 5 
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ҕ 1750 ̆ף Ὶ · ῌᾥ (Benjamin Franklin, 

b. 1706 Boston, d. 1790 Philadelphia) ̆ ҉֟ ҹ

(positive electricity)̆ ̆ ҉ ᵬ (negative electricity)̆

ȂӞ ז̆ ₮ ң ̆ ̔ 

 

 ѿ Ȃ 

 

ԅ Ȃ ̆ ᵣ ԑ

̆ ᵣԑ ̆ ᴪ ԑ Ȃ ṿ

Ȃ ֓ ԅѿ ῃ Ȃ 

ӊ̆ ꜠ ̆ ᴋᵥ ꜚ Ȃ Ӈ ꜚ

̙ ѿ ѿ ҩ ̆

ѿ ₮ Ȃ Ҭ̆ ңҩ ₃Ӎ ֟ ̆ ҩ

ԍ ױ Ҭ ῒ Ȃ ᵥ ̙ҹָӇҌ ֲ ⌠ԅ

Ҍ ṿ̙ ֓ ̆ ҍᾣץ ̆ ׆

ᾣ Ȃ 

ȁ ȁ ̆ ᵌ̆ ױ ̙1752 ̆ ῌᾥ ԍ

1751 ᴶ ̆ ̆ ץ ׆ Ҭ

ⱬ*1 ̔ Ԑ Ȃ ֓ ᶏ ῌᾥ ԍҕ̆Ӟ ҕ

Ȃ ̆ ῌᾥ ҉ ԅҩ ̆ᵖ ֓Ҍ

̆ Figure 7 Ȃ ҩ · (Andrew Gordon) ̆ ҹ

(electric chime)̆ῒ ᴆ Ạ Ȃ ̆ ⱷ Ҭ̆

֟ ᵥ ץ̆ ҹָӇ̙(℗ ҩ ̆ᴋᵥ ⌠ ҉

˻)  

ӊ̆ ԓ ᵩȂ ץ ῒ ᾟ ̕ ң

̕ ץ ꜠(flow)̔ ҹ (electric current)Ȃ ᵩ(conductor)

̆ ҹ ᵩ(insulator) ב (dielectric)Ȃ ᵣ҉ ᴪ ᵝ

Ȃҍ ̆ ᵣ̆ ᵣ҉ ῒ ̆ ᵣ

Ȃ ң ̆ ╠ҕ ҉ ҊȂ

Ӟ ᵣ̆ᵖ ̆ ץ ׆̆ ֟ ̆

̆ ֟ Ȃ 

 

 

 

 
1* ֟ ᴰ ׅ Ȃ§5:  ₮ԅ׃ Ȃ 

Challenge 5 s 

Challenge 6 s 

Ref 6 
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ѿ℗ ץ ̆ ̔ѿ֓ ᵣ Ҍ

Ҭ ᵣ ̆ ѿ֓↕ ӊ Ȃ ’Ҍ ᵣ ̆ ᴪ

ꜚȂ ꜚ̆Ӟ ץ ῒ Ȃ ᵣ ̆ ᵬ ᴀ̆

ץ ᵣ( ѿ ) Ҭ ӈȂ ҍ ‰

ӈ ̆ ԍ Ҭ ⱴ ҹ ױ ᵣ̆ῒ ᴀҹ 
 

ᴀ

ᴀЬϓϡ
;
bẔ-bᴃ

bẔЬϓϡ-bᴃ
&/' 

 
̆ ῒꜚ ҍ ꜚ Ȃ ̆ ‗ ԅ ᵣ Ҭ

ꜚ̆ Ἕ ‗ ᵣ ⱬ Ҭ ꜚ Ȃ ױ ӊ

ᵣ ԋ ῤ Ȃ 

Ҭ ̆Figure 9 ԅѿ֓ ȂTable 1↓₮ԅ

Һ Ȃ 

 

 

 

 

 

 

 

  

ῌᾥ ֲ ( ) ᴧ

Ҭ ֲ ץ ꜚ ӊѿȂ 

Figure 7 

 

ῤ 

Ҋ 

 

   ӈ 

ץ № №  ᾝ  §8:  

ץ  ↓  Vol IV page 224 

ץ    Vol IV page 236 

   Vol V page 364 

ץ ⱴ  ⱴ Vol I §:3:  

ץ №  №    

   §8:  

Ҍ Ҍ   Ҍ  ᴀ;amlqr 

 

ῖ ̔ѿ Ȃ Table 1 
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̔ 

׆ ѿҩ

ꜚ⌠ ԋҩ ׆↕̆ ѿ

ҩ Ҭ ᴪ ⌠

ԋҩҬ̆ ңҩ  

(© Wolfgang Rueckner) 

Figure 8 

̔ └ ȁ )ף ) Dolezalek ȁ ב

ῗ (Ampullae of Lorenzini)ȁ ף (© Harald Chmela, Klaus Jost at www.jostimages.com, 

Advantest) 

Figure 9 
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ᵝ (coulomb)ח ץ ‰ ӈ ̆ Appendix A

Ȃ ̆ ҹ  

 

 Ḧ (conserved)̆ ғᴪ ꜠(flow) (accumulate)Ȃ 

 

ӊ̆ ̆ ῀ ₮ Ȃ Figure 8

̆ ңҩ ѿҩ ̆ ץ ѿ Ȃ ̆ ҹ

Ἕѿ ꜠ ᵩ(fluid substance)̆ Ҍױ Ҍ ᴀ ̆ ᵣ҉ ץ

ṿȁ ṿȁ ṿȂ 

 

 

 

 ṿ 

 /,4/.ЕЌA 

ᵣҬ  ᵤ  /.ЕϧA 

Ҭ  /.зA 

ѿ Ҭ  /Arm/..A 

Ữ ᾟ Ҭ  0.2 MC 

 ī1 MC 

ף ѿ ῤ№  1/.ЕЕA 

Ҭ ⌠ ῃ ( )  /.иїЕA 

Ҭ ⌠  0 

 

 

ҹ ̆ ץ ѿ℗ ҹȂ ̆ҍӊ╠ ⌠

ῖ ѿ ̆Table 1Ҭ ץ̆ ̆ ᵌ Ȃ

ṿ ȂҌ ׂ ⌠ ᶛȂ 

ӊ̆ ҅ү ̕ Е ֥ Ȃ ӊױ

╠ ⌠̆ ᵣ ҹҲ (nutral)ȂҬ ᵣӞᴪ ̆ ҹ ᵣ

Ҭ ᵣ̆ᴪᶏҬ ᵣ Ȃ (electrical polarization) №

ᵣ Ҍ Ȃ Ҭ ᵣ̆ ᵣ Ȃ ᵣ ᵣ

ץ ̕ № ȁ ᵣȁ ᴪ Ȃ 

 

Ҭ ⌠ ṿȂ Table 2 

Ref 7 
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Ҭҍѿ 1 m  Challenge 9 s 

⌠  ᵤ .,3 T-k 

 /. T-k 

100 W FM 100 km  0.5 mV/m  

ᵣ(ᶛ )ῤ  0.1 V/m  

Ҋ  0.1 to 1 V/m  

GSM 90 m  0.5 V/m  

ῖ ῤ   1 to 10 V/m  

100 W 1 m  50 V/m  

Ҭ  100 to 300 V/m  

Ԑῤ  ₴ 100 kV/m  

₮ ╠ Ҭ  1 to 3 MV/m  

Ҭ  10 MV/m  

ῤ  1 GV/m  

ᾣ ‖Ҭ  10 TV/m  

U91+  1 EV/m  

̆ ֟ └ 1.3 EV/m  

(ḱ ᾥ ϩ-2ׄע  ифT-k./7,/ (פ

 

 

  

 

ῒ ⱴ ⱬ ⱬ̆ ᴇ ̆ ꜚ Ȃ ץ

Ȃ ꜚ ̆ ╠ ֓ ԑᵬ ᶃ ̔ ֟

̆ ᵬ ԍῒ Ȃ Figure 4 ̔ 

 

 (electric field) Ҭ Ȃ 

 

Ἕ ҩ ẞ҉ ̆ Ȃ

̆Ӟ ℗ ₮̕

₮Ȃ Ҍ ‗ԍ Ȃ ӊ 

 

 ṯ&ẞ' Ȃ 

 

  

ѿ֓ ⌠ Ȃ Table 3 
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̆ Ҋ ӈ 
 

ᴀṯ&ẞ';
bẔ&ẞ'

bᴃ
&0' 

 

̆ ⱬ ӈԍ ҩ ẞ Ȃ  

 

ṯ&ẞ'; ᵳׂ*ׂᵴ*ׂᵵ &1' 

 

ץ N/C V/m ҹ ᵝ ץ Ȃ 

ӈẊ ᴀ ̆Ҍᴪ ׂȂ ױ ғ ̕Ӟ

ғ ѿ℗ ̆ Ῥ ⌠ ҩ Ȃ ӈ Ẋ ̆

Ȃ ѿ ̆ ӈ Ẋ ᵞԍᾣ ̙ 

ҹԅ ꜚ̆ ֟ ָӇ Ȃ ῏ ԍ

1*ב ז ֲ Ҭ (ᵖҌ ѿ )Ȃז ̆ᴋᵥ

ᵣ ᵣ ז ṯ̆ ᵝ ẖ ҹ 

 

ṯ&ẞ';
/

2 ї

ז

ᴁф
ẖ

ᴁ
ῚҲ

/

2 ї

;.,7ׄ ׀-ױכ &2' 

 

ᴪ ӊ ⌠ ꜚ Ȃ ҩ ᶛ *2 ᵝ ∆ ӈ̆ῒ

Ҭ ї ב (permittivity of free space)Ȃ Ὲ

⁞ ̆ᵰ ⌠ ̙Figure 10 Ὲב Ȃ  

≠ ֓ ̆ ץ ңҩ ᵣӊ ԑᵬ Ώ  

 

bẔЕ
bᴃ
;
/

2 ї

ᴀЕᴀф
ᴁф
ẖ

ᴁ
;
bẔф
bᴃ

&3' 

 

ῒҬ bẔ ꜚ ̆ẖ ң Ȃ Ȃ

῏ ֽ ԍ ᵣ̆ ֽ̆ ԍ ԍ ץ ԍ

ᵣȂ ӊ ԑᵬ ҹ (electrostatics)Ȃ 

  

 
1* ≠- Ҁ· · ̆(Charles-Augustin de Coulomb, b. 1736 Angoulême, d. 1806 Paris)ב

ז̆ ҹ ᶫԅ Ȃ 
2* ҩ ץ ⌠ ῒ ̆ ץ ῒ Ҍ ӈ̆ ᴪ ҍ ᵝ

└Ҍ ῒ ᵝ└Ȃ ᵝ└ ׃ Appendix AȂ Ṝ̆ ᵝ└ȁ

֝ - ᴶῗ ᵝ└ȁ ᵝ└ȁ ᵝ└ ᵝ└Ȃ 

Challenge 7 e 

Challenge 8 s 

Challenge 10 s 

Ref 8 

§6:  
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ⱴ Ȃ ң Һ ̔ΐ ̕ ᶏץ ᵣ Ȃ

ΐ ̆ ԍ ԑᵬ Ȃ ԑᵬ Ҍ ̆ᶛ ̆ ױ

ⱬ ̆ ⱬ ῏ב (5) ̕ ѿҩᶛ ↨

Ȃ ױ ̆ ⱬ ѿ Ȃҹԅᵣ

ᴪ ⱬ ̆Ҍ Ӈҩ ̔ңҩ ᵝԍ ң ̆ ѿᾥ ̆

ԋ ⱬ ̙ ̆ Ȃ 

ⱬ ⱬ Ȃң ᶛ ̙ 

ҍ ῏ב ץ ѿ ꜛԍ ӊ ⌠ ᵣ Ȃ ѿ

̆ ѿ ѿ ᵣ ̆ Q҉ №̆

(electric flux)̆ ԍ ז ץ ї̆ ̔ 
 

ṯ bṽ

б

;
ז

ї

&4' 

 

↕ ῏ ñ ò(Gaussôs ólawô)*1̆ ᴇԍ ב Ȃ( ̆ ₮

ֽ ԍ Ȃ) ԍ ᵣῤ ҹ ̆ ῏ ̆ ᴀ

Ҍ ̆↕ ᴪ₮ ᴀȂ 

Ҍ Ҭ ᵣᴪ ԑ ̙ ᵌҊҌᴪ̆ᵖ ҩ ̆

ᴪ ױ ץ ԑ Ȃᵰ ⌠₮ ᴆ ̙ ֓ ᴆ ̆

ҹ ױ ᵣ Ҭ № ̆ ױ ѿ Ȃ  

 
1* · ·  (Carl-Friedrich Gauß, b. 1777 Braunschweig, d. 1855 Göttingen)

· ץ Ȃ ױ Vol II §7:  ׃ ז Ȃ 

Ὲב ҍ Ȃ Figure 10 

 ח

 ח0

 ח1

 ־2 ־
 ־7

Challenge 11 s 

Challenge 12 e 

Challenge 13 s 

Challenge 14 e 

Challenge 15 s 

Vol V page 122 
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 ӈ   ץ

ᵣ ⱴ   equation (4) 

ᵣ ⱴ   equation (4) 

№ №  ᾝ  §8:  

   Vol I §3:   

Vol V page 364 

  ̆  Vol I §3:  

   Vol. IV, page 236 

ⱴ ⱴ   Vol I §3:  

ӈ  ₃  Vol I §3:  

₮ᴋᵥ    Page 286 

Ἕ   -   §2:  

ṕ Ҍ   -Ẽ  §2:  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ῖ ̔ Ҭ ҩ ( ) Ȃ Table 4 

̔

ȁ Ҭ ֜ ȁ

(Wimshurst, )

ȁ ȁᴟ ȁ ȁ

 (© Wikimedia, Q-Cells) 

Figure 11 
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ׂ ѿ Ȃ ԍ ԑᵬ ̆№

Ԋ̆ ⌠ֲ ₮ № ᶏ ̔

(charge pump) ≠ Ȃѿ֓ Figure 11 Ȃ ֓ Ҭ̆

̆ ̙ҹ ̙ 

̆ᴋᵥ Ȃ Ҭ Ҭ ≠

̕ѿ֓ Ҭ ᾝᴆ≠ № ̕ ≠ ᾣ

̕ ᾝᴆ≠ ⱬ̕ ꜚ Ȃ 

 
 

ָӇ̙  
 

(electricity) ҩ ᵬѿҩ ̆ ̆ ѿ

ȁ ꜚȁ ץ̆ ױ Ȃ 

₮ԅ ̔ (nature) ָӇ̙ҹԅ ‗ ҩ ῒ

̆ Ҋץ׆ױ Ȃ 

 
 
Table 5 ѿ֓ ⌠ ṿȂ 

 ṿ 

( ꜚ ) 3 aA 

ֲᵣ Ḥ  0. ? 

ֲ  ᵤ 20 mA, 100 mA 

↓ ꜚ ֟  600A 

 10 to 100 kA 

ֲ ֟  20 MA 

֟  c. 100 MA 

(ḱ ᾥ פ ϧ-2Ἡׄע ) 1.5YA 
 
 

Table 6 ѿ֓ ᴰ Ȃ 

 

 

 

 

 ᴰ   

҆  ҉  c. 3A 

ṿ ֲᵣ  0.1 mAװҏ 

 ֲᵣ  10 mA ; 10 ms 200 mA  

 ֲᵣ  20 mA ᴰ ῚẨ  

̆ ᴴ ֲᵣ  100 mA; 200 ms 1 A 

ῳ ȁ ᴴ ֲᵣ ᵣ 1Aװҏ 

  1 kAװҏ 

 ῤ ᴰ  1A and 500 V 

 

Challenge 16 s 
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⌠ ̙  
 

қ ̆ ⌠ Figure 12 ̔

ᴪҊ ̆ ̆ ҍ № Ȃ ֓ ῃ ⌠Ȃᶛ ̆ ץ

⌠ שׂ (electrical potential difference)̆ (voltage)Ȃ

ӊ̆ ױ ץ (weight)Ȃ ̆ ץ ⱴ ң

ל ȁ ץ Ҭ ל ȂԊ ҉̆

Ҭ ᴀ-ױ Ȃ ṿҹ 

 

ᴀ-ױ /,6&0'/.ЕЕA-ie &5' 

 

ԍѿ℗ ̆ ԋᵝ ̕ ԍ ӈȂ ӊ̆ Ҭ

̆Ҍ Ȃ 

ᵣ ̆ ̆ ᴪ֟ “(recoil)̆ ̆

↨ ₮ Ȃ ̆ Ӟ ⌠ Ҭ̆

 

Ҭ Ȃ 

Figure 12 

Ҳ ἥ ᵩ

҅ ꜠Ї Ӎ Е 

ⱬᵬ Ҋ  

 

̆ ‖ 

ⱴ  

ⱬ ̆ᴪ ₮ 

ᴀ

 

Ref 9 

Ref 10 
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≠ ֟ Ἕ Ȃ ≠ ᵣȂץ

֟ ҹ (cathode ray)̆ ץ ױ ñ ò Ȃ №ӊ₃

ῤ̆ ױ ₮ҍ (7) Ȃ ̆ Ҭ ꜚ₃Ӎ

Ҭѿ ̆ ץ ᵣȂ 

ῤҊ ̆ ױ ץ ₮ ֲ ̆ Ҍ

Ȃ ⌠̆ Ȃñ (electron)òӊ ԍӓ

· (George Stoney)Ȃ Ҭ ꜚ ᵣ̆ ױ (ᵖ

) ñ ò̆ Ҭᴰ Ȃ ̆.,/4_Ă ѿ

̆Ӟ Ἕѿ ᵣȂ1897 ̆ · (Johann 

Emil Wiechert, b. 1861 Tilsit, d. 1928 Göttingen) ₮ԅ ̆҈ҩ ̆J·J·

(Joseph John Thomson, b. 1856 Cheetham Hill, d. 1940 Cambridge) ₮Ȃ 

Ҍ ̆ ҹ Ҭ ֟ ⱴ ҍ

ⱬⱴ Ȃ ̆ Ҍ Ȃ Ҭ Ҍ Ἕ

ᵣ̆Ӟ Ҍᴪ Ȃ ̆ ⌠ ᵣⱴ ᵞԅ 7.#Ȃ

ҹָӇ ⌠ /..# ṿ ̙ 

̆ῒ ҹ 

 

ᴀ-ױ; /,53660./3.&22'/.ЕЕA-ie &6' 

 

ΐ ҹ (electron)Ȃ Ҭ ῒ ᵣ̆

Ҍ Ȃᶛ ̆ Ҭ (ion)̆ Ҭ ԅɛ (muon)̆

ⱴ Ҭ֟ ԅב (meson)Ȃ ױ Ҭ ֓ Ȃ 

ԍ Ἕ ᵣ̆ ױ ῒ Ȃ1834 ̆ · (Charles 

Wheatstone) ᾢ Ȃז Ҭ̆ ѿ №ӊѿ ֟

ԅ҈ҩ ̔ ȁ Ҭ ȁ Ȃז ҉ ԅѿ

̆ ץ ᾣȂ ҈ҩ ⌠ ҉ Ἕ ԑẒ

̆ ҍ ז̆ Ҭ ҹ 0.45 Gm/s̆

Ȃ ̆ ᵞԍ 0.3 Gm/s̆ΐᵣ ‗ԍ

Ȃ ԅ ֲ ᴰ Ḥ Ȃῒ ֓ ⌠

Ḥ ̆ ᵞ Ȃ ץ

UNIX ᵬ Ҭ ping פ ף Ḥ ȂPing פ Ḥ

⌠ ѿ Ȃ ң ӊ ̆ ץ ₮

Ḥ Ȃ Ȃ 

ֲ ԅȂ ̆ ᴪ Ȃ ׂ ⌠

├֜ ├֜ ̆ ҹ Ḥ ( ֜ ῤ

) ᴨ̆ל ԍ ֓֜ Ҭ Ⱶҙ ῏ Ȃ 

ӊ̆ ̆ ᵣ Ȃ ѿ℗ ᵣѿ ̆ ᵣ ꜚ

ᾣ Ȃ ̆ ἝҍᾣҌ Ȃ

Challenge 17 e 

Challenge 18 s 

Challenge 19 e 

Ref 11 

Ref 12 

Ref 13 

Ref 14 

§6:  
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ҹ ֲ ̙Һ ֲᵣ ñ ò └ ̆ ⱴ ᴪ ֲ

ᵣῤ Ḥ Ȃ1789 ̆ ·ᵍᴠ (Luigi Galvani, b. 1737 Bologna, d. 1798 Bologna)

ᴪᶏꜚ ᵣ Ȃ ̔ ᴪ▲

Ȃ ̆ ≠ Ḥ Ȃ ױֲ̆ ץ ᵣ

ꜚ Ȃ ꜚ ñ └ òȂ ױ ᴪ Ȃ 

└ Ӳꜚ ⌠ Ȃ ֲ̆ ץ ⌠ᵞ 10 

kV/m Ȃѿ֓ꜚ ץ ⌠ ( )̆ ⱬ ҹ

(electroreception)Ȃᶛ ̆ ץ ῞ח (Ampullae of Lorenzini)̆

⌠ᵞ 0.5 T-k ̆ ץ Ҭ ꜚ ̆ ױ

Ҭ Ȃ 

ꜚ ₮ ᴰ ̆ ֟ Ȃ

ᶛ Ί ̆ᵖ ⌠mV/m Ȃῒ

Ӳꜚ ̔ ԅ Ί̆ Ӟ Ȃ2011 ױֲ̆

֒ (Sotalia guianensis) ץ ҉ ᵞ 0.5 mV/m Ȃ

̆ῒ Ӟ ⱬȂ 

̆ (strongly-electric fish) (weakly-) ̆ ֟

ץ̆ Ȃ*1ᶛ (Gnathonemus petersii) ̆

ᵞԍ 2 mV/mȂῒ Ẽ Ḥ˻ױז ױז

ȁ ≢ȁ ᴍ̆֜ ȁ᷅ ȁ ȁ Ḥ Ȃ ֓Ḥ ₃ Hz

⌠ 200 Hzӊ ̆ ֓ ױ ᵣ ╠ ӊ ֟ Ẽ Ȃ 

(ғ Ґ) ꜚ (Electro-phorus electricus)̆ᵣ 2 m̆

20 kgȂ ԍ Ҭ Ҭ ̆ ῀ῒ ̆

₮ ₯ ῒץ̆ 500V 1A ̆ Ȃ

Ȃ 

ꜚ Ғ ᴰ ̆ ҹ ׆ ῀ᾟ ꜚ ᵣ̆ᴪ

*2Ȃ ΐ 100V/ m ̆ ֲᵣῤ ̆ ҩ

⁞⌠ T-k ̆ ԍꜚ ᵣῤ Ȃ ӊֲ̆ ᴰ ̆ ҹ

ֲ ꜚ Ȃ(ֲ ⱬ Ҭ ̙ᵌӍ ֲ Ȃ)ᵖӞ ᶛ ̆ᵰ

̆ѿ֓ ֲ ῏ ⌠ ⌠ Ȃ ԍ Ԑ

( 100 kHz) ҍ ῍ Ȃ 

ֲᵣ Ӟ ֲ Ȃ ֲ

⌠ ̆ ᶏֲ ̆ ԅȂ 

 
1* ⌠ 2000 ̆ ҉≠ Ȃ ׂ̆ ῃ ᴰ

ᵝ҉ ֲ ᾙ ׆ֲ̆ ῃ Ԋ Ҭ ҹ Ȃ 

2* ѿ֓ Ҋ ꜚ ᴰ Ȃ 

Challenge 20 r 

Ref 15 

Ref 16 

§1:  
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Ӟ ̆ Ҭֲ̆ᵣ ⌠ Ȃ 

Ӟ ֟ Ȃᶛ ῤ ֜ Ḥ ץ Ȃ

2016 ̆ ֲ ԍ ԅ № └Ȃֲױ

̆2013 ֓ Ȃ ԍ ꜚⱬ ̆

Ȃ ᶏ ҉Ȃ 

 

 

ҍ   

 

ҕ ῤ̆ ԍ Ȃ ԋҕ ̆ ᶏ

Ȃ ̆ Ԉ ⌠ Ȃ1269 ̆´Ԋ · · ᾥ

(Pierre de Maricourt,  b. 1219 Maricourt, d. 1292 unknown) ԅז Ȃז

ңҩ ז̆ ӊҹ (pole)Ȃז ̆ ᶏ ℗

◓̆֟ Ӟ ң Ȃ ץ ̆ѿ ̆ ѿ Ȃ 

 

 ѿ Ể (dipoles)Ȃ 

 

ңҩ ҹ (north pole) (south pole)Ȃ ᾥ  

 

 ̆ Ȃ 

 

̆ ̆ ӊ֞ Ȃ 

Ȃ ѿ ̆ ץ ȂFigure 14 ԅѿ

֓ Ȃ ױ ⌠ ӊ Һ ≢̔ Ӟ

̆ Ȃ( ’Ҋ ̆ѿ Ҍ Ȃ)

₮ԅ ̆ ₮ԅ Ȃ 

 

 

 

  

₮ ї-0ןפ;פ-ק;צ  ;2,/nU  ̀

׆ ⌠  ֽ̆ Ẽ   

 ֽ̆ Ẽ  

 (1970 ף ѿᶛ )ֽ̆ Ẽ  

ⱴ  ֽ̆ Ẽ  

 

  

140 ҩ Ҭ ̔ Ȃ Table 7 

Ref 17 

Ref 17 

Ref 17 

Ref 17 

Ref 18 
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  ᵣ̔ ȁ ȁңҩ ȁ ȁ ȁ ȁ

 (© Wikimedia, Shambhavi, Anthony Ayiomamitis, NASA) 

Figure 13 

ḡ ( ᴼ ) 

 

Ҳ  
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ᵞ (ᶛ ̆ (Schumann)̓̀ ) 1 fT  

֟  0.1 pT to 3 pT  

ҩ ꜚᵬ֟  1 pT 

 1 pT to 10 pT  

ֲᵣ  100 pT 

ױ  0.5 nT 

 0.2 to 80 nT 

Ҋ  .,/ rm / R 

 0. rm 5. R 

 .,/ rm /.. R 

 /.. R 

Ҭ Ἕ  /.. R 

 100 mT 

 1 T 

ᵣ  max 1.3 T 

ֲᵣҬ֟ ‛  5 T or more 

ⱴ Ҭ  10 T 

֟  22 T 

ᶏ ᵣ Ҭ֟  45 T 

Ҍ ’Ҋ֟ ‖  76 T 

ῤ (imploding coil)֟ ‖ ̆ ҹ/ q 1000 T 

 104 T 

ᾣ ‖Ҭ  30 kT 

Ҭ  from 106 T to 10 11 T 

ҳ  4.4 GT 

ᵍ SGR-1806-20  

 

0.8 to //.ЕЕ T 

ᵀ  1 TT 

(ḱ ᾥ о-2ׄע   ϧоR./4,1 (פ

 

 

 

 

  

ѿ֓ ṿȂ Table 8 
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Figure 13 ̆ Ҭ ᵣ̆ ᵣ ңҩ ̔

№ ȁ ȁ ̆Ӟ Ӈ Ẽ ̆ Ӈ Ȃ 

 

 (monopole)Ȃ 

 

̆ ץ Ȃ ⱬ ̆ᵖ

ȂTable 7 ԅ Ȃ 

ᵣ ԋҩ ̆ Figure 15 ̔ ᵣ ῒ

ҹ ̆Ӟ ᵌԍ (magnetic polarization)Ȃ ‗ԍ

̆Table 9 ₮ԅѿ֓ṿȂ ҹ̆ ҹ҈№ץ ̔ 
 

¥ (diamagnetic) ̆ᴪ ᵣ ̆ ᴪ ⱬ Ȃ 

¥ (paramagnetic) ̆ᴪ ᵣ Ȃ 

¥ (ferromagnetic) ̆ᴪḠ (ᶛ )̔ ױ ӄ Ȃ Ҭ

ᵣ ↓̆ ᴪ ’Ȃ ԍ ֟ ᵣ̆

ֲ Ȃ 
 

̆ ԍ ҙ֟ ῏ Ȃ 

  

̔ ̕ ̕ (© Wikimedia, MIT) Figure 14 
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  Ь 

 ṓ:ᶚ̆ ᵣ  

I ᵣ 0 

 0.999 55 

 0.999 83 

 0.999 84 

 0.999 966 

 0.999 9936 

 0.999 9912 

ꜚ   

 ṓ<ᶚ̆ ᵣ  

ȁ  1.000 0019 

ᵣҬ  1.000 006 

 1.000 022 

 1.000 26 

 ṓ ᶚ̆ ᵣ 

SmCo c. 1.04 

NdFeB c. 1.15 

 80 to 200 

 100 

 300 to 10 000 

 c. 8 000 

ᵣ 15 000 

 140 000 

 500 000 

 

 

 

 

 

 

 

 

 

 

̔ Ҋ Ȃ Table 9 

ң ҹ( Ҭ )̔

 

Figure 15 

ᵣ ᵣ 
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ᴋᵥἇ ҂ᵝ ֲ Ȃ  

 

 

ȁ ȁ ȁ җ ȁ ῒ ȁ ȁ ȁ ȁ ֓

̆ ױ ̆ ץ ױ (magnetoreception)̆ ױ ץ Ȃ

ῤ 50 ̔ ⌠ ֓ῤ

ᵥ Ҭ ꜚ Ȃ ԍ ꜚ ̆ 20 5. R ̆

ԅ ᵌ ̆ ױ ץ ױ ӊ ԍ Ȃ  

җ (Grus canadensis)ӊ Ṝ ᵌӍ ң Ȃѿ ̆ᵝԍ ױ

ᾝῤ ᵣ ᶫԅ ԍ Ȃֲױ ҹ ֓ ᾝᵝԍ

҉ ҬȂ ̆ ѿ ñԊ ò ̔ ᴰ

ᵝԍ ῤ ᾝҬ̆ Ҋ ̆ Figure 16 ȂṜ ԋ

ẁ ̆ Ṝ ҍ Ȃ ԍ № ̆

(cryptochromes)Ȃ └ᵝԍ Ҭ̆ᶭ ᾣȂ ԋ

‗ ̆ᵖ ׂׅ ֲ Ȃ 

ֲ ⌠ ֲ̙ Ҭ ̆ᵖֲ ⌠ ̆

ȂӞ ᵰ ₮ѿ ̙ 

ֲ ץ ⌠ ‖ Ȃ Ԋ ̆170 kHz 0.2 T

ᴪ ₃ ȂӞ ֲ ‖ ̆ᵖṿ ̕ ѿ ̆

ᵬ Ȃ  

 

 

 

 

 

 

 

 

 

 

ԅ ῤ ̕

ᶏ Ȃ ҩ Ҭ ѿҩ

̆ Ҋ  (© Institute of Molecular 

Pathology, Vienna) 

Figure 16 (magnetotactic bacterium, 

Magnetobacterium bavaricum) ῒ ᵣ

(magnetosome) (© Marianne Hanzlik) 

Figure 17 

Challenge 21 r 

Ref 19 

Ref 20 

Ref 21 
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 Ь 

׃   

 1 

 1.0006 

( Ә ) 2.1 

 10 to 15 

ԋ  3.9 

 11.7 

 30 

 80.1 

ԋ  86 - 173 

  

(ѿ ) 310 

(ѿ ) 500 

Ь /̆ ᵣ 

(1430 K  Ҋ) µץ

 1250 to 10 000 

 100 000 

 ԓ 250 000 

 

 

 

 

ҍ   

 

ҍ ῏ ̙19ҕ ∆̆ *1 ױ ῏Ȃז ԅѿ Ҥ

Ҭ Ȃ └ Ȃ ₯Ҭ Ȃ ̆ ᶏ

Ȃ ѿ Ȃז ₮ ̆ ҍ ῏ Ȃ 

ӊ̆ ҍ ꜚ ῏Ȃ ҍ ꜚ ῏̆Ӟ ≠ ҍ

ꜚ Ȃ 

 
1* · (François Arago, b. 1786 Estagel, d. 1853 Paris)̆ѿᵝ ז̕ ֒

·–· (Alexander von Humboldt) Ȃ 

׃ ̔ Ҋ Ȃ Table 10 

̔ ׃) ) ṿᶭ Ȃ ₮ ṿֽ

ԍ Ȃ ῒ ṿҍ Ȃ 
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ᵥ└ ̙  

῍֟Һӈ ⱴ҉ῃ Ȃ 

↓ *1  

 

↓ ԍң ̔№≢ԍ 1820 1831 *2 *3

Ȃ ֓ Ҍ⌠ ԅҕ Ȃ  

 
1* ↓ (Lenin, b. 1870 Simbirsk, d. 1924 Gorki)̆ ( ᴪҺӈ῍ ) Ȃזԍ

1920 Ạ₮ ѿ ̆ ᵬҹῒ ⅞ Ҭ Ȃ ḇ Ҭ̆ ᴪ(local 

councils) ҹ (soviets)Ȃ 

2* ·ᾥ · (Hans Christian Oersted, b. 1777 Rudkøbing, d. 1851 Copenhagen)̆

Ⱳ⇔ז̆ Ҹ (Technical University Denmark) ╠ Ȃ 

3* ᾥ · (Michael Faraday, b. 1791 Newington Butts, d. 1867 London) ₮ ̆

̆ ┴ Ȃז Ṝ (Humphry Davy, b. 1778 

Penzance, d. 1829 Geneva)ꜛ Ȃ ̆ ҹԅ ̆ ҹ

ᴪ Ȃזҹֲ ̆ Ȃז ̆ ז̆ ԅ

( ) ҍ Ȃז ז ᴧ ̆ᶛ Ȃ ᾥ

ԅ ז̆ ѿ ֲȂ 

L Q 

L Q 

ᵣ 

ש   

 

 

 
 

 

 

ѿ ꜚ ȁѿ ף ꜚ ץ̆ ѿ ԍ ᾣ ғ

Ȃ №≢ ҹ 20 ȁ50 15 (© Wikimedia, Honda, Wikimedia) 

Figure 18 
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1821 7 21 ̆ ₮ ԅѿ Ҁ Ύ ̆ ꜚ Ȃ

Ạױ ̔ ̆ ᴪ ꜚȂ ӊ̆ז  

 

ץ  ꜚ ᵣȂ 

 

ԅ Ȃ ѿ ̆ң ᴪ ԑ

̆ ‗ԍ Ȃ ֓ ῒ  

 

 ᵣȂ 

 

ӊ֞ ̔ ᵣῤ ̆ ױ ⌠ԅ Ҭ ⌠

ѿ Ȃ ӊ̆ ԅ ץ ҹ Ȃ 

Ҍӄ ̆ *1 ̆ҍ ̆ ֓ Ȃ 

 

 Ἕ ᵣȂ 

 

≢ ̆ ѿ ̆ ң ̆ ҹ ̆ ̆

Ȃ ԍז ̆ ҹ ԅҩҒ ̔ (solenoid)Ȃ 

ҩ ᵣ̆ ̆ Ȃ

ҩ ԅ ѿ Ȃ ̆ Ҍ ῒῤ ᵣ֟ Ȃ

ҹ 6± 1 kK̆ ԅ̆Ҍ ᵣ̕ Ҭ

֟ Ȃ ץ Ἕ ̆ Ҍ ˻ Ḃ ѿ ̆

(geodynamo) ⱳ ᵀ 200⌠ 500 GWӊ ̆ Ȃ ױ

Ȃ 

ҍ ῏ ԍ└ ꜠ (electric motor)Ȃ ᾢ̆ Ҭ ֟

̕ Ỳꜚ ҉ ᵣȂ└ ꜚ ԅѿ

̔ (electric engineering)ȂFigure 18 ԅѿ֓ ꜚ Ȃ 

 
1* - Ҽ· (André-Marie Ampère, b. 1775 Lyon, d. 1836 Marseille)̆

̆ Ṝ ȇ ῃӥ(Encyclopédie)ȈȂ ᾟ ▲ ҩֲ Ҭ̆׆ז

̆ ᴋ ̆ ⌠ 1820 ᵬȂ ᴰ ̔ ץ

Ẓ ̆ Ḃ ⱬԍ ̆ ԍ 1826 ԅז ̆ ᶏ ᾥ ҹñז

òȂ ԅ ꜚⱬ (electrodynamics) Ȃ1832 ז̆ ז ֲ

ԅ ѿ (dynamo) Ȃ ᵝזץ Ȃ 

ң ̆ᵣ ѿ ѿ Ȃ Ạ Ṝ̆ ױ ̆ ԅ

₮ Ȃ ѿ ז ԅ̆ ҉ ԅѿ ѿ ңҩ Ȃ 

§5:  
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ᵣῤ  
 

Ҍ Ȃ ̆ Ҭ ꜚ֟ Ȃ ԅ̆

ᵣῤ ̙ ̙ 

1915 ̆ң ῌ ⌠ѿ ᴋᵥ ᵣҬ Ȃױז

ѿ ׆ ҉ Ҋ ̆ ҩ ̆ Figure 19

Ȃױז ̆ ῤ ↓ Ȃ ױז̆ Ҭ

ᴪᶏ ῒ ꜚȂ ̆ ԅ̆ғ ᵬ Ҋ

ԅȂ ׂ̆ ҹ - (Einsteinïde Haas*1 effect)̆

ԍ ңᵝ ȁ ȁ ֲȂ ̆ ᶏ ᵣ Ӟ ῤ

ꜚ Ȃ - Ӟ ̆ ꜚ Ȃ12

̆1927 ױֲ̆ ⌠̆ ꜚ ꜚ ѿ ԅ ̆

Ҭ ᵬ Ȃ ױ Ҭ Ȃ ӊ̆  

 

 ҹ Ȃ 

 

ң ̆ ҹ ң Ȃ 

ᵣ └ ̆ῒ ӄ ҹ ↓Ȃ ̆ ץ ѿ

ֲ ̔ ѿ ̆ ᴪᶏӊ ̆ ҹ

ᴪ ↓Ȃ ⌠̆ ῒץ ӊ ҹ Ὺ

(Barnett effect)Ȃҍ - ѿ ̆ ῤ Ӟ ԍ

(gyromagnetic ratio)Ȃ ӊ̆ ῤ Ӟ ̔ ꜚ

̆( ) ꜚ Ȃ 

 
1* ̓ · ῤ · (Wander Johannes de Haas, b. 1878 Lisse, d. 1960 Bilthoven)̆ ז̆

ץ ң - ̔ + - (Shubnikovïde Haas) ̆ ᵞ Ҭ

̕ - · (de Haasïvan Alphen) ̆ ᵞ ₱ Ȃ 

ᶏ Ȃ Figure 19 

 

 

 

 

Ref 22 

Ref 23 

Vol IV page 107 
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 ӈ   ץ

 Ẓ   equation(10) 

 Ẓ   equation(10) 

ץ № №  ᾝ  §8:  

   Vol. I §3:  

Vol. V, page 364 

  ,  Vol. I §3:  

ץ    Vol. IV, page 236 

ץ ⱴ ⱴ   Vol. I §3:  

ӈ  ₃  Vol. I §3:  

ᴋᵥ    §8:  

ἝҌ  (axiality) -Ẽ  §2:  

 (axiality) -   §2:  

 

 

  

 

ѿ℗ ̆ Ҭ ̆ ғ ( ) ₮῍

Ȃ ̆ ẁױ ԍ Ȃᵖ Ҍ ̆ ҹ ╠

ҹҌἝ Ȃ ḂָӇ ֟ ԅ ̆ ץ ȁ ȂῬ

ѿ ῃ ╠ ἝȂ Ἕ ֟ Ҍᴪ ̆ ׅ (

)Ȃ ӊ̆ ҹ Ҍ ῃἝ Ȃ 

ӊ̆ Ṭ; ᵳֿ*ֿᵴ*ֿᵵ Ҍ ῃ ̆ ҹ ҹ

ᵌԍ Ȃ (pseudovector)̆ (axial vector)̕ ꜚ Ӟ

Ȃ *1  

 

Ṭ;

. ᵵֿ )ֿ ᵴ

)ֿ ᵵ . ᵳֿ

ᵴֿ )ֿ ᵳ .

&7' 

 

ѿ (antisymmetric tensor)Ȃ 

  

 
1* ⌠ ̆Ṭ ҩ ҹñ (magnetic field)òȂ ױ ף ӈ̆ ԅᴰף

ӈȂᴰ ҉̔Ṭ ҹñ (magnetic flux density)ò ñ (magnetic induction)ò̆ ѿҩ

Ṳ ҹ (magnetic field)̆ Ҍ ̆ᵖ ѿҩ ҕ ԅȂṲ ҩ Ҍᴪ₮ ̆ᵖ

Ҭ Ȃ 

ῖ ̔ Ȃ Table 11 

* ̔ ᾥ Ҭ̆ ҍ ̆ң ῏ ᵌԍ ӈ ᾥ  

Ṯ; ṯ 9Ṭ; Ṳ 

ᵝ Ṯ Ṭ ᵌñβ ò̆ ṯ Ṳңҩñ ò ҹ ꜚ ⱬ̆ ᵌñⱬòȂ ӈ ⱬҍᵝ ץ̆

ӈ ꜚ ̆ Ạⱳȁ ̆ Έ ӗ ҹ ̔ 

& ᴀ̆ 'כשׂ & ̆ױ שׂ ' & ׆̆ ꜠  '״

& ᵣ Ṯ̆ ꜠ ṯ' & Ṭ̆ ⱵṲ' & Ẏ̆  'ṫשׂ

ȁ ̆Ӟ ץ ⱬҍᵝ Ȃ 

Challenge 22 e 
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ױֲ ꜚ ⱴ ⱴ ӈ Ȃ ԍ ҹ ȁױ ҹ

ᴀ ̆ ⌠ ⱴ ҹ 
 

ẅ;
ᴀ

ױ
ẚ Ṭ &/.' 

 

↕῏ ҹ ᴼ῞ꜘ (Lorentz acceleration)̆ ץ ᾢ ӊ

ᴶῗ*1ӊ ̆ Ӟ ꜘ (Laplace acceleration)̆ ӈԅ Ṭ

*2Ȃ ᵝ (tesla)̆ ᵬ R̆ ;Lq-Ak;/Tq-kф/;י/

/Tqф-?kȂ 

ῒ ꜚ ӈ Ȃ ױ ѿҊ ӈȂ

₮ ӈ Ẋ ᵞԍᾣ ̙ 

ӈҍ ӈѿ ̆Ӟ Ẋ ᴀ ̆Ҍᴪ

ṬȂ ̆ ᾢױ ҩ ̆Ӟ Ҍ Ȃ 

ӈ Ẋ ̆ Ȃ 

ᴶῗⱴ ꜚ ᵬ Ȃ ᴶῗⱴ ѿ℗ ꜚ

Ȃ ꜚ ≠ ⱴ Ҭ ꜚ ̆ Ӟ

ⱴ Ȃ ꜚ Ҭ̆ ҹ ̆Ῥ ҹ ꜚȂ ꜚ 1830

ף ҕȂ 

ꜚ ֟ Ȃֲױ῏ (strength) ᵥ ꜚ ‗ Ȃ

ֲ ץ̆ ẚ ꜚ ᴀ֟ Bҹ 
 

Ṭ&ẖ'; ї

2
ᴀ
ẚ ẖ

ᴁо
ῚҲ ї

2
;/.зL-?ф &/1' 

 

ҹ (Amp¯reôs ólawô) ( ѿױ : bṬ bẍ̓͂ ҹ ᴠ ̆

ֿ ῏׆ ҹ )Ȃ ̆ ї2¡ ᵝ ӈ

Ȃ ї ҹ (permeability of the vacuum)̆ ӈȂ

₮̆ ẚṯ-עф ₮̆ῒҬ ṯ ꜚ

Ȃ ñ ò ᴧ ӊѿȂ 

ױ ⌠̆  (13)ֽ ⱴ Ȃ ѿ ῏ ָӇ̙ 

 
1* ᴶῗ(Hendrik A. Lorentz, b. 1853 Arnhem, d. 1928 Haarlem) Ḥ ̆ ⌠ Ȃ 

2* ẚ Ṭ ңҩ Ȃ ↓ ᵬ  

ẚ Ṭ;

ẉᵳ ᴅᵳ ᵳֿ

ẉᵴ ᴅᵴ ᵴֿ

ẉᵵ ᴅᵵ ᵵֿ

ҿ ẚ Ṭ;

) )
ᴅᵳ ᴅᵴ ᴅᵵ

ᵳֿ ᵴֿ ᵵֿ

&//' 

̆Ḃ  

ẚ Ṭ;&ᴅᵴֿ ᵵ ᵴֿᴅᵵ*ֿᵳᴅᵵ ᴅᵳֿ ᵵ*ᴅᵳֿ ᵴ ᵳֿᴅᵴ' &/0' 

Challenge 23 s 

Challenge 24 e 

Challenge 25 s 

Vol II §1 :  

Vol I §4:  

§6:  
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 ᴰ   

   T  

)לꜚ   nT ₉ה  (

┬  ᵈ ה  50 mT  

)לꜚ ) ֲᵣ ₉ה  T  

 ֲᵣ   

 ꜚ֟  ₉ nT  

 Ҍ   

 

 

 

 

1831 ̆ ԅ ѿ ̆ ᶏ ᴯ Ӟ ԅ ѿ ̔  

 

 ꜚ ᴪ Ҭ֟ Ȃ 

 

ץ ҹ Ȃ ѿ ᶏ (generator  dynamo) ≠ ⱬȁ ⱬ

ꜚⱬ֟ Ȃ ҉̆ ѿ ԍ 1832 ז ֲ └ Ȃ

ԅῃ ̆ ׂ ҉ ҩ Ȃ 

֟ץ ̆ ֟ץ Ȃ ̆

ѿ ңҩ Ȃ ᵬ₮ ̆ Ῥ ҈ Ȃ 

̆ ѿҩ ⌠ ꜚ ҉̆Ӟ ץ ₮ Ȃ ץ

Figure 18 Figure 44 ᴋᵥ ᶛҬ ӊȂ 

 

 ҍ Ȃ 

 

ѿҩ׆ ℗ ⌠ ѿҩ̆ ⅎ ԑ Ȃ ̆ ҍ

ҹ ᵌԍ ҍ ̆ Ҭ̆ ᴪ֜ױ ѿ Ȃ ̆ ӈ

̆ױ ѿ ѿ ҍ ̆ ̔ (electromagnetic 

field)Ȃ ה ױֲ̆ ᵣ Ṱ 4-  

 

 

 

 

 

  

ѿ֓ ‰ ᴰ Ȃ Table 12 

׃ ;

. ᵳׂ-ע ᵴׂ-ע ᵵׂ-ע

ᵳׂ-ע . ᵵֿ ᵴֿ

  ׂᵴ-ע ᵵֿ . ᵳֿ

ᵵׂ-ע ᵴֿ ᵳֿ π

  &/2,/' 
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̆ Ṱ̆ ץ ҩ№ ̆ ₱ Ȃ ̆

ҍ ѿ ңҩ *1Ȃ ̆ ԍ ₮ ҉ ↓̆

ԍ ᵞ ’̆ ҍ № Ȃ(ҹָӇ ̙) 

ץ̆ Ṱ ᵣ( ҹ ȁױ ҹ ᴀȁ4- ҹ ẙ)҉֟

4-ⱴ Ẇ ӈ Ṱ̔ 
 

Ẇ;ᴀṰẙױ &/3,/' 

3- ҹ 

ױ
bׂ

bᴃ
;ᴀṯẚ *

bẔ

bᴃ
;ᴀ&ṯ)ẚ Ṭ' &/3,0' 

 

ԅⱳ bׂ -bᴃ (ׂ ̆ṯ ץ( 3-ⱬ bẔ-bᴃ ᵥᶭ

*2Ȃ4- 3- ῤ ̆ (14) Ṱ

ᴪ Ȃ 

ױ ̆ ᴶῗ῏ (15) Ṱ ӈ̆ ҹ ӈҹⱴ ñқ

(stuff)òȂ ꜚ ̆ ץ̆ ꜚ ꜚ

̆ ꜚ ̆ ῏ Ȃ Ҭ ᴪץ 3-

ӟ ᴶῗ῏ Ȃ ᴶῗ῏ ԅѿ℗ ȁ֪ ᵣ ꜚ ̆

↓ ȁ ȁ Ҭ ꜚ ̆ Ҭ ̆

Ḥ Ҭ ᴰ Ȃ 

ӊ̆ ױ ԑᵬ ץ ң ̔ ֟

̕ Ȃ ꜚ ғ ̆↕ ױ ҹ

꜠Ⱶ (electrodynamics)Ȃ

 
1*  ῒ ̆ /- ї ї̆ Ҍ ᾣ Ȃע ױ Ȃ 

2* № Ҭ̆ ̆ ₮ ң ̆ ᴶῗⱬ ӈҹ 

ױ;סױ
bᴄ

b
;ᴀṰ ᴄ &/4,/' 

 

ױ
ף

ף

ע
ᴅᵳ
ᴅᵴ
ᴅᵵ

;ᴀ

. ᵳׂ-ע ᵴׂ-ע ᵵׂ-ע

ᵳׂ-ע . ᵵֿ ᵴֿ

ᵴׂ-ע ᵵֿ . ᵳֿ

ᵵׂ-ע ᵴֿ ᵳֿ   π

ע
ᴅᵳ
ᴅᵴ
ᴅᵵ

&/4,0' 

׃ ;

. ᵳׂ-ע ᵴׂ-ע ᵵׂ-ע

ᵳׂ-ע . ᵵֿ ᵴֿ

ᵴׂ-ע ᵵֿ . ᵳֿ

ᵵׂ-ע ᵴֿ ᵳֿ   π

  &/2,0' 

 

Challenge 26 s 

Ref 24 , Ref 25 
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Ҍ ҍ 1  

 

Ṱ 4- (Ṱ ȁṰ ȁṰ ӊ ῏ ̙)Ȃҍᴋᵥ

ѿ ̆ ңҩҌ ̆ ңҩ ѿ℗ Ȃ ѿҩҌ  
 

Ṭф ṯф-עф;
/

0
rpṰф &/5' 

ԋҩҌ Ҋӗ  

2ṯṬ; rpṰṰע &/6'  
 

(trace) rpף ᾝ Ȃᵰ ңҩ Ҍ ̙ 

ѿҩҌ Ṭф ṯф-עф;Е
ф
rpṰфҍ Ȃ

̆ ̆ ṯ ԍ ҩ ԍȁ ԍ ԍעṬ̆ Ӈ ԍ

ῒ Ӟ Ȃҍ ѿ ̆ ԍ (intensive quantity, 

ῤ ) Ȃ Ҭ ⁞ ҍ фᴃфע ᴇфҬ₮ ⁞ ѿ ̔

(boost) ҍ Ȃ 

ץ ӈ ῖꜚᵬ ̔ 
 

;ט &ї
0
ṯф

/

0ї

Ṭф'bכbᴃ &/7' 

 

ѿ ̆ ꜚᵬ ̆ ԅ ꜚ Ȃ( ꜚҬ ᾣ

ꜚᵬ̆ҹῒ (intensity)ҍ ᵝ ӗ Ȃ) ̆ ꜚᵬ ῒ

ҍ ⱴ ⱴȂѿ ̆ ԅꜚᵬ ̆ ץ ꜚᵬ

ꜚ̆Ӟ ԍ ⌠ԅ ̆ ꜚⱬ ᾫ

(Maxwellôs field equations)Ȃ ̆ ױ

Ȃ 

ԋҩҌ 2ṯṬ; rpṰṰע ̆ ԅ ҍ

ѿ℗ Ȃ*2 

 
1* ∆ ץ Ȃ 
2* ῒ ҩ ᵞ ᴶῗҌ ̆ ̆ ῒ ל ̔ 

о;
/

0
־ ־ Ṱ Ṱ Ṱ־0 Ṱ ־

;&ṫṯ'ф)&ṫṬ'ф zṫ ṯzф zṫ Ṭzф)2
ע
&ṫṯ Ṭ'

ע

ф

&ṯф)Ṭф'

&0.' 

ҩ ᴶῗҌ (ᵖҌ Ҍ )̆ԅ ꜛԍ ѿ֓ ̆ᶛ ҍ

Ȃ ԍ ̆ ҈ҩҌ ᴶῗ Ҋ ҹ Ȃ ̆ ־ש*ש ש )

)̆ ־ ҈ҩ Ӟ ᴶῗҌ Ȃ(ҹָӇ̙) ѿҩ̆4-ל ̆ ԍ ̆

ԅ Ҍ ̆ ҹ ҹ ᴼ῞ (Lorentz gauge)Ȃ 

̔ ᴶῗ ᴶῗ̆ Ŀᴶῗ̆ ᴶῗⱬ ᴶῗ ֠ ᾥĿᴶῗȂ 

Challenge 27 e 

Challenge 28 s 

  
( 

  
( 

Challenge 29 s 

Ref 26 

Vol IV page 47 
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ԅҕ Ȃ ≠ ץ Ҭ ꜚ Ԋ

̆ ≢ ̆  ץ
 

¥ ҹ ̆ ȁ ȁ Ҭ̕ 

¥ ̆ ȁ ȁ ̆ Ӟץ ₯ ̕  

¥ └‛̆ — ȁ ᾝᴆ̆ᵖ Ҭ ̕ 

¥ ᾣ̆ ȁ ᾣȁ ȁ ȁ ꜚ Ҭ̕ 

¥ Ḥ ̆ ȁ ȁwifĭᵖ Ҭ ̕ 

¥ ֟ ̆ ȁ ᾟ ȁ ȁ ̕ 

¥ ỮḤ ̆ ȁ ȁꜚ ֲ Ȃ 
 

ȁ ȁ ȁ ȁ ȁ ȁ— ȁ ȁ ᾣ ȁX ̆

֓̆ Ҍ⌠ѿҩҕ ԅֲ Ȃ  

ԅ̔ ֓ ᵬ̆

(actuator)̕ ׆ Ҭ Ḥ ̆ ᴶ (sensor)Ȃ 

ҬӞ Ȃᵖ ᴋᵥ ≠ X Ȃ(ҹָӇ̙)

ᵌӍӞ └‛Ȃ(ҹָӇ̙) Ḥ ̙ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(҉ )ҍ (Ҋ ) Ḥ Ȃ Figure 20 

̔҉ : (26) ̆∆ ҹ 15 mV̆ ҹ 6°C;   

Ҋ :  9·1°C(  14) ꜚᵬ ᵝ Ȃ 

ң ┴ ( ԅҊ Ҭ )Ȃ ┴ Ҍ Ȃ 

Challenge 30 s 

Challenge 31 s 

§5:  
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ᵥ ᵬ̙ 

 

Ȃ ױ ȁ ӏȁ ȁҽ ȁ ̆

Ҍԅ Ȃᵖ ᵥᴰ Ḥ ̙ 

1789 ̆ᵍᴠ ᴰ Ḥ Ȃ ̙ᵍᴠ

ӊ ѿҩ ҕ ױֲ̆ ⌠̆ ̆ ℗ ̆ (nerve axons)̆ Ҍ

Ἕ ̆ ̆ L_) I)

ꜚᴰ Ḥ Ȃ ̆Ḥ .,3k-q⌠ /0.k-qӊ Ȃ(

ѿ ᾟ ᵣ ̆ ᴰ Ḥ

Ȃ)Ḥ ץ ᵣ ’Ҋ Ȃ  

ѿ ҍ Ҍ ̔ Ҍ ᴰ Ḥ ̆ ᴰ ‖Ḥ Ȃ

(Hodgkin)ҍ (Huxley)ԍ 1952 ₮ԅ ҩ ᵌ Ȃ

ҹ̆ױז ₮ ̆ ԅ Ҭ T̆ ׆ ԅḤ ᴰ

̆Ῥ ԅ Ҭ ⌠ ̆ Figure 20 Ȃ 

ꜚᴀ (channel protein) └ ԋ Ȃ ֲ

Ạԅױ ᵬ̆ ҍ ױז ᵬ ԅ ̆ᵖ

Ҍ Ȃ ᴰ ȁᴰ Ҭ ⌠

̆Ӟ ̕ ̆

╕ ᵬ Ȃ ᵬ⌠ ׅ Ȃ 

 

 

 

  

҉ ̔ѿ ̆ ( )ȁ ( )ȁ ( ȁ ȁ )Ȃ 

Ҋ ̔ ‖ ᴰ ñ - - òԋ  (© ThomasHeimburg/Wiley-VCH) 

Figure 21 

Ref 27 

§1:  
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⌠ 2000 ̆ ·֠ᴿ (Thomas Heimburg) ῒ ԅḤ Ҭ

ᴰ Ȃז ̆ ‖ ҉ (electromechanical solitonic wave)Ȃ

҉ ׆ ҹ Ῥ Ȃ Figure 21 ̆

ᴰ ̔ ‖Ȃ ӊ̆ ‖Ҍᴪᶏ

ꜚ̆ ᶏ ꜚ(ñ (solid)òѿ ԋ Ҭ ӈ̆ ԅ

№ )Ȃ ᴰ ԅץ╠ ‖ Ȃ

ῒ̆ ╕ ᵬ ҹ ױ Ҭ̆׆ ԅ ҍᴰ Ȃ

ҍ Ȃ 

ӊ̆ Ḥ ‖̆ ҍ Ȃ ԅ Ḥ

ᵥᴰ ̆ ᵥ ץ̆ ҹָӇ ⌠ Ȃ 

̆ ‖ᴰ ( ) ҹָӇ ױ ᴪ

Ȃ Ҭ ѿ Ȃ Ҧ ҍ ῏̆ᵖ ׅ Ȃ

ׅ Ȃ  

 

 

  

ѿ Ҭ ѿ ꜚ

Ȃ 

ᾥ ·  

 

ꜚ ԍ ҍ ԑᵬ ̆ ᶛ ң

Ȃῒ ̆ 1820 ̆ ₡ֽץ ѿ ̆ ꜚҌ ѿ

Ȃ ↕ Ȃ 

ױ ∆ ̆ ң ҹ ױ ̆ ҹ ץ̆ף ᴅ

ꜚȂ ꜚ ᴪ ⌠ң ӊ ̆ Ҋ  
 

;נφױ
/

2 ї

0ф

ף
&0/' 

 

ῒҬ ᵝ Ȃ ѿ ⌠ң ̔

ⱬȁ ⱬȂ 

 

 

   

Challenge 32 e 

Ҭ ̆ ꜚ ԅ

Ȃ 

Figure 22 

 ף

ᴅ 

ᴅ 

 

Ref 28 

Ref 29 
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̆ ԋҩ ⌠ 

 

;נφױ
/

2 ї

0ф

ף
) ї

0

фᴅф

ף
&00' 

 

ҍ ѿᵝ ѿ Ȃң ⱬ ⱬ̆ ԋ

ѿ ᴆ̆Ӟ ԋ ⌠ ⱴ Ȃ  

 

ᴅф:
/

ї ї

фע &01' 

 

~ ע ṿҹ .,1EK-q ̆ ԍᴋᵥ ᵣȂ ѿ℗

̔ ѿ℗ Ȃ 

ᵰ ↕ ⌠Ҭ ̙ 

ױ ѿ№ ̆Ῥ ԅ ѿ֓῏ԍ Ḥ Ȃ 

ѿ Ȃ ԍ ̆ᴪ ҹ

‪ ҹ ̆ Ҭ Ȃ ҹ ԍ ̆ ₮ Ȃ ԍ

̆ ₮῀ԊᴆҌῬ ̔ ‗ԍז ꜚ ̆ ז

̆ ᾟ Ȃ ꜚ ̆↕ᴪ ̆ ҹ ̆

Ȃ ꜚ ᴪ ̆ ⱬ ֟ Ȃ Ӟᴪ ⌠

̆ᵖ ז ̆ Ҭ ᴪז̆ ꜚ ⱬ

( ṿ Ҍ ̆ᵖ ԅ)Ȃ ̆ ᴪ ̆

̆ ꜚ ֟ Ȃ  

ӊ̆ ῒ ̕ ȁ ȁ ̆ ꜚ *1

Ȃ Ȃ ≢ ̆ Ҍ ֟ ̆ (Ҍ ̆

ᵬҹѿץ ΐ )Ȃᴋᵥ ̆ ꜚ ┘̆ῒҬ

̔ Ҭ ᵣ ᵣ ѿҩ Ȃ

ꜚ Ȃ ױ ѿ ң Ȃ 

 

 
1* ñ Ҭ ꜚ ҹ / k-q ̕ ץ ̆ ⌠ᴋ

ᵥ Ȃò Ӈ ̙ 

Challenge 33 e 

Challenge 34 d 

Challenge 35 d 

§6:  
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 ṿ 

 c. 10 fV 

ֲ  70 mV 

ᴟ (Volta cell) 1 V 

ᴟ (Voltaic cell) 1.5 V 

 230 V or 110 V 

 100 to 600 V 

ᶫ  500 V 

֟  1 kV 

 0.7 to 10 kV 

↓ ᶫ  15 kV 

Ҭ  15 kV 

 30 kV 

X  30 to 200 kV 

 0.5 kV to 3 MV  

₯  65 to 600 kV 

₯ 10 to 100 MV 

╠ⱴ Ҭ  1 TV  

̆ḱ ᾥ ϩ-/4їׄע  5.2 1026 V 

 

 
 

̔  

Alii vero et facta mirati et intellecta assecuti.*1  

Ҁ  

 

ױ ꜚӊ╠̆ ᾢױ Ȃ 

** 

ׂ̆ҍ ῍ Ȃ └ (Tesla coil)̆

ץ · *2ӊ Ȃ ̔ ˻֞ (₃Ӎ) ᴋᵥ

 
1* ñ ̆ῒֲז ֓Ԋ ⌠ ̆ ԅ ױ ӈȂò Ҁ̆Sermon 98, 3Ȃ

Ҁ(Augustine of Hippo, b. 354 Tagaste, d. 430 Hippo Regius) ѿᵝ ⱬ ȂҌ

ז ז ̆Ӟ ᾙז ֪̆ ҹז ֪ ז ẠȂ 
2* · (Nikola Tesla (ʅʠʢʦʣʘ ʊʝʩʣʘ), b. 1856 Smiljan, d. 1943 New York City)̆

Ȃז ԅ ֜ ȁ֜ ꜚ ȁ Ḥȁ ᾣ ῒ ⱬ ȂזӞ

ӊѿȂ SI ᵝ זץ Ȃז ̆ ֓ Ҍ℗

̆ᶛ ז ԍ Ȃ 

⌠ ṿȂ Table 13 
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ӯҌ⌠( ̔ᵖ ץ ӯ⌠̆hhh)Ȃ Figure 23 Ȃ

Ἕ ץ) ᾧ )̆ ץ

Ḵӏ ( www.stefan-kluge.de) ⌠ῒ└ᵬ Ȃ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

** 

1722 ̆ӓ · (George Graham) ̆ Ȃᵰ

⌠ҹָӇᴪ₮ ֓ ̙ 

** 

Ӟ ѿ ̆ ⌠ Ȃᵰ ̙ 

** 

Ḡ ҉Ҍᴪ ⌠ᴴ Ȃᵖֲ₃ױӍ׆ 100 kV ҉ץ

҉ ⌠ᴋᵥ ᾙȂҹָӇ̙ 

** 

ᵥ ҍ № ̙Ҍ ῒ Ȃ  

ȁ ȁ ᵬ̆ (photographs © Robert Billon) Figure 23 

230 V 
50 Hz 

: 230 V ‰̕ /ⱴ/ / 100 V Ȃ 

c.100 kV 
50 Hz 

10¬100 nF 

   

( 10- 20 pF) 

1000  

10  

 

 

῍ 100- 500 kHz 

 

῏ 

Challenge 36 s 

Challenge 37 d 

Challenge 38 s 

Challenge 39 s 
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** 

ѿ Ҋ ̆ ҈ҩ ῏̆№≢ └ ѿ ҈ҩ Ȃᵰ Ҋ ̆

ᾛ ѿ ѿ Ȃᵰ Ӈ ҩ ῏ └ ҩ ̙ 

** 

҈ҩ ῏ └ ѿ ̆ᴋ ѿҩ ץ ╠ ῏ ’̆ ᵥ ̙

ҩ ῏ ̙ᵬҹ ̆ Ҍ ᴪ Ώ ᾥ ̆Ӟ ‗ Ȃ 

** 

ѿ ֟ Ȃ ̆1799 ̆֒ ·ᴟ

(Alessandro Volta, b. 1745 Como, d. 1827 Como) ԅѿ ̆ ӊҹ (pile)̕

ׂ̆ῒ ᾝᴆ ҹ(ᴥ ) ( (voltaic) cell)̆҅ / (primary cell)*1

(battery) ( ℗ ̆battery ѿ cell)Ȃᴟ ԍ ̆ῒ ᶫ

̆ғᵣ ̆ Ȃҍ Ҍ ̆ ⁫̆

ᴆҊ ᵬ̆ӞҌᴪ ₮ ̆ Ȃ

┴ ԅ ̆ᴟ ץ ԍҕȂ 

ѿ ȁ ̆ ҉ѿ ѿ ̆ ѿ ᴟ ̆

ᶫ /T ̆ ץ ꜚ Ҭ֟ Ȃᴟ Ӟ ᾟ

ᴀ;ך׀ ( ׀ ך̆ )̆Ӟ

Ȃᴟ ӊҹñtensionò̆ ׂ ̆(electrical potential)ל ῒ ᵝ ᴟ ӊ

Ȃñ (battery)ò ᴟ (cell)̆ ҩ ₃Ӎ ´Ԋ

Ȃ*2 Ҭ ̆ ץ ѿ Ȃ 

** 

ᴟ ԍ ҬȂ (halobacteria)ῤ ᴟ ῏

Ȃ Ҭ̆ῤ ᴟ ꜛԍ ױ ᾧ ֙Ȃ 

** 

ѿ ̔ ̆ᶛ AA (5 )̆ ҉

ѿ ̙ 

** 

 

 
1* ԋ (secondary cell) ᾟ Ȃ 
2* ѿ ₃ ȁѿ ѿ қ ̆ DIY̆Ӟ

Ȃ 

Challenge 40 s 

Challenge 41 s 

Challenge 42 e 

Challenge 43 s 
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Figure 24Ҭ ԅָӇ̙ҹָӇ

̙ 

** 

ץ ḤȂҹָӇ Ҍ ⱬ ̆

ץ ̙ 

** 

Figure 25 ̆ Ữ ̆ Ҍ Ӈ ԅȂ

Ȃ ̆ῒῤ ᴪ ָӇ̙֠ ᾥ· (Hendryk Richert)

ԅ ᵣ ᵥ ̆ ̔www.youtube.com/watch?

v=HzxTqQ40wSU www.youtube.com/watch?v=LFC6tbbMUaĂ ֓

̆ ⌠Ẓ ҉ (yttrium iron garnet) Ȃ 

** 

Ӟ ἝȂ ῒ̆Ҍ ᴪ֟ Ҍ Ȃҍ (cryptochrome)

῏ └ׅ Ȃ 

** 

ԍⱴ Ȃ Figure 26 / (Gauss rifle)Ȃ

ѿ ̆ ҈ ᴪ ₮̆ ҩ ̔ ԓȁ

҂ȁ Ӝ ⱴ Ȃ ֲ ̆ ѿ ꜚ ̙ 

** 

ᵣ ҹ (chiral)̆ ñ òȂᵰ └ᵬѿ

Ҍᴪ ( Ҍᴪñ ℗ ò) ңץ̙ Ҍ ̙  

ӏ  (© Evan Keller) 

Figure 24 

Challenge 44 d 

Challenge 45 s 

Challenge 46 e 

Challenge 47 s 
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҉ ̔Ҍ ᴋᵥ ֽ ȁẒ ᾣ Ḥ Ҭ Ữ Ḥ ̕

Ҋ ̔ Ẓᾣ ҉ⱴѿ ץ̆ ҉ Ḥ (© Matesy) 

Figure 25 

̆ └ ̆ ҉(© Simon Quellen Field) Figure 26 
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** 

Ӟ Ȃ ᴪ ᾣ ֟ Ȃֲױ ₃

Ԛ ̆ ҹ ԅ ᵣȂ 

** 

ѿḤ ̆ Ȃ ѿ ̆ Ҭ Ȃ ң №

̆Ḥ ᴪ ₮ ᾣ ȂҹָӇ̙ ᶏץ ⱴ ̙ 

** 

Ҭ ⱬȂ ӊ̆ ҍ ӊ ל Ȃ ԍ ̆ ל ץ

ҹꜚ Ȃ Ạָ֓Ӈ̙ ָӇ̙ 

** 

ᾟ ̆ Ȃ ҉ ̆ ̔ ᵥ└

֟ץ ȁ ᵥ└ ₯ ᵣȁ ᵥ└ ᵰ

Ȃ ᵰ ̆ Ȃ ץֲ ҹҙ̆

Ȃᶛ ֲ ñ ᾢ (Mr. Electricity)ò ᴿ · (Robert Krampf)̆

thehappyscientist.comȂ℗ ᴏ˻ ᶏ Ӟᴪױז Ԋ Ȃ 

( ̔ ̆ ᾢ ԍ 2020 ᾙ └ Ȃ) 

** 

ᵣ ꜚ֟ Ȃᵖ 1990 ѿ֓̆ף ױ ‖

(tanker) ̆ ҉ԅ ȂẼ Ḃ Ҭ ̆ ̆ѿ֓

Ȃ ѿҩỮ׆ ⌠ ѿҩỮ ̆Ӟ ᵌԊ Ȃ 

 

 

 

 

 

 

 

  

̔ ᴿ · (Robert 

Krampf)  (© Wikimedia) 

Figure 27 

Challenge 48 s 

Challenge 49 e 
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** 

̆ ᾟ ȁ ȁ ῒ ᵣ Ҭ֟

ᾣ ̆ ᴆ 0.1~10 kPă5~10 kV̆30~40 kHz Ȃ ֓ ᴆҊ̆

ҹ ̆ ̕ ⌠ ҹ 20 000 KȂ

ᵣᴪ ׆̆ל Ȃ ᾣ ᴪ ᾣ̆

҉ ꜚ ̆ ץ ᾣ Ȃ ҉ ῏ԍ ᾣ Ḥ Ȃ 

** 

Ҭ ҹ ᵣ̆ ץ Ȃ Ҭ̆ № ᴪ ꜚȂ

ᵣ ҉ ̆≠ ᶏ Ҋ ꜚ̆ ᵣȂ

ⱴ ̆ ᵣ↕ ꜚ̆ ҩ ȂFigure 29

ᶛ PC Ȃ( ̔ ˻) ԅ ᵥ DIY ֓

(lifter)ȂFigure 29Ҭ ᵣ̆ ѿ ( ҬҌ

) ץ̆ ᾧ ȁ ᾧ ꜚȂҌ ̆

( ῃ ) ѿ ₮ԅҌ Ȃ ṕ ҹֲױ

№Ԋ ᶫԅ Ȃ 

**  

 

ᵞ

̆ ҹ

30 ̆ῤ

̆

ԅῒ

Ȃ

ᵣҬ̆

ᴪ Ҍ

↕ ꜚ 

(© Philip Evans) 

Figure 28 

Challenge 50 e 

Ref 30 



 

 

 
01.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

 

59 

 

 

 

 

 

 

 

 

 

 

 

 

 

╠֟ ᾣ ‖ ҹ 100 asȂ ԍ ᾣ̙ 

** 

ꜚ֟ ̕ ῤ ꜚ֟ ̕ ꜚ Ҭ

֟ ̆ῒ ץ ѿ Ȃ2003 ̆ ᶏ Ҭ

ꜚ̆֟ ̆ ≠ץ ҉ ⱬ Ȃ ѿ

ң ̆ ץ ₮ ȂFigure 30 ѿ Ȃ 

 

 

 

 

 

 

 

 

 

 

 

≠

ᵣ  

(© Jean-Louis Naudin 

at www.jlnlabs.org) 

Figure 29 

 

֟  (© Stefan Maus) 

Figure 30 

Challenge 52 s 

Ref 31 
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҉ ̔ ҍ ԑᵬ ȂҊ ̔  (courtesy NASA) Figure 31 

 
Magnetotail 

 
Plasma sheet 

Ҭ  
Plasma sheet 

Ẓ  
Deflected solar wind particles 

῀  
Incoming solar wind particles 

· ᴶ  
Van Allen radiation belt 

 0-100 km 

Earthôs atmosphere 

 

Solar wind 

Bow shock 

 

Polar cusp 

Magnetosheath 
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** 

ȂFigure 31 ԅ ( ) ᵥ

ץ̆ Ҭ ₃ҩ ȂFigure 32 ԅῒ Ȃ ֓

ֲ῀ ׅ Ȃ 

** 

(electrode)ȁ (electrolyte)ȁ (ion)ȁ (cathode) (anode)

· (William Whewell, b. 1794 Lancaster, d. 1866 Cambridge) ₮ Ȃ

ז̆ ז ҹז ңҩ Ȃ (anode)

(cathode) ñ҉ ò ñҊ òȂ ԅ ֓ Ȃ( :

ҍ ȇ (ḱ )Ȉ ԓ ñ òѿ ) 

** 

ᴪᶏӊ Ȃ - ҉̆ ׆ץ

Ҭ ȂҹָӇ̙ 

** 

ӄ̙ ᾥ ᴶ (Clarendon Hall)̆ ѿ 1840 ץ ѿ

ᶫ Ȃңҩ (Zamboni pile)֟ ᵞ ̆

ѿ ᵬ Ȃῒ ѿ֓ᶏ ᵌ ≠ ᵬԅ 100 Ȃ 

**  

EXOSPHERE 

THERMOSPHERE 

MESOSPHERE 

STRATOSPHERE 

TROPOSPHERE 

IONOSPHERE 

E 

F 

( Vol I Figure 260 , Vol I Table 45)̕ ‛ ᵣ

̆ ԅ ᾣ  (courtesy NASA) 

Figure 32 

300 600 900 1200 1500 

(K)  (cm-3) 

104 105 106 

Ҭ  

 

 

  

 600 

300 

85 

45 

12 

(km)  

Challenge 51 s 
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ҹָӇ ̆ᵖ ҉ ̙ 

** 

ᵥ ̙ ῒṿ ָӇ ̙ 

** 

ԍ 1831 ԅѿ ꜚ ̆ Figure 33Ȃ ̆

ԍ Ҭ ῒ ꜚȂ ӊ̆ ץ ⱬ ꜚ ( ҹ (Barlowôs 

wheel) )Ӟ ᵬҹץ ̕ᵰ ῒ ᵬ ̙ 

ף ⌠ ȁ ȁ ᵣ(samariumïcobalt magnet)

̆ Figure 34 Ȃ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

** 

Ẽ (Ӟ ) ҹ 7.8·1022 A m 2Ȃ

Ẓ ⌠ң ̆ ᾧױ ῒ Ȃ ׂ̆ ӎ ᴪᶏ ̕ ̆ ӎ

ᴪ ֲ Ȃ ױ ᴀ Ȃ ╠̆ ҕ ⁞

5%̆ᵌӍ 1500 ̕ Ҍ ᴪ ₯

ⱴ̆ ᴪ ṕ Ȃ 

** 

ҍ ᵬ ̆ ȂFigure 35 ԅѿ֓ ᶏ Ӟ

ץ ⌠ ᶛ Ȃᵰ ⌠ ̆ ̙ 

  

Ȃ Figure 33 

 
 

 

N 

S 

 (© Stefan Kluge) Figure 34 

Challenge 53 s 

Challenge 54 s 

Challenge 55 s 

Challenge 56 s 

Ref 32 

Ref 33 
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Ҭ ⌠ ᵩ (transistor)̆ҍ ᾝᴆѿ ̆ ץ └ Ȃ

ᵣ ץ ᵬ ῏ ̆ ȁ ȁ ᶏ ᵣ

Ȃ ף ҆ҩ ᵣ ̆ ԍ (integrated circuit)

ῤȂ ֓ ѿ Ȃ 

** 

ץ ѿҩ ̔ ҍ ӊ Ȃ

҉ ̆ ҹ (mimetic discretization)Ȃ ᵰ ѿҊ

̆ ҉ Ȃ 

** 

 

resistor 

 

 

 

transistor 

 

 

 

 

 

 

ᵣ  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

ҍ Ȃ Figure 35 
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῍ ҹ 7 Hz̆ᴋᵥ ᵞ ҩṿ ⌠ Ḥ

Ȃᵰ ̙ 

** 

≠ (Kirlian ) ₮ ̆ᵖ

̆ ⱴ Ȃ( : ᵣᾣ ̆ ñ òȁ ñ

ⱳòȁқ ֒ñ ḱòȁ ⱳ ȁ ҍñ ᾝòȁ қ ḱҺӈȁ Ҍ

ῐ ȁ ̆ ᵌ 20ҕ ῃ ȂῒҬѿ֓ ꜚȂ) 

** 

Һ ֜ Ȃ ⌠ Ҭ ҹ 1 k-q̆ ֽ╠ ꜚ

20 nm̆ ץ ῒ ̔ ᴋᵥқ ῀ ₮˻ ҹ ⱬ

Ὲ ̆ Ҍ ԅ ȁ ԅ ̙ 

** 

ṿѿ ̙ ̆ ԋ ᵝ ῤ Ȃ ̙ 

** 

ṿҍ ῏̆ ᾣ Ȃ ̙ 

** 

ץ ̆ ᶏ Ӟ Ȃץ   www.physicslessons.com/TPNN.htm  Ȃ 

** 

 

 

 

 

 

 

 

  

̔ 40 cm̆ ₃ ̆ ғ ⌠ ֲ

ᵹ̆ᵖ Ҍ (© Janjaap Ruissenaars at www.UniverseArchitecture.com)Ȃ

ң Ҍ ̔ ױ ̆ Ҍ ȂҹָӇ̙ 

Figure 36 
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ץ Ạ ̙2006 ̆ѿᵝ ῌ Ὲᴧ ԅѿҩ

̆ Figure 36 ̆ ᵣḠ Ҭ ̆ ҉

ץ ẁ Ȃ ᵝ ז ҉ ᶫԅѿ  ñ ò̆ ᴇ

ѿ ҆ ᾝȂᵖ ֽ ң ̆ң Ҍ ̆ ̆

Ҍ ₮ ȂҹָӇ̙  

** 

ᴪ֟ Ȃ 1010 T Ҋ (birefringent)̆

ᾣ ᴪ№ ̆ ᴪ Ȃᶛ ̆ ᵀ ̆ ѿҩ ҉ᴪ 200

ṐȂ ᴆ ԍ ҹ (magnetar) Ҭ ҬȂ 

** 

ñ ò (Ohmôs ólawô)̆ ₃Ӎ ׆ ҍ ך  
 

׆|ך
ך

׆
,amlqr;ח; &02' 

 

ⱳԍ · · (Georg Simon Ohm, b. 1789 Erlangen, d. 1854 Munich)̆ѿ

Ȃז ῀ ԅ ̕ Ṝ̆

Ȃ ̆ ȁ ȁ Ḡ Ҍ ̆ ԍ

Ȃ ԍ ᵣ̆ ≢ ̆ Ҍ ԍ

ᵣ ’Ȃ  

ꜜⱬ ⌠ ⌠ ז̆ ҹ ҙ (TUM) Ȃ

̆ (electrical resistance) ח ᵝזץ Ȃ ᴟץ) ҹ

ᵝ) ץ) ҹ ᵝ) ᶛ Ȃ ӈҹ / ;/T-?Ȃ 

ׂ̆ ῏ Ȃ ԅ ҩ ̔ ̆

ҹ /.3Ȃ ṐȂ Ԋ̙ 

** 

₃ ̆ ѿ Ҭ ῤ ̆ ױ ԅȂ ⱳ  ҹ ו
 

;חф׆;׆ך;ו
фך

ח
&03' 

 

ԅ ⱴ ̆ᶛ ף Ҭ ⱴ Ȃ ╠ӊױ

⌠ ῏ ̆Ҍ Ῥ ѿҊȂ 

** 

ᵌ ̆ ԊȂᶛ ̆1958 ̆ ῌ

(J.L.van der Pauw) ԅѿ↕ ֲ Ὲ ̆ ץ ᴋ
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Ȃ ⌠ ᴋᵥᵝ Ȃ ̆ (specific resistancĕ

) Figure 37 ₮Ȃ ᵥ ↕Ὲ ̙( Ҍ Ȃ) Ὲ

⁞ ԅῃ ᵬ ̆ Ὲ ӊ╠̆ └ᵬ

Ғ Ȃ 

 

 

 

 

 

 

 

 

 

 

 

 

 

** 

ȁ ̆ Ȃ1964 ̆ · (Fletcher Osterle)יּ ԅѿ ῃ

Ȃ2003 ̆ · ᾥ(Larry Kostiuk) ῒ Ὲᴧ ԅѿ ̆

ױז ѿ ң ҉ ̆ ┴₮₃ ҆ ̔ 2 ҉

῍┴₮ 45҆ 15 k Ȃ ̆ ᴪ֟ Ȃңᶷ

҉ Ἕץ ѿ ᶏ ̆ ₮ /,3 ? Ȃ 

ҩ ≠ ԅ ᵣѿ ̆ ῀ ᵣ

Ȃᵰ ҹָӇᴪ֟ ̙ ̆ ֽҹ 1% ̆

Ҍ ꜚ Ȃ 

** 

῏ ꜚ ̆ web.mit.edu/8.02t/www/802TEAL3D/visualizationsȂ 

** 

Ȃ ҹ ח ᵣ ѿ ̆ԋ Ȃ

ᵖ ᵣ ̆ ᴪ ⌠ ᵣ҉ȂҹָӇ̙ԋ ᴪ ԑ ̙ 

** 

ᵣ ץ (quantum dots) (point contacts) Ȃ

ׂҕ ѿ֓ ᵬȂ  

cvn
оϩךף
Еф׆

)cvn
ϩЕךף
фо׆

;/ ;
оϩךף

Ефjl0׆
 

1 

2 

3 4 

 ף

1 2 

3 4 

ᵰ ₮

ԍᴋ

Ὲ

( ) ̙

’( )̙ 

Figure 37 
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** 

Ҭ̆ұ ҉ ѿ Ȃ ԍ ̆ ԍ

Ữ ̆ ṕ Ӗ׀-ф׀;фכ-Еכ̆₮ ׆ Figure 38

₮ Ȃᵖ Ҭ̆ ₃№ ⌠₃ № ӊ ȂҹָӇ̙ 

** 

֓ ҉̆ ҹ ⌐ (balisor) ᴪ ꜚ ᾣ̆

Figure 39 Ȃ ץ ׆ ⌠ ҉ ⌠ Ȃױ ױ ᵥ ̙ 

** 

̆ ₮ ̆ ԅȂ Ԋ̙ 

**  

ұ Ȃ Figure 38 ѿ ҉ Ȃ Figure 39 

AЕ 

Aф 

ᵣ 

 
 

 

ѿ Ҍ  (© Randall Munroe) Figure 40 

Ҍ

ҩ. 
 

̆ᵰ

Ӟ ҩ

˻

˻ 

Ḭ ̆

 ר

ѿ

̆

̆

 

ֲ

. 

. 

ҩ ԅ ̙ 

ҩ 1

Ҭ̆ңҩ ӊ ̙ 

...

...

Ȃ

...׆

Ҍ̆

Ȃ ...

é 

Challenge 66 s 
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ҍ Ҍ ̆ ⱴ ȂFigure 41

ԅ׃ ᵥ ץ̆ Ҋ̆ ֓

Ȃ ̔ ԅҌ Ȃ Ҭ̆׃

ᾥ -ᾥּי (Kramers-Kronig)῏ ̆ ҍ ꜚ ῏

Ȃᵖ Ҭ ң Ҍ ῃ  Ȃױ

** 

Figure 40 ̆ ӊѿȂ ‗ ̙ 

** 

Ҭ ҩ ѿ Ҍ ῏ Ȃ Ҋ Ȃ ҊҌ

῏  

ך ׀ פ &04' 
 

ῒҬפ ȁ׀ ȁך ל Ȃ ׆ ᴃӊ Ӟ Ҍ

῏  

ᴃ׆ פ &05' 
 
ң ῏ ץ Ҭ ⌠Ȃ 

** 

(electric polarizability) Ҋ֟ Ẽ Ȃ ӈ

ᵣ ⱴ Ҭ ̆ Ẓ Ȃ Ḃ ѿ

̆ (electrification)Ҭ ᵥ ᾟ ׅ̆ ף ѿҩ Ȃ 

**  

׃

( ) ץ̆ Ҍ

ѿ └(© Kenneth Mauritz) 

Figure 41 

Ẽ    

Challenge 70 ny 

Ref 37 

Figure 3 
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ᾥ 1861 Ҭ̆ ⌠ Figure 42 Ҭ

Ȃ ָӇ̙ 

** 

̆ Ҍ ҹ ̆ ҍ Ȃᵰ

῏ ̙ 

** 

ҩ Ȃ ᴇ ᵣ ץ Ạ Ȃת ̙ 

** 

̙ Ҍ Ȃ ӏ ҹ (Mooreôs 

ólawô)̕ ׆ 2011 ̆ ԍ ̆ ⁞ ⁞

Ȃᶛ ̆Ҋѿף ᾣ┴ ֟Ҭ ̆ ( ҹ

13 )Ҋ ᵬ̆ ᵣ Ȃ Ҋ̆ ѿ ╕̆

ғ ף Ȃ ╠ Ҍ ҉ Ȃ Ȃ 

** 

1990 ̆ף Ἕ ̆ ᾟ ԅ ̆ ₮ֲ Ȃ ץ

̆ ױ ҩ ̆ᵖ ℗ Ҍ Ȃ ᵥԅ

̙ 

ᾥ Ȃ 

Figure 42 
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̔ ҈ҩ Ԋ   

 

╠ҹ ̆ ױ ₮҈ ̔ 

 

 ᴪ ῒ ⱬȂ 

 Ȃ 

 ҍ ѿ ̆ ꜚ ᾣ Ȃ 

 

׆ ҈ ðð ӈȁ ȁᾣ Ҍ ðð ױ ץ ₮ ҩ ῖ

ꜚⱬ ȂӞ ץ ҹ̔ Ж ה Ȃ 

≢ ̆ ҈ ץ ₮ ꜚⱬ ᾥ ̆

ԅ ᵥ ֟ ȁ ȁ ̕ ץ ₮ ᴶῗⱬ̆ ԅ

ᵣ ꜚ ꜚ ᵥ Ȃ 

ҍ ӊ ץ ̆ᵖ ױ Ҍ׃ ̆

ҹ Ȃ ᵟ ̔ ҩ ꜚⱬ ԍ ױ ׂ Ȃ 

 

 

 

 

 

 

Ref 39 

Ref 39 

Ref 40 
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Chapter 2 

02  

 

ᴪ ̆ ̆ ᴪױ ꜚȂΐᵣ ᵥ ꜚ ̙1860 ̆ף

ᾥ *1 ԅז ѿ℗ ̆ ₮ԅ ꜚ Ȃԋ

̆֝ (Heaviside)ҍ ῗ(Hertz)׆ ᾥ ᾝ Ώ Ҭ

ԅ ̆ ҹ ᾫ (Maxwellôs theory of the electromagnetic 

field)Ȃ 

ꜚ ѿ ̔ Ҭ ң↕ ̆

Ҭ ↕Ȃ ῖ ꜚⱬ ׆ ֓ ̆ Ῥ

̆↕ ѿ℗ Ȃ 

 
 

ꜚⱬ ѿ   
 

ꜚⱬ ѿ↕ ԅ̔ ԓ (originate at 

charges) ᴋᵥῒ Ȃ  Ώᵬ*2ץ

bṰ; їṴ ᴍ

ṯ;
ї

Ṭ
/

фע
ṯ

ᴃ
; їẎ

&06' 

 

ᾥ ѿ ң Ώ ᴇ*3Ȃ  

 
1* ·ᾥ ᾥ· ᾥ (James Clerk Maxwell, b. 1831 Edinburgh, d. 1879 Cambridge) ȁ

ⱬ ӊѿȂז ѿԅ ҍ ̆⇔ ԅ Ȃז ꜚⱬ ᵬ

ז ԋ ⱳ Ȃז ԅ ̆ ԅ ҈ ז̕ ֲӊѿȂז

ֲ ҹ ץ ᴯ ȂñClerkòñMaxwellòז Ȃ 

2* Ώ ѿ ̆Ҍ ᵬ ᴪ ע ї Ҍ ⌠ ש*־*׃ ӈҬȂ

₮ Ȃ ֓ ׆ץ ⌠ ῤ ’̆ᵖ ױ Ҍ

ῤ ’̆ ҹ ᵌ ’ ҉ ԅ ҩ Ȃ 

3* ᾥ ѿ № Ώץ  

bṰ ;ׇ ї;& Ẏ'ї;&ї*ע їẚ'ї*ע

ᵯ

ע
*ᵳ*ᵴ*ᵵ

π ᵳׂ-ע ᵴׂ-ע ᵵׂ-ע

ᵳׂ-ע . ᵵֿ ᵴֿ

ᵴׂ-ע ᵵֿ . ᵳֿ

ᵵׂ-ע ᵴֿ ᵳֿ .

;& Ẏ'ї*ע
&07' 

Vol IV page 232 
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ᾥ ѿ Ạ₮ԅѿ ̔ 

 

 Ȃ(Electrical charges carry the electromagnetic field. They 

carry it along with them.) 

 

ѿ ԅ ᵣ ⱬ ᵬ Ȃ 

ѿ ᴇԍ Figure 43Ҭ ҈ҩ ̔ ח

(Coulombôs ólawô)̆῏ԍ (Amp¯reôs ólawô)̆ץ ᾫ

ᾥ(Maxwellôs addition)̆ ᴪ ₮ Ȃ ℗ ̆ ױ

ץ ױ ᵥ ꜚ̆ ױ ץ ֟ױ FȂ

֥ ̕ 3- Ẏ ꜠ ֥ ғ

̕ ֥ Ȃ ̆ ꜚ ֟ ꜚ Ȃ 

ѿ ∑Ȃ ѿ

Ῥ Ҍ ₮̔ ᴰ ₴ Ȃ ∆ ᶷ ῏

Ȃ фע-/ ̆ ֟

Ȃ 

 

 

 

 

 

 

 

 

 

҈ ᾥ ꜚⱬ ѿ Ȃ 

 

Figure 43 

ṯ 

ᵣ  

 

 ׆

Ṭ 

 

 ׆

ᴅ N S 

֥  

ꜚⱬ ԋ Ȃ Figure 44 

 
 'ф&r׆ 'Е&r׆

ᴰ֥  
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ꜚⱬ ԋ  

 

Figure 44 ̆ ᾥ ԋ ԅ Ҭ ѿ

̆ ̕ Ӟ ԅ ᵥ֟ ̆ ҹ

Ȃ ᾥ ꜚⱬ ԋ Ώץ  

bṰ( ;.* ῚҲ

Ṱ( ;
/

0
Ṱ

ᴍ
Ṭ;.

ṯ;
Ṭ

ᴃ

&1.' 

 

ԋ *1 Ể )׃ (lack of sources for the dual field tensor)Ȃ ӊ̆ 

 

 Ҳ Ї Ȃ(In nature there are no magnetic 

charges,i.e., no magnetic monopoles.) 

 

Ȃ ԋ ᴋᵥץ̆ №◓ΐ ң ᵣ̆֟

ң ̆ ᵣȂ 

ԍ ̆ Ӥ ̔Ҍ ₮ ̆

ѿ℗ Ȃᶛ ̆ ῤ Ȃ ̆

҉ ҹ̔ ( ᵣ ) ̆ Ṭףṫ;.Ȃ

ӊ̆ ῀ ᴪῬ Ȃ*2 ᵣ ҬȂ ҹ

(magnetic Gauss ólawô)Ȃ  

 
1* ᾥ ԋ № Ώץ  

b Ṱ( ;.

ᵯ

ע
*ᵳ*ᵴ*ᵵ

. ᵳֿ ᵴֿ ᵵֿ

ᵳֿ . ᵵׂ-ע ᵴׂ-ע

ᵴֿ ᵵׂ-ע . ᵳׂ-ע

ᵵֿ ᵴׂ-ע ᵳׂ-ע .

;.

Ṱ( ;.

Ṱ ) Ṱ ) Ṱ ;.

&1/' 

Ẽ Ṱ(  ṰҬ ֿ ҹ עׂ̆- עׂ- ҹ ֿȂ Ẽ (duality 

transformation)Ȃ ẼȂ 

2* ҍѿ֓ ӥ Ώ Ҍ ̔ ῒ ̆ ױ Ҍ Ȃ

̆ ̆ Ҍ ȂԊ ҉̆

’Ҋ̆ ԍ Ȃ 

ѿ ΐ̆ᵖҌ ᶫ Ȃ ῒ Ȃ 

Ref 41 

§2:  
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ԋ  

 

 ֥ Ȃ(Changes in magnetic fields produce electric fields.) 

 

ᶷ ҬȂ Ҭ ץ ֟ ꜠

(electromotive field ) ȂӞ ꜚ ץ ̔ ’Ҋ̆

ױ ᵈȂ ӊ̆ ץ ( Ἕ ѿ )̆ᵖ

Ȃ⁞ ԍ ῏ (ҹָӇ̙)̆ ҩҒ ̔ ∑(Lenzôs rule)Ȃ  

Ҭ̆ ᾥ ԋ ҍ ѿ ѿ ᶏ Ȃᵰ ҹָӇ ̙ 

 
 

ᾥ ҍ  
 

╠ӊױ ⌠ ᴶῗ  

Ẇ;ᴀṰᴄױ ᴍ

bׂ

bᴃ
;ᴀṯẚ

bẔ

bᴃ
;ᴀ&ṯ)ẚ Ṭ'

&10' 

 

ԅ ᵥ ꜚ ꜚȂ ᾥ ңҩ (28) (30)̆

ᴶῗ ̆ ԅѿ℗ ̔ ȁ ȁ ȁ ᾣȁ

ȁ ȁῃ ἝȂ ӊ̆ ȂҌ

ֽҹ Ȃ  

ᾥ ᵌ ̆ᵖῒ Ȃ 
 

ב .1 Ȃ 

2. ꜚ ᾣ Ȃ 

3. Ȃ 

4. Ȃ 
 

̆ῒ ᾥ ב Ȃ ╠ӊױ

⌠ ̆ ᾥ ׆ ₮ Ȃ 

ᾥ ̆ ҙȁ ȁ ȁ ΐȁ ӏȁ ȁ

ȁ ̆ Ҍ Ȃ֜ ȁ Ḥȁ ȁ ȁ ᵬȁֲ ץ ₃

Ӎ ӏ ᶭ ԍ Ȃ 1899 ̆ ῗ ᾥ ҹ ף

ז̆ Ώ ̔ 

 

Man kann diese wunderbare Theorie nicht studieren, ohne bisweilen die Empfindung 

haben, als wohne den mathematischen Formeln selbständiges Leben und eigener 

Challenge 76 ny 

Challenge 75 ny 

Ref 39 
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Verstand inne, als seien dieselben klüger als wir, klüger sogar als ihre Erfinder, als gäben 

sie mehr heraus, als seinerzeit in sie hineingelegt wurde. *1  

 

ῗ ԍ1893Ώԅ ӥ̆ז ᾥ ѿ ⱴԅ

̔ 
 

War es ein Gott der diese Zeichen schrieb,  

Die mit geheimnisvoll verborgnen Trieb  

Die Kräfte der Natur um mich enthüllen  

Und mir das Herz mit stiller Freud erfüllen?*2  
 

ᾥ Ὲ ⱬᶭ Ȃҕ ׅ ῒ Ȃ 

Ҍᴪ ̆ ױ ῒҬ ̆

ױ ╠ ̔ ȁ ץꜚ ᾣӊ Ȃ ҩ ѿױ

̔ ץ ꜚȂ ≢ ̆ ץ ȁꜚ ȁ ꜚ Ȃ 
 

 

  
 

ᴪ ꜚȂ ҩ ꜚӊ ӈ ̔ ң ̆ ױ

ꜚ Ҍ Ȃ ױ ԊȂ 

ң ȁ ԑ ̆ Figure 45 Ȃ

ԋ ̆ ֟ ⱴ Ȃ ԍᵝԍң

̆ ⌠ ѿ ׂ̆ Ҋ֣ ῎ (Heaviside 

formula) ₮ 

ׂ;
ᴀ&/ ᴅф-עф'

2 їᴁ
ф

&11' 

 
 

֟ ⱴ Ȃ ̆ ԍ ᵝ ̆ ҩ ꜚ Ȃ 

ѿᵝ ץ̆ ᴅ ԍ╠ѿ ꜚ̆ ז ̆ ѿ

Ȃ (33)̆ңҩ ᵝ ⌠Ҍ ṿȂ ӊ̆

ԍ ꜚҬ̔ ԍ ᵝ ̆ ꜚ Ҍ Ȃ ꜚ

̆ᵖ ԅ̙  

 
1* ñ ̆ᴪ ֓ Ὲ ҍ ̆ ױ ױ ̆ ױ

̆ ױ ԇ ױ қ ̆ ױ ῀ ױ Ȃ 

2* ñ ΏҊ̙ ԍ Ҭ ̆ ӊᴯⱬ̆ᶏ Ȃò ῗ

ȇ ȈҬ ᴏΏȂ 

Challenge 77 ny 

Challenge 78 s 

Ref 42 
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∆̆–Ҹ(Van Dam) (Wigner) ץ ѿֲפ

Ȃױז ̆ ԍ ѿ ԑᵬ ̆

-ꜚ Ҍ ѿ℗ Ҭ Ḡ Ȃ 

ꜚ ̆ ҹ 

 

 ꜚ Ȃ 

 

ӊ̆ꜚ Ҭ ̆ᵖῒҬѿ֓ ̆ΐᵣ ṿᶭ ԍ Ȃ 

̆ ױ ΐ ꜚ Ȃ ꜚ ̆ ₯

ᵣץ ᵣ ₯Ȃ ױ ⌠̆ᾣӞ ̆ ᾣ

ꜚ ᵣȂ ױ Ҋ׆ ҉ ᾣ Ȃ ң↕ ̆

׃ ѿ֓ Ȃ 

ױ ₮ ̆ᴋᵥ ԑᵬ ꜚ ̆

ԍѿ℗ ’Ȃ ῒ̆Ӟ ԍ ԑᵬ ̆ №̆ ױ ᴪ ̔ѿ℗

̆ ̆ ꜚ ԅȂ ӊ̆ ñ

ꜚ ò̆ ̆ ҹ ױ ꜚ Ȃ 

 
 

ᵥҹ ̙  
 

ץ̆ ѿ ̆ᶏ ױ  

 

 ֜ Ȃ 

 

≢ ̆ ԅױ ⌠ ҬҌ Ȃ 

 

 Ҭ̆ ָӇқ ῒ қ Ȃ 

 

ױ ԅ ₃ҩҕױ ̆ ױ ̔ҕ Ҍ Ȃ ױ

ѿ℗ Ӈ ̆ Ӈ ⱬ Ȃ 

Ȃ Figure 45 

 ᴀ*ױ ᴀ*ױ

ẚ ẚ 

. ᴁ  

Ref 43 

§3:  
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̔   1ל

 

(field theory) ꜚ̆ ꜚⱬ ѿ ῖ ( ѿ ῖ ᵣꜚⱬ

Ȃ ꜚ ꜚ ᵣ ҉ ᵌ)Ȃ ̆ ῀

ȁ ל ȁ Ӟ ֲ῀ *2Ȃᵖ ҉̆ ױ

ꜚ҉Ȃ 

ᶏ ױ ꜚ Ȃ ꜚҌֽ ᵣ ̆Ӟ

Ȃ ̆ Ӟױ ‰ Ȃ 

ҍ ̆ ױ Ί ꜠ Ȃ ץ ꜚ ᴰ

̕ ̆ ᵣӞ ҹץ ῀ ꜚ Ȃ ̆ ױ ӈѿҩ

⃰ (state function)̆ ꜚ Ȃ ԍ ᴰ ̆

ױ ꜚӞ Ȃ 

ῗ ֝ ңҩץ ‰ ӈԅ ₱ Ȃ ѿ ӈ( )  3*שׂ

(vector potential)̆ ᶱ ᵣ ꜠ ( : ҍ ꜚ )̔ 
 

ṫ;
Ẕ

ᴀ
&12' 

 

̆'ṫ&ẞל ῒꜚ ᴪ ᴀṫ̔ ᵝ ṿל ӗץ Ȃ

ԍ ↕ ӈ̆  

Ṭ; ṫ;aspjṫ &13' 

 

̆ שׂ (curl, Ӟ ҹ rotation, ᵬ rot)Ȃҹԅ ָӇ̆

Ҍ № Ȃ Figure 47 ̆ ѿҩ ԍ

̆ ꜚ̆↕ Ȃ ҩ ̆ῒ ̆ ӈ

ԅ ( ԅ ↕)Ȃᶛ ̆ ↨ᵣ ҹ

0̆ ңṐȂ  

 
1* ∆ Ȃ 
2* ԍ ̆ ( ל( ӊ ῏ ָӇ̙ ңץ ל ̙ ῏ ֓Һ

̆ Bo Thidé ᾧ ӥȇ (Electromagnetic Field Theory)Ȉ̆ ז

www.plasma.uu.se/CED/Book ҉Ȃ ̆Ӟ ץ Schwinger Jackson Ȃ 
3* ̔ ׂױ ṫҹ( ̆ל( ᾥ Ӟ ñѿ ꜚ ò̆ ⱬ №

₮ ӈꜚ ̆ № ̆ Ғ׃׃ ñ Ί ò̆ ᾥ ȇ Ȉ̕

ᾥ ȁF.E.ᴚ ֲ Ẓ ѿᾝ ̆ ῗ ҍ ̆ ӈԅᶭ ל

Ȃל ׂױ ̆ל() ῗ ̆ל ȇHertz, Ueber die Beziehungen zwischen den 

Maxwellôschen electrodynamischen Grundgleichungen und den Grundgleichungen der gegnerischen 

Electrodynamik, Annalen der Physik und Chemie 1884: Volume 23, Issue 9, pp. 84-103, 1884ȈȂ 

Challenge 79 s 

Challenge 80 ny 

Ref 1 , Ref 24 

Ref 44 
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ҍל ̆ ᶭ ҍ ᴁ № ᴁїȂ 
 

;'ᴁ&־ ї׆

0
jl
ᴁ

ᴁї
&14' 

 

Figure 46 ̆ ל ԅ ᵥ ῒ ( ) Ҭ֟ ꜚ Ȃ 

ץל ҹҬ ñ ò̆ ῒ  ׆
 

;'ᴁ&־
0ᴁ

&15' 

 

ῒҬ ῤ *1Ȃѿ ̆ ל ꜚ (dragged)̆ ԍ

Ȃ ⱴ ⁞ Ȃ ҍ ᵬҹל ꜚ Ἕ Ȃ 

ל ҹ̆ ῒҬ ꜚ ꜚȂ ң ’

Ҋ̆ ⱴ ⁞ Ȃᵖҍ Ҍ ̆ Ҍᴪ֟ל ᴋᵥ⁞ ꜚ

Ȃ ̆ ל Ἕѿ ᵣȂ 

ῤ ̆ Ȃ ԍ Ṭ̆  ҹל
 

ṫ&ᴁ';
/

0
Ṭ ẖ &16' 

 

’Ҋ̆ ל ҍ ⱴ ⱴ*2Ȃ ̆ ҹל Ȃ

ꜚ ₮ ῃ ҹȂ  

 
1* : ѿ ̆ ῤ ̆ ԍ ӈꜚ )״ ᵬ ӈ )̔ 

ṫ bẐ
ᵍ

;״; ; Ṭ bẗ
ᵔ

 

ᾥ ̔ ṫ № ԍῒ Ṭ; ṫ №Ȃ 

2* ̕ ̆ ᴪ Ҋ ̆ ל ӊҊ Ȃ 

ѿ֓ ’Ҭ  Ȃ Figure 46ל

  

  

  ᵩ 

 ל
 ל

 ל

Challenge 81 ny 

Challenge 82 e 

Ref 45 
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Ȃ ל ӈҌ ѿ Ȃ ṫ&ẞ' ̆ל ӇҊ Ӟ

ѿ )ל Ҍל ѿ̆ᵖ Ṭ Ȃ) 
 

ṫ&ẞ';ṫ&ẞ') &17' 
 

ῒҬ &ᴃ*ẞ' ᴋ ₱ Ȃ ̆ᵰ ( )ꜚ ṿӞᴪ

̙ Ҍ ᾧ ̆ ҹ Ғ (gauge invariance)

(gauge symmetry)̆ ѿҩ Ȃ ӊױ ᴪ Ȃ 

Ҍ ꜚ ӈ ̆ Ӟ ȂԊ ҉̆ ԋ

(electric potential)שׂ ӈҹ ᵣ ̔ 
 

;
ך

ᴀ
&2.' 

 

ל &ẞ' ׆ ל ̆ ᵝ ꜚ⌠ ẞ Ȃ ל̆

ᴀ ₮Ȃ ̆ ṯ ל ᵝ ̆ ꜚ ᶭ ̆  
 

ṯ;
ᴃ
ṫ &2/' 

 

̆ ל ӈ Ȃ &ẞ' ѿҩ ̆ל Ӈ 
 

&ẞ'; &ẞ'
ᴃ

&20' 

 

Ӟ ѿ ’Ҋ ₱ל Ȃ ӈҹ ӊ Ȃ

ל ₮ ṯȂ 

ҹԅ ԋל ҹ ҍꜚ ̆ ⌠̆ ԍ ꜚ ̆  
 

b

bᴃ

/

0
ᴅф)ᴀױ ;

ᴃ
ᴀ& ẚṫ'

b

bᴃ
;'ẚ)ᴀṫױ& ᴀ& ẚṫ'

&21' 

 

ӈ ӈꜚ ̕ ԍ ᶷ̔

Ȃ*1 

4- Ҭ̆ ꜚ ѿ Ȃ ₱ ҹ 
 

־ 'ṫ*ע-&; &22' 
 

ҹ   Ȃ(potential-4)שׂ-4

 
1* Ӟ ҹָӇ ו ᴀ־ Ὲ Ҭ ₮ ̕ Ҭ

Ҭ ᵬ Ȃ 

Challenge 83 ny 

Challenge 84 ny 

Ref 44 

Ref 44 
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ל-4 ̆ ҹ ױ  
 

Ṱ;b־ Ṱ ; ־ ־ װ& Ṱ ; ־ '־ &23' 

 

Ṱ ῃ ṫל-4 *1Ȃᵖ ל-4̆ Ҍ ѿȂԊ

҉̆ᴋᵥῒ ᴇ ṫל-4 (gauge transformation)ҍṫ ῏ 
 

־ ־; ) &24' 
 

ῒҬ ; &ᴃ*ᴇ' ᴋ Ȃ ᴪ־ ₮ ץ ⱴ

Ȃ ץ ־ל-4 (overdescription)̔ Ҍ

̆ ԍ *2Ȃ ԍ ̆

ѿ℗ Ҍ Ȃ Ṱ Ṱ* ץ ѿ ῖ Ҍ

Ȃ Ṱ ־ ңҩ Ạñ òȂ  

ҩ ⱳԍ ᾥ Ἕ̆ ꜛԍᾥ ל ̔

־ № Ҍ ̆ ҹ  
 

־ ᴇף ; ־& ) ᴇף' ; ־ ᴇף &25' 

 

ӊ̆ ל ѿҩҌ Ҍ ̆ ѿҩ ̔ ҩ

҉ ѿҩ ҍѿҩ *3Ȃ 

ױ ӈԅѿҩ ꜚ ₱ ̆ ױ

ꜚ ᴪ ָӇ Ȃ  

 
 

 

 
־ *1 ӊ־ ̆ҍӊ╠ ⌠ ῒז 4- ̕ᵰ ѿҊ ̙ 

2* ₱ ҹ (choosing a gauge)̕4-־לӞ ҹ (gauge field)Ȃ ֓

̆ ғ ׂ Ȃ 
3* ̆ ױ ⌠ cvn&רᴀ־bᴇ'-Ἡ ̆Ӟ ᵝ ̆

ץ Ҭ Ȃ 

ҿ  

 

Ȃ 

ҹ ᵣ̆

Ȃ

̆↕

Ȃ ֟

Ȃ 

Figure 47 

Challenge 85 e 

Challenge 86 e 

Ref 46 
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1  

 

ԅ ᴶῗ ̆ ץ ץꜚ ԋ

῏ Ȃ ῖ ꜚⱬ (classical electrodynamics)ꜚᵬ ζϒτט ӈҹ*2 
 

;ζϒτט ױфע b
/

2ї

Ṱ Ṱ ׇ ־ &26' 

 

̆  
 

;ζϒτט
bᴇφ&ᴂ'

bᴂ

bᴇφ&ᴂ'

bᴂ

)Ü

Ü

ᴂף
/

2ї
Ṱ Ṱ ־ׇ

Ṇ

ϩᴇף &27' 

 

3-  
 

;ζϒτט ױфע b &ᴀẚṫ ᴀ'ףᴃכף ї

0
ׂф

/

0ї

ֿф  '.3&כףᴃף

 

№ ꜚᵬ Ȃ Ṱ Ṱ ₮̆ҍ ԑ

ᵬ ׇ ־ ₮Ȃ 

ѿ ̆ꜚᵬ ₮̆ Ȃ ꜚᵬ ζϒτט
ᵝ Ҋ (stationary)̆ ׆ ₮ Ȃ  

 
.;ט whenᴇ ;ᴇ ) and־ ־; )

prividedᴇ&'Ὢ. for zzὪÖ and

.ᴇ'Ὢ&־  for zᴇzὪÖ

&3/' 

 

ҍⱬ ’ѿ ̆ ־ ᴇ № ̆ ᵝ  
 

;ס
ᴀ

ױ
Ṱ ᴄ * Ṱ ;ׇ ї * Ṱ ;. &30' 

 

ױ ̔ ֓ ᴶῗ῏ ңҩ Ȃ ̆ ױ ᴇԍ ԍטζϒτ
№ Ȃ ң ∆ ᴆץ ᴆ

Ȃ ױ ᵝ ѿ ץ̆ Ȃ 

(48) ץ ҩ ῖ ꜚⱬ Ȃ ױ ꜚⱬ ▼

ᵩ Ҭ̆ ױ ԍ ҩ ѿ֓ΐᵣҺ Ȃ 

 
1* ∆ Ȃ 
2* ̆ñ (wedge)ò ñ (hat)ò̆ Ẽ ӗ ΐ ӈȂᵖῒ

̆ (form) ѿ ̆ ױ Ȃ 

Challenge 87 ny 

Challenge 88 ny 

Ref 48 
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ꜚ ῒ ꜚ   

 

ױ ῖⱬ Ҭ ⌠ԅ ꜚ ӈȂ ꜚ ӈҍ

̆ ԍ ᴶῗ Ȃᶛ ̆ ױ ΐ ꜠ ̆

ԅ ꜚ Ȃ 

ԍ Ҍ Ἕ ᵣ̆ ᵣ̆ ῃ

Ȃҹԅ -ꜚ ̆ ױ ҩ ҉ ү

ꜚ Ȃ ̆ ꜠ (energyïmomentum tensor) ṾȂ 

ӗץ ⱬ̆ ᴇ ̆ ῒ ᵝ ꜚ Ȃ

Ṱ ⱳ -ⱬ (Ӟ 4-ⱬ) ṵ ̆ ꜚ ҹ 

 

׃ א;ׇ ; Ṿ &31' 

 

↕ ( ₮)̆ ԅ Ḥ Ȃ ῒ ̔

̆ ₮ ( S ) ꜚ Ȃ

Ӟ ꜚ Ạ₮ԅ ᵌ Ȃ 

ꜚ Ṿ ҹ( : Vol II Equation 208 ץ ᵣ ⱬ ) 

 

י ;
;꜠

;꜠ ꜠

;
ᴄ ṽ-ע;עẔ

ṽ-ע;עẔ ᵤᵥ

;

ї

0
ׂф)

/

0ї

ֿф їעṯ Ṭ

їעṯ Ṭ їׂ ᵤׂ ᵥ

/

ї

ֿuֿv ) ᵤᵥ
ї

0
ׂф)

/

0ї

ֿф

&32' 

 

ῒҬ ṽ;ṯ Ṭ-ї (Poynting vector)Ȃ ꜚ

Ṿ ῏ ̔ ԅѿҩ Ȃ( : ᵤᵥ ꜚ ̆Ӟ

ⱬ ̆ῒ ᾝ ⱬ̆ῒ ᾝ ℗ ⱬ) 

⌠ ꜚ ̆ ױ ץ ̆ Ҭ ꜚ

Ȃ ꜚ Ῥ ̆ ꜚⱬ ѿ Ҍ ̔ -ꜚ ṿҌ ‗ԍ

Ȃ 

ꜚ ѿ ̆Ӟ ꜚⱬ ꜠ (motion inversion)╠

Ҍ Ȃ ԅ ꜚ ( ’ ҹñ ṕ /

ò) ᴪױ ҍ╠ ꜚȂ ꜚ

ץ Ȃ 

Challenge 89 e 

Vol II §7: (208) 
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Ҭ Ҍ ̆ ᵣ Ȃ

ᵥ ̙ 

ױ ⌠̆ ҍ ԅ ױ ӈ Ҭ ⌠ ѿ

̔ ῍ Ҋ Ҍ Ȃ ≢ ̆ ᴁὪ/-ᴁҊ

Ҍ Ȃᴋᵥῒ Ҍ ῍׆ Ȃ 

ӊ̆ ꜚ̆ Ἕ ױ ׂ ѿ℗ ꜚѿ ̆ ȁ ע ȁ ȁ

Ȃ Ҍ ҹ Ȃ ң ṿ Ғ ѿ Ȃ 

 

 

ꜚ   

 

ѿ℗ ꜚ ᵣ ȁꜚ ȁ ꜚ ̆ ӞҌᶛ ̆ ╠ҹ ᾛ

ױ Ώҹ 
 

ЋׂϓЬϫѓ;
/

2
ї

0
&ṯф)Ṭф'bכ &33' 

 

ԋ Ȃ 

ꜚ Ẕ  
 

Ẕ;
/

2
&їṯ Ṭ'כף &34' 

 

№ ꜠ (momentum density)̆ҍӊ ῏ ṽ;ṯ Ṭ- ї̆ ҹ

(Poynting vector)*1̆ ҩ ̆ ᵝҹ фȂױ-ל

ꜚ ф̆עץ ӈ ꜚ ӊ ҹ фȂע

ץ ԅ ᵝ ᵝ ̆Ӟ ᵣ ꜗ Ȃ

ꜚ ѿ №Ȃ  

ᵰ ѿ Ἕ ̙ ̙ 

ԍ ꜚ ̆ ױ  
 

Ṷ; ї

2
&ṯ ṫ'bכ; ї

2
ẖ &ṯ Ṭ'bכ &35' 

 

ῒҬ ṫ  Ȃל

ӊ̆ ΐ ꜚ ȁ ꜚ ȁ ̆ ғῒ ӈ Ȃᵖ

’Ҭ̆ ױ ṿ ץ Ҍ ̆ᵰ ץ ѿҊȂ 

 
1* ·֠≠· (John Henry Poynting, b. 1852 Monton, d. 1914 Birmingham)ԍ 1884 ῀ԅ

ѿ Ȃ 

Challenge 90 s 

Challenge 91 s 

Challenge 92 e 

Ref 47 

Vol II §2:  

 (54) 
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̔ ἝҌ ̙ 
 

ָӇ ̙ ꜚⱬ ₮ԅѿ ̔ ѿ ℗ ᵖ

Ҍ Ȃᵰ ̙ 

ױ Ȃ ׆ᾢױ Ȃה ̆ῒ

Ҍᴪ֜ ̆ӞҌᴪ֜ ҉Ҋ̔ ֜ץ (handedness)̆

ᵖ ╠ ֜ Ȃ  

ᵖ ̆ № ̙ ᵌ ̆ ҍῒ Ἕ Ҍ ̆

ױ Ԋ ӊ№Ȃᵖ ѿ ̆ᵰ ₮ Figure 48 ң

Ҭ ѿ ̙ 

̆ ֲ ̆ № Ἕ Ἕҍ Ἕ Ȃ ӊ̆

҉ Ȃ ԅ̆ץ ԍ ⌠

ԅ ̆ᶛ ⅓ Ҋ ꜚȁ ( ) ȁ

ȁ Ȃ ᶛ ᵝ Ȃ ֓ ẁ

└ׅ ҬȂ ̆ ҹ (node) ̆

ꜚ‗ ԅ Ҍ Ȃ ӊױ ᴪ Ȃ  

ֲ ̆ Ἕ ⱴ ױז̆ ᶷ ̕ ԍ ≢

ȁ ·Ӌ ̆ ᶷ Ȃ Ҍ ԅֲ

Ҍ ̆ ҹᶽ (lateralization)̆ ֲ ῏ Ȃ 

ֲᵣ ҉ ӞҌ ̆ ֲ ѿҩ̆ ғ 80% ’Ҋ

ȂӞ ֲҌ ѿҩ Ȃᵰ ₮ֲᵣ ῒ Ҍ ̙  

₮ ̆ ҹ ⱬ Ȃ ң

ԑᵬ ѿҩ ̔ Ҭ ҹῒ ṿ̆ Ḡ Ҍ ̆

ᴋᵥ Ἕ Ӟ Ȃ ̆ №

̆ᵰ ̆ Ӟ ̆ ᵝ Ӟ ᵝ Ȃ 

ҹԅ ѿ ҩ ӊ ̆Ҍ Ӈҩ ̔ ᵰ ҍ

ֲ֜ Ḥ ̆ᵰ ז ָӇ ̙ ᵰױ Ȃ 

Ԋ ҉̆ ἥ (mirror symmetry)ððӞ ҹ Ғ (parity 

invariance)ðð ̔ ꜚ ӈ҉ № Ȃ ꜚ

Ἕ┬ Ạ₮ Ἕ ̆ Ҍױ ( Ӈ ̆ ӇẠ

ҩ

̙

(NOAA) 

Figure 48 

Challenge 93 s 

Challenge 94 s 

Challenge 95 s 

Ref 49 

Vol V page 259 

Vol V page 27  
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Ἕᵣ )̆ ғ₃Ӎ Ӳꜚ Ȃ ₮ ̆ꜚ ΐ

̆ ֲ ₮ᶷ ̆ ≠ № Ȃ 

ӊ̔ ῖ ꜚⱬ ̆ Ҍ Ȃ ᵥ ̙ 

ҹᵥ └ ᴨ ̙ ҹ ᾣ ᵣȂ ҉̆ᴋᵥ

ᴪ ᾣ ðð ̆Ҍֽ ̆ ᵣӞ

Ȃ ᾣ̆ Ӟᴪ ᾣȂ

ԍῒῤ Ӎ ꜚ ̆ ֓ ᴪ № ᾣ̆׆

ῤ Ṓ ֟ Ȃ ѿҩᾣ ̆ ᴪ

Ȃ ȁ ȁ Ӟ ֟ Ȃ(

̆ ׃ ̆ Ḃ ̆ ץ Ȃ) 

̔₭ ṕἝ̕ № Ӟ Ȃ

̆ᴪ ָӇ̙ 
 

 

≢ 
 

‰ ̆ ̕ ꜚ ԑ

̆ ѿ Ȃ 

Ṝ̆ ץ № ҍ Ȃ ╠ ᴋᵥ

( )̆ ₃ Ҭ Ȃ ⌠̆

↕ ⱴ ḱ ꜚᵬ (48)̆ Ȃ ̆ ̆

Ȃ 

ᵖ Ҭ̆ ̆↕ ץ ῃҌ Ȃ Ҭ̆

ץ ᵬ ѿ ң ̆ Ҋ  
 

ׂὪ)ֿע

ֿὪ עׂ-
&36' 

 

ҹ( ) Ể (duality transformation)̆ ᾥ ҹ

ѿ Ȃ⁞ Ȃ(Ԋ ҉̆ ̆ Ῥ ѿ̙֓) ̆

Ẽ Ṱ ҹ Ṱ* Ȃ ӊ̆ Ҭ № Ȃ ῒ ̆

Ҭ ̆ Ȃ 

( ) ̆ Ẽ ̆ (58) ⌠ 
 

(ϓὪע Ѕ

ЅὪ ϓע
&37' 

 

ױֲ̆ ҹ ץ Ẽ ѿ ̆ᵖ Ȃ

ѿҩ Ґ(small and ugly)Ԋ ̔ Ẽ ԅ ̆

׆ ԅꜚᵬ Ȃ Ẽ Ҍ ̆ ꜛԍ ῀

Ȃ 

Challenge 96 s 

Challenge 97 s 

Challenge 98 s 

Challenge 99 e 

Ref 50 

Vol V page 269 
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Ḃѿ ̆ Ẽ ѿ ֽ ( 3+1 )Ҭ Ȃ

׆ ҉ ̆ Ẽ ҍ ᾝ ℗ ῏̆ ᶏ ᴶῗ (boost) ץ

ҹ 3+1 ̆( ) ᾛ 4 ҉ ӈҌ ԍ ‰ ῒ ᾣ

Ȃ ֓ ῏ ╠ׅᾟ ̆ ᵌӍױ ҉ ԅ

Ҭ ᵝȂ ӊ ѿ Ȃ  

 
 

ꜚⱬ ῒ  
 

ױ ⌠̆ ꜚⱬ ԍ҈↕ ̔ ȁ ȁ ב

῏ Ȃ ӊҬ ָӇҌ ӊ ḱ ̙ 

̆ ѿ ῏ב Ȃң ̆ ᴶ῏ (4) ῤ ᴋᵥ

ԑᵬ ̆ ԍ ҍ 3- ῏̆↕ ԍῒ ̆ ᶭ

ԍ 3- *1Ȃ ԑᵬ Ӟ ᶭ ԍ 4- ץ̆ ӈ ̔4-ⱴ

ҍ 4- 4- ֜Ȃ ԑᵬ ’ ⱴ ҍ 4- ȂῬⱴ

҉ ԑᵬ Ḡ Ҍ ̆ ױ ꜚⱬ Ȃῒ ԑᵬ

ҍ Ҍѿ Ȃ 

Ԋ ҉̆ Ҍ ̆ᶏ ꜚⱬ ҹ ̔ ꜚȂ

ӊ̆ ῖ ԑᵬ ᵌӍҌ ҍ /-ᴁфҌ ҹȂ 

ב Ẓ ̙ ῏ ᾣҍᾣ (ᾣ ) ҹ

Ȃῒ Ҥ ҹ ̙ Ȃ ᾣ ̆↕ ᾣ ᶭ

׆̆ Ẓ ̆ ҍ Ẓ ̆₮ Ȃ ׂ

֓ ̆ ֓ ̆ᾣ ᵞԍ/.ϧоiĕ ᵞԍ/.иоieȂ

ԍѿ֓ ̆ Ҍץ ֲ ₮ ҉ Ҍ Ȃ 

ᾣ ̆ ᴪ ꜚⱬ ̆ᵖҌᴪ ָӇҌ ԅ ױֲ̆

ԅ ץ Ҍ ӊ ̆ᶛ (Proca Lagrangian)Ȃ 

Ҥ ̆ Ҍ ᾣ Ȃ ᴋᵥ № ҹ

ᾣ ҍ ҹ ᾣ ̆ ₮ԅᾣ ҹ/.иЌieȂΐ

ṿ ᾣ Ҍᴪᶏ ױ ꜚⱬ Ȃ ױ ⌠̆ ╠ ₮ ҉

ׅ ̆ ץ ׅ ₮ Ȃ 

̆ ᾣ ̆↕ ̆ ҹᴪ ҍ

Ȃ ̆ ᾣ ץ̆

ᴋᵥ ̆ ң Ȃ ׅ ‗Ȃ 

ӊ̆ ⌠ҍ ѿ ῒ ꜚⱬ ̆ ֓ ̆Ӟ

Ȃ ױ ׂ ꜚⱬ ԍ Ȃ 

 
׆ץ *1 ӈ ׆̆  §1:  ԋ ῏Ὲ Ҭ ₮ Ȃ 

Ref 39 

Ref 51 

Ref 52 
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̔ ꜚⱬ  
 

ῖ ꜚⱬ ֲ ҳ ѿ ֲ ̔

Ȃ ֲ ҩ ҳң ̔ѿ ̆ ⌠ ̕ԋ

̆ Ȃ ңҩ ֲ Ȃ 

ҩ Ȃᶛ ̆ᶏ ȁPET ȁ

MRI Ἕ ̆ (conscious) (unconscious)ӊ ≢

̔ Ȃ (thought) Ҍ Ȃ

̆ Ҍ (repression of unpleasant thought)̆ ׂ ץ

Ȃ └ ױ ԅ ⌠̔ Ȃ

ԍ ̆ ╠ Ȃ 

῏ԍ ΐᵣ ᵬ̆ ӟȁ Ữȁ ≢ȁ ᵝȁ ̆ ף

ꜚ ₮ Ạץ Ȃ ׃ Ȃ 

̆ (MEG) Ȃ ֟ ᵞ

10 fT̆ Ҋ ᴰ Ȃ ֓

№ ѿ ᴋⱵȂ Ӟ Ȃ  

̆ ѿ Ṣꜛ ῤ

ꜚ̆ Ҭ׆ ñ òֲ Ȃ ӊѿȂ

ѿ ҽ ̆ ᵞȂ ԍ Ҍ

Ҭ ̆ ԍֲҍֲ ̆ ᾟ№ Ḥ̆ ץ

ῃ Ȃᵖ ᵬ

̆ ῒ ꜛ Ȃ 

҉̆ ׂ ֲȂ Figure 49 ̆

҉ѿ (  brain-computer interface) ̆ ץ

₡ ⱬ ԅȂ ז ꜚ ҉ └

Ȃ ֟ ̆ᴪ ₮ Ȃפ ԍ

̆ 20№ ҩ Ȃ ῃ ֲῬ

ҍֲ֜ז Ȃ ̆ ץ ֲ ҉ ñ òȂ 

 

ֽ₡ ȁ  (© Fraunhofer FIRST) Figure 49 

Ref 53 

§7:  
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₡ ̆ ҹ └ ̆ ҉ ץ

№ Ḥ Ȃᵖ ֲ ̆ № Ҍ ץ

Ȃפ ᴋⱵׅ̆ ῀ ῏ Ȃᵖ ╠

῀ ⱳ ₃ҩ ̆ ӈ ғ Ȃ 

̆ Ҍӄ ̆ ֲ

̆ᶛ Ȃ ₃ ᴪ֟ Ȃ 

 

 

̔ ꜚⱬ  

 

Ӟ Ȃ ̆ᵌӍᶏ ԅҍꜚ ᵌ

ᴰ └Ȃ 

* *  

ԍ ̆ Ȃᵖ ̆

̆ ԍᴰ Ȃ ⱳ ֜ Ȃ 

* *  

ᵣ( ᵣ ) ̆ᴪ ⌠ѿҩֲפ

̔ ᵣ ꜚȂ ᵥץ ̙ῒ ꜚ ᵥ׆ ̙ 

҉̆ᴋᵥ ( ҉ ѿ )ȂҹָӇ

Ҭ ̙ 

* *  

Ҭ Ȃ ᵥ ᾥ ̙Ҍ ̙ 

* *  

ץ Ȃ ᵣȂ ≢ ̆

֓ ̆ ֲ Ȃ ̆ ץ

Ȃ Ӟ ̔ ף ץ Ḥ ̆

₃ ̆ ῒ Ḥ Ȃ  

* *  

ӥ ̆ ( ) ӈ Ҍ ѿȂ (Feynman)

ז ȇ ӈ(Lectures on Physics)Ȉ 27-4 ҬӞ ⌠ԅ ҩ Ȃᵰ

ӈ ̆ ғ ֓ ӥ ̙ 
 

* *   

Challenge 100 s 

Challenge 101 s 

Challenge 102 s 

Ref 54 

Ref 55 
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Ҍ Ȃ ℗ ̆Ҍ ΐ ѿ Ȃᵖ ҩ

̆ ץ ῀ᵬҹ ñ ò̆ ҹñ

(magnetic pole strength)òȂ ̆ ̆ҍ

ᵌȂ  

* *  

ѿ ̔ΐ (knotted field lines) Ȃ ᵝᵬ

̆ ҉ Ȃᵖᵖ Ҭ Ȃ 

* *  

ᴋᵥ ֜ ꜚ Ẽ ȂҹָӇץ 50 Hz 60 Hz ₮

220 V 100 V Ҍᴪ ̙ 

* *  

ҹᵥ ̙ 

* *  

ᵣῤ ̙ 

 

 

̔ ꜚ 

 

ӊ̆ ȁ ꜚ ȁ ꜚ ̆ ̆ ץ ꜚ Ȃ

ꜚ ꜚᵬ ̆ ᴇ ᾥ Ȃ 

ꜚ ץ ҹῒ ꜚȂ ꜚḠ ꜚ

Ȃ ꜚ ȁ ȁ ȁ ἝҌ Ȃ 

֓ ԅѿҩ ̔ᾣ ָӇ̙ 

 

 

 

 

 

Challenge 103 s 

Challenge 104 e 

Challenge 105 s 

Ref 56 

Ref 57 
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Chapter 3 

03ᾣҹᵥ ̙ 

 

 

ᾣ ָӇ̙ ׆ ̆ᾣ Ȃ ₮

1848 ̆ · (Gustav Kirchhoff) ₮̆ ῤ̆ ̔ 
 

;ע
/

ї ї

&4.' 

 

↕ ԅң ╠ ҩ ̔ 

 

 ᾣ ѿ Ȃ 

 

̆1858 ̆ *1 ҉ ԅ Ҭ ᴋᵥ ҉ץ

₮ Dע Ȃ ⌠̆ ᶷ ᾣ ̆ ᶷ ̆ ̆

ᾣ ѿԅ Ȃ ҹ ע̆ Ҁ celeritas (

/ )̆ῒ  ṿҹף

077570236k-q;ע &4/' 

 

̆ᾣ ע ṿ ҩ ̆ ӂ ╠ ᵝ ӈ ᶏ Ȃ 

1865 ̆ ᾥ ῒץ ԅ 2500 ⌠ ῏ԍ

Ȃᵖ₃Ӎ ֲ ז ̆ ҹז ᾝ Ώ 2Ȃ ̆ ῗҍ֝ №≢

ԅ ֓ ̆ ₮ԅ ̔ Ҭ̆ ל Ώץ  
 

Ǵṫ;. ї ї

ф

ᴃф
)

ф־ᵳ
ᴇф
)

ф־ᵴ
ᴈф
)

ф־ᵵ
ᴉф
;. &40' 

 

ҩ ꜠ (wave equation)̆ ҹ Ҋ   
 

ṫ&ᴃ*ẞ';ṫїqgl&ᴃ ẏẞ) '; ־їᵴ*χ־*їᵳ־ ᵵqgl&0ץᴃ0ẞ-) ' &41' 
 

ҹ (harmonic plane electromagnetic wave)Ȃ Ҭ

ᴋᵥᴰ Ҭ (propagating imbalance)̕ Ȃ  

 
1* R · (Bernhard Riemann, b. 1826 Breselenz, d. 1866 Selasca)̆ Ȃז ѿᵝ

⇔ ̆ ԅ ̆ҹ ӈ ᶫԅ ҩ ̆ᵖ Ȃ 

2* ̔ԅ Ḃ ñ ᾝ òӊ ⌠ԅ̆ Ҭ №

ױ ̆ᶛ ̆ ᾥ ȇ Ȉ Ȃ 

Challenge 106 e 

Ref 58 

Appendix A 

Vol I §10:  
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̆ ῒ (amplitude)־ї, (angular frequency) , ᵝ

(phase) ᵥ̆ (62)̆ ғῒ ҍ (wave vector) ẏ Ҋ῏   
 

&ẏ';
/

ї ї

;ת
/

ї ї

ẏф &42' 

 

ӊ ῏ &ẏ'̆ ҹ ῗ (dispersion relation)̆ ᴋᵥ Һ

̆ ȁ ȁ ῒ ᴋᵥ Ȃ 

(64) ₮ ѿ ῏ ̆ Ӟ)ע

ꜚ )̆ ;ע -/;ת- ї ї ׆̆₮ Ῥ ԅ Ȃ 

̆ ҍע ȁ ȁ ᵝ ῏Ȃ ̆

ע ѿҩ ̆ ӊҍ ῒ № Ȃ 

 

 

 

 

 

 

 

 

 

 

 

 

 

ָӇ̙  

 

ҹԅ ԅ ̆ ױ ῒ Ȃ ꜚ (62)

̆ ң ’ ⱴ ѿ ׆̕’ ҉ ̆ᴑᵫҩү

ꜘӤ ȂӞ ̆ ҍᴋᵥ ѿ ̆ (interference)Ȃ 

ң↓ ץ ԑ ԑҌ ץ̆ ץ ҬҌ

ᴰ Ȃ 

↓ ץ ҹѿ ↓ ⱴ̆ ҩ

ῒץ ȁ ȁ ᵝ (63) Ȃ Ӟᶏ (spectrum)̆

ῒ ̆ ԅ ӈȂ 

Figure 51 ̆ ẘ (linear polarization, )

Ȃ ̆ ԍ ̆ (in phase)Ȃ(ᵰ

̙) ѿ ̆ ҹ ѿ ̕ ֓

ץ ᴰ ꜚȂ

ᾣ 

(photograph by Susan 

Schwartzenberg, © 

Exploratorium 

www.exploratorium.edu) 

Figure 50 

§3:  
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ҍ ᾥ ӊ ̆ 1885 1889 ̆ ῗ*1

ԅ Ȃז└ᵬԅѿ 2 GHz - ̆ Figure 54

Ȃ ׂׅ ̔ 3Gȁ4Gȁ5G(Generation) ꜚ Ḥ ҩ

ᵬ̆Ҍ Ҍ Ȃ ׂӞ /

(radio wave)̆ ҹ ẁ ԍ ꜚⱬ ҹ (radiation)̆

҉ ≠ ԅѿҩ ̆ ∆ ñ ᾣòȂ  

 
1* · · ῗ(Heinrich Rudolf Hertz, b. 1857 Hamburg, d. 1894 Bonn) 

Ȃ ᵝזץ Ȃ ῗ ̆ᵖז ᾥ ȁ

Ḥ Ҭ ֲ Ȃӊ╠ Vol I §7:  ׃ ῗ Ḥ Ȃ 

ѿ ┴

Ẓ

ѿ Ȃ 

Figure 51 

 

 
 

 

Ẓ ̆ ԅ  (Mpg films © Thomas Weiland) Figure 52 

( ̔ ҈ ꜚ Ȃ ҈ ᵝ Ȃ) 

· ῗ (1857 ï1894) Figure 53 
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ׂ̆ ῗ Ȃ Figure 55 ̆ ֦ ᾣԋ ̆

DIYȂ( ̆ ̆ҹҊѿ Ạ‰ Ȃ)

ᵬҹ ̆ ץ 30 ᴰ Ȃ 

ῗ ԅ֟ז ȂᵰӞ ץ ᾥⱬ ( )

Ȃ 2.5 GHz ̆ ῗ ṿҌ ̆ ֓ ῤ Ȃ

ᾥⱬ ( ) ῀ ̆ ῏ Ȃᵰᴪ ⌠̆ᾥ

ⱬ ↕ Ȃ ֓ ҩ Ȃ ṿ̆ᾣ

ԍ ҍ ӗ Ȃ 

ᵰ ҌḤ̆ ץ ̆ ԅ̆ᵰ

̆ ҩḂ Ȃҍ ׆̆ ⌠ ӊ ̆ᴪ

Ȃ ῤ̆Ḥ ҉ᴰ ⌠ ̆Ῥ Ҋᴰ ̆Ῥץ

Ȃ ע 2 14...ik-.,3q 1 /.ϧik-q̆

ṿȂҙᵩ ꜛṢץ Ḥ ᵌ ̆ Ȃ 

ӊ̔ ᾣץ ꜚȂ 

 

 

 

 

 

ῗ

ӊѿ

(© 

Fondazione 

Guglielmo 

Marconi) 

Figure 54  

  
 Ә 

 

 

̆ ̕ ̆ ȁ ᾣԋ

ȁ ȁң Ҝ ѿ֓ └  (© Guido Pegna) 
Figure 55 
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ᾣ  

 

Ҍ ԍ ̆ Ԋ Ȃ ̆ ꜚ ԅ

̔ᾣ ̆ ῒ ̆ Ȃ ң№ױ

ѿ ̔ᾢ ᾣ ѿ ̆ Ȃ 

*1ԍ 1678 ᾢ ₮ᾣ Ȃ ꜚꜚױ ᾣ ̔

╠ѿң ̆ Ҭ ñѿ ò̆ ң ₃Ӎ

Ȃᵰᴪ ⌠ ̆ Figure 56 ̆ ֟ ᾣ

Ȃ (interference) ⱴ *2Ȃ ‗ԍ

Ȃ ᾣ ᾣ ̆ ᵀץ ᾣ ̆ ̙ 

 

 

  

 
1* ᾥ · (Christiaan Huygens, b. 1629 ôs Gravenhage, d. 1695 Hofwyck) ז ҩ ף

Һ Ȃ ѿ֓ⱬ ̆Ӟ ᾣ ֲӊѿȂזΏԅ῏ԍ

ȁ └ȁᾣ ⱬ ᵬȂ ԅ Ԑ ̆

ԅ ̆ Ȃ( ҍ ᵞ Ȃ) 

2* Ҭ ԅ̙  

Һ (primary rainbow)ȁ (secondary rainbow)̕Һ (primary rainbow)ȁ

(supernumerary rainbows) (© Antonio Martos and Wolfgang Hinz) 

Figure 57 

ה (diffraction lines)  

(© Chuck Bueter) 

Figure 56 

Challenge 107 s 

Challenge 108 s 
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׆ ҉ ̆ ѿҩ ֲ ᾣ ̔ (supernumerary 

rainbows)̆Ӟ Һ ∆ Ҋ Ȃה ̆ - - - -

↓ Һ Ҋ ̆ Ῥ ⌠ ȁ ȁ ᾣ ̆ῒ ‗ԍ Ȃ

· *1 1803 ̆ ԍ ᾣ ̕

‗ԍ ױ № Ȃ( ₮ Ḥ Ȃ)

· ᾣױֲ ῏ ȂᵌӍ ҩ ף ױ ӇҌ

Ḥ ̆ Ӈ Ȃ 

ᾣ ꜚ Ȃ 1990 ѿ ῌ

Ȃ ᾣ̔ᾣ ᶭ ȂFigure 58

ԅ ֲ Ȃᾣ ⱴ ָӇ̙ 

ᾣ ̆ ᶏ ᾣ ҹ ȂFigure 59 ₃ҩ ᶛȂ ᾣ

ᾣ ԍ ̕ ׂ ҙ ≠ Ȃ 

ԍ Figure 59Ҭ ̆ ᴂȁᾣ ȁ ⌠ᾣ

̆ף ץ ₮ Ȃ( ∆ ԍ ᾣ Ȃ) 

 

  

 
1* · (Thomas Young, b. 1773 Milverton, d. 1829 London) ң ̆ Ҁ ̆ ѿ

̆ ҹ Ȃז ῀ᾣ ̆ ԅ ז̕ ѿҩ

῀ ᾣ ֲ̆ ԅᾣ ҍ ῏ Ȃז ѿҩ ₮ ҈

ֲ̆ ⌠Ẓ ז̆ ᾣ ҹѿ Ȃ ӊ̆ ԅ ׂҬ ᾣ №

Ȃז ̔ ⱬԍ ̆ ̆ ῀ԅñ (Indo-European)òѿ ̆

Ȃ ҍ (Fraunhofer)ȁ (Fresnel) ᵬȂז῏ԍᾣ

̆ ҹ Ҝ Ȃ ז ̆ῒ ֝ ῗ

(Helmholtz) ԅ Ȃ 

ᴰ ᾣⱳ ҍ

₱ ῏ (© Nature) 

Figure 58 

ᾣ  

 

 

Challenge 109 ny 

Challenge 110 s 

Ref 59 

Ref 60 

Ref 61 

§3:  
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ᾣ ѿ ᾣ Ẓ Ȃ ױ Ȃ 17⌠ 20ҕ ӊ ̆

ԅ ῏ԍᾣ ֟ ȁ Ȃᶛ ̆ 1800 ̆ ·

(William Herschel) ԅ (infrared)ᾣȂ Ạ ̙1801 ̆

· · (Johann Wilhelm Ritter, b. 1776 Samitz, d. 1810 Munich) ᶏ (AgCl)

ԅ (ultra-violet)ᾣȂ ף ץ ᾣ̆ Figure 60 Ȃ 

20ҕ ̆ᾣ ѿ ҹ Ȃ ֲ

ԅ ᾣ Ȃױז ₮ԅᾣ ѿ ῤ ˻ 375

⌠ 750 THzӊ ̆ҍ ῃѿ Ȃ Ӈ ̆ ѿ ₮Ȃ ғ ֓

ף ԅᾣ ῏ ת̆ע; Ȃ 

̔ᾣ ѿ℗ ѿ ̆ ץ № ȂTable 14↓₮ԅѿ

֓ Ȃ ᾣ 0.4 k ( )⌠ 0.8 k ( )̆ ‗ ԅῒ Ȃ  

ѿ֓ ̔ ז ᾣῃ Ҭ֟ ̆ ₮ ᵣ ꜚ̕ 27

ᴨ ֟ ̕ ҉ ᾣ ̕№≢ ᾣ ᾣ ң ֟

(© Bernard Richardson, Cardiff University, Mel Bartels, Epzcaw and Dietrich Zawischa) 

Figure 59 

Challenge 111 s 

Ref 62 

Ref 63 
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ᾣ Ȃ ↕ ԅҬҕ ̔ᾣ ̙ ᾣ Ҍ ᴋ

Ȃᾣ ꜚ ̔ ֟ ᾣ ̆ ᾣ ѿҩ ̆

ᴪ֟ ᾣ Ȃᾣ Ҍ Ȃ ̆ ᾣ Ҭ⌠ѿҩ

҉ ̆ Figure 61 ̔ңҩ ҍ ף ӗ ̆ ԍң

ҩ ( )ҍ )ץ ) ӗ ( ҹ 1 )Ȃ ӊ̆ 

 

 ᾣ Ҍ ᴋ Ȃ 

 

ᾣ ₃ᵥ ‗ └Ȃ 

 

 

 

 

 

ѿ ᾣ

ᾣ №̆ ᾣ

ᾣӊ  (© Stefan Zeiger) 

Figure 60 

 

 

 

ᴪ ᾣ ѿҩ

̆ ̆

₃ᵥ ₮Ȃ

‗ԍѿҩ ҹ 1

ת̆ ԅᾣ ᵥ

ԍᾣ Ȃ ̆ҍ

Ҍ ̆ᾣ ҍ ӊ

Ҍᴪ Ӈ Ȃ 

Figure 61 

ᾣ 

∆  
ᾣ 

 

ᾣ 

∆  

ᾣ 
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ᾣҍῒ  
 

╠ ⌠ ԅ ̆ ғ ҍᾣץױ ץ̆ꜚ

̔ᾣӞ ѿ Ȃ ᾣ ԅȂ Ḥֲפ ᾣ

ῗ Ȃ Figure 54 ῗ Ҭ̆ ҩ ̕

( ℗ ̆ ῒ )⌠ ̆ᴪ֟ ׆̆ ⌠ Ȃ 

2009 ̆Kobus Kuipers ⱳ ₮ ѿ ̆ ᾣ

ԅ ῗ ̆ ѿ ץ Ḥ ҽȂ Figure 62 Ȃז

ױ ץ № ₮ ṿȁ ṿȁẒ ̆ ᾣ ̆ѿ ῗ

ӊ ҹȂ 

̆19ҕ ױֲ ̆ғ Ḥ ѿ Ȃױז

ᾣ Ȃ ԍ ̆ ⱴ Ҍᴪ

ᾣ ꜚȂ ̆ ⱴ ̆ᾣӞ ₮ ̆ Ҭᾟ

ԅ ⱴ Ȃ ̆ ׆ץ ῤ ῒ ᾣ ̆

≢ ̆ ̆ ᴪ ₮ ᾣȁ ҍᾣ ԑᵬ

̆ ѿ ̆ ҩ Ȃ  

ᾣ ҍ Ȃ ҉: ̕ ҉: ̕ : (© Kobus Kuipers) Figure 62 

Challenge 112 e 

Ref 64 

§3:  
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ҍ ̆ ѿ ԊҙȂᶛ ̆ ·ᾥ

*1 1875 ᴪ ᾣ (ᾥ ᾣ )Ȃ ̆ ֓ ᵣ ᵬ

Ҋᴪ ̆ ѿ Ӟ ԅ₃ ȂֲױҌ ᶭ

ᾣ Ȃ Table 17 ѿ ↓ ̆ ԅ ᶛ ’̆ ֓

ץ (48) ̆ ᴇ ᾥ (52) Ȃ

ӊ̆ ῖ ꜚⱬ ѿԅ ȁ ȁᾣ ̆ ֓ ׆̆ ⌠

׆̆ ⌠ ̆ Ҍ ’Ȃ 

ңҩҕ ̔ ᾣ ԅ ῃ ѿ №Ȃ

ῃ Ҋ Table 14 Ȃ 

 
 

Table 14 Ȃ 

   Һ    

3 10 18 Hz 1026 m ᵤ   №  

< 10 Hz  > 30 Mm  ‼   ̆ ̆

̆ ̆  

ⱬᴰ ȁ 

ⱴ Ẓ

 

      

10 Hz ¬ 

50 kHz 

30 Mm ¬ 

6 km 

ELW 

 

ᴰ ȁ 

῀  

ȁ 

 

ⱬᴰ ȁ

ȁ

 www.vlf.it  

50 ¬ 

500 kHz 

6 km ¬ 

0.6 km 

LW 

 

ȁ 

(ñbad 

weather nervesò) 

 Ḥȁ 

ȁ 

ⱴ  

500 ¬ 

1500 kHz 

600 m ¬ 

200 m 

MW 

Ҭ  

   

1.5 ¬ 

30 MHz 

200 m ¬ 

10 m 

SW 

 ᴰ ȁ 

 

 ᴰ ̆ ҙ

ᵩ

̆  

15 ¬ 

150 MHz 

20 m ¬  

2 m 

VHF 

 

ᾛ ᶫ

 

 ̆

̆ ̆

ҙᵩ ̆

̆´

Ԋ̆ ̆₮

 

 
1* ·ᾥ (John Kerr, b. 1824 Ardrossan, d. 1907 Glasgow) ̆Ӟ ·

ҍ ᵬ Ȃ 
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100 

   Һ    

150 ¬ 

1500 MHz 

2 m ¬  

0.2 m 

UHF 

 

҉̆ ᴰ   ȁ ȁ

ȁ ȁ

ԑ ȁ

Ḥȁ

 

      

1.5 ¬ 

15 GHz 

20 cm ¬ 

2 cm 

SHF 

 

҉̕  ̕ 

 

̆ 

(2.45 GHz)̆ 

Ḥ̆  

15 ¬ 

150 GHz 

20 mm ¬ 

2 mm 

EHF 

 

҉̕    

   ᾛ    

0.3 ¬ 

100 THz 

1000 ¬ 

3 k 

IRC   

 

 ᾣȁ 

ᵣ 

ȁḤ

ȁ  

100 ¬  

210 THz 

1 k¬  

/,2 k 

IRB  

Ҭ  

 ᾣ 

ᾣ Ḥ 

210 ¬  

384 THz 

1400¬  

780 nm 

IRA  

 

ֲᵣ

 

ᾣȁ 

ᵣ  

ᴴ ̆

̆ ꜚ

̆  

375 ¬  

750 THz 

800¬  

400 nm 

ᾩ Ҍ

̆ (

ⱳ ̆

 900 nm ҉ץ) 

' ᾣ'ȁ

ᾣȁ

̆ᶛ ᾣ

̆

('‛ᾣ') 

ӈ ̆

῾ҙҬ ᾣ

ᵬ ̆ᾣꜚⱬ

̆

 

384 ¬ 

484 THz 

780¬  

620 nm 

 ᵣ  Ḥ ̆Ӳ

Ἕ 

 700 nm   ┘ȁ ȁ

 

484 ¬ 

511 THz 

620¬  

587 nm 

    

511 ¬ 

525 THz 

587¬  

571 nm 

   ╠;

ᶃ  

525 ¬ 

614 THz 

571 ¬ 

488 nm 

   ֲ ᵝᾣ

(ñfelt 

brighrnessò) 

Ref 65 
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   Һ    

 546.1 nm    

614 ¬ 

692 THz 

488 ¬  

433 nm 

  ̆ 

̆  

 

 435.8 nm    

692 ¬  

789 THz 

433¬  

380 nm 

ȁ 

ῌ  

 ȁ   

      

789 ¬  

952 THz 

380¬  

315 nm 

 

UVA 

 

1 mm̆

ᶏӊ ̆֟

D̆ 

└ᾧ ̆

̆ 

ᵣ 

ȁ 

ȁ 

ᾣȁ 

 

֓

⌠̆ 

└  

0.95 ¬ 

1.07 PHz 

  

315 ¬ 

280 nm 

UVB 

Ҭ  

҉̆ 

DNĂ 

 

҉ ҉ 

1.07 ¬  

3.0 PHz 

280¬  

100 nm 

UVC̆ 

VUV 

 

׆ Ҭ

̆ 

̆ 

10 k 

ҍ ȁ 

ᾣȁ 

 

ȁ ‪ ȁ 

ȁ 

└  

3 ¬ 

24 PHz 

100 ¬ 

13 nm 

EUV 

 

  ̆ ᾣ┴ 

  X   ȁ

ᵣ

 

ֲᵣ Ἕ 

24 ¬ 

240 PHz 

13 ¬ 

1.3 nm 

X  ҉  ҉ 

> 240 PHz  

or > 1 keV  

< 1.2 nm  X  ҉ 

₯  

ᵣ ȁ 

 

> 12 EHz  

or  

> 50 keV  

< 24 pm  ɔ  ҉ ̆  

 

№ ȁ 

ȁ  

 

0 /.43 Hz  

 

 

/.35 m 

 

ᾫ  

 

Έ  
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Ẓ ( ) 
 

Figure 51 Figure 52 ̆ᾣ Ҭ Ἕ҈ Ȃ

֞ Ȃ ҍ ԑ Ȃ 

ᾣ ῤ ѿ℗ ̆ ҩ ꜚ̙ (63) ṫїҬ̆

Figure 51 Figure 52 ̆ Ҭ ѿ ԍῒ ꜚ ҉ ̔ 

 

 ᶏ ᵝ ̆ Ӟ ץ Ҍ ẘ (polarization, ) Ȃ 

 

ᶛ Figure 63 ̆ ‗ ԅ Ȃֲױ ̆

ӈ̆ ҹ Ȃ 

ᾣ Ẓ ̆ ᾣ ѿ Ẓ (polarizer) ᵈ ̆

ѿ֓ Ȃ1803 ̆ · ⌠ᾣ ѿ (transverse wave)̕

· (Louis Malus, b. 1775 Paris, d. 1812 Paris)ԍ 1808 ֟

Ἕ̆ ᾣҬ ԅẒ Ȃ (calcite, ѿ ᵣ)

(birefringent)̆ᴪ ᾣ № Ҍ Ẓ ң №̆Figure 64 ԅ

ңᶛȂ ̆Ӟ ᵣ Ҭ Ҍԅ Ȃ (KAlSi3O8)Ӟ

̆ ᵰ ⌠ѿ ̆ѿ ҉Ώ қ ̆ ѿ

Ῥ ѿ Ȃ( ӈҎ (trirefringence)ҹ₮ ҈ Ἕ̆ᵰ Ҍ

̙) 

ᾣẒ Ṝ̆ז Ҍ ᾣ ̆ᵖ ‗ ԅᾣ ꜚ

Ȃ 

ᾣ( ᾣ daylightҌ ᾣ sunlight)̆ ⅎẘ Ȃᾣ №

ẒȂẒ ԍ ̆ Figure 65 Ȃ ̆

⌠̔ ℗ Ȃ ̆ ₮ №̆ ᾣҺ Ẓ

Ȃ ᴪᶏ ׆ ץ Ȃ  

 (© Martin Abegglen, K. Krallis)  Figure 63 

Challenge 113 e 

Challenge 114 d 

Ref 66 
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ᵣ ̔ (calcite) ԍ ҉( ҉̆ ᵣ 4 )̕ (rutile)ᵝԍ

҉̆ ᾣ (Ҭ) ȁҍᾣ ( ҉̆ ᵣ 1 )̕=-Ȃ ῇ ᵣ̆

₮҈ Ҍ ҹ (© Roger Weller/Cochise College, Brad Amos, Martin Pietralla) 

Figure 64 

̔ 53° ᾣẒ Ȃ ̔ C

Ȃ ᵝ Cȁ ᴋ Oȁ ᵝ S̆ ҈ ӈѿҩ ( )̆↕ O

ԍ ȂSAz ᵝ Ȃ ̔ ̔8 1 ԍ 23.4° N, 5.2° E ̆

ҩ ┴ ץ ῒҬѿҩ ┴Ҍ ᾣ Ȃ ᴀ ̆ ᵝ Ȃ

Ẓ ḱ ̆  (© Keram Pfeiffer/Elsevier) 

Figure 65 
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Ҋ ᾣӞ №Ẓ Ȃ · Ὢ (David Brewster, 1781 Jedburgh- 1868 Allerly)

1812 ԅ Ȃ Ὢ ᵝ ז̆ ᾣ

№ ȁ№ ̆Ẓ ᴪ ȂFigure 67 ̆ ᾣ

ҬȂ 

ȁ ȁ ֓ ȁ ֓ ̆ Ẓ Ȃ ≠

Ẓ ᵝ ̆ ץ ̆ ԍԐ Ȃѿ֓ (Scarabeus)

≠ ᾣ Ẓ ̆ ≠ ᾣ Ẓ № ṕ

(mirage)Ȃ(ָӇ ̙) 

1844 ̆ Ҁ (Wilhelm Haidinger, b. 1795 Vienna, d. 1871 Dornbach) ԅѿ

ᾣẒ Ȃ ץ ѿ ץ LCD ̆ ẁ

(tilt) Ȃᵰᴪ ҉ ⌠ѿҩ ̆ ң

̆ Ἕ Figure 66 Ȃ ẘ ═(polarization brush) ҆ ═

(Haidingerôs brush)Ȃ Ả ̆ ₃ ԅȂ Ҁ ┘

ᵣ ץ̆ ῤ Ȃ ᶭ Ẓ

(polarizer)̆ Ẓ (analyzer)Ȃ ӊֲ̆ ⌠ᾣ Ẓ Ȃ  

̆ ‪ ҉Ӟ ⌠ Ҁ ┘Ȃ(

̆ ץ Ȃ) Ҭ Ҁ ┘ (

)Ȃ ᵰ 90° ̆ῒ Ȃҹԅ ̆ҽ

Ẓ ( Ẓ )̆ ̆ Ȃ 

Ẓ ᾣ ׃ ̆ ᾣ ᾣ ӊ ҍẒ ῏Ȃ Ẓ

֓ Ҭ̆ ҹץ Ȃ - (Mercedes-Benz) Ὲ

ԅ ѿ ̆ Ὲ ҆ ᾝȂױזѿ

ҩ ᴰ Ȃ ̆҆ Ԑ̆ᾣ ᴰ ᴪ ҹñ òȂ

̆ ԍᴰ Ὢ Ȃ Ҋ̆ ᾣẒ ғ

ᾣ ᵞ̆ ᾣ ԋ Ҍ ̔ᴰ Ҭ̆ Ȃ

Ҍ Ҍḱ ҆ Ȃ 

̆ѿ℗ ᾣẒ ѿҩ Ȃѿ ץ ҹң↓Ҍ Ҍ

֜ Ẓ ⱴȂ ѿ℗ ѿҩԋ Ȃ 

ᾣӞ ץ ẘ Ȃ Ẓ ᾣ Ẓ ᾣ Ȃ ԍ ᵬ

ꜚ̆ ῒ ᾣ Ẓ Ȃ №Ẓ ᾣ Ẓ ᾣ Ẓ ᾣ Ȃ 

҈ Ҭ ң Ẓ Ȃֲױ ҹ№ױ Ẓ ̆Ӟ

ץ Ẓ Ȃѿ Ẓ ң ᵬ ẘ (linear polarization)

ⱴȂ 

̆ѿ Ẓ Ӟ ץ ᵬ ȁ ẘ (circularly polarized 

wave) ⱴȂFigure 68 ₮ԅ Ẓ Ȃ Ẓ Ҍ Ȃ

₮ Ẓ ᾣȂ ᾣ Ẓ ̆

ꜚ Ӟ ̆ ( ╠ Ӟ) Ẓ ᾣȂ 

Challenge 115 s 

Ref 67 

Ref 68 

Ref 69 

Ref 70 
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Ҁ ┘ 

( ) 

2° ⌠ 4° 

 ׂ

 ֿ

Ẓ ᾣ 

ֲ  

̆ 

ᵣ̆ 

ῒ  

 

Ҁ ┘ ῒ ֲ Ҭ Ȃ Figure 66 

  

 

῀ ᾣ  

ң Ẓ № 

Ὢ  

̆ 

 

ᾣ  

ѿ Ẓ №  

ᾣ  

ѿ Ẓ №  

ץ ὰ (Brewster angle)῀ ᴋ ̆ Ẓ ᾣ̆ Ẓ ᾣ↕

ῃ Ȃ Ὢ ҍ ῏Ȃץ῀ ᾣҍ ̆ ԍ ̆ Ὢ

ҹ 53°̆ ҹ 56(1)° Ȃ 

Figure 67 
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̔ Ẓ (ᾣ )

̕ ̔ Ẓ ᾣ

 (QuickTime film © 

José Antonio Díaz Navas)  

Figure 68 

̔ Ȃ

Ẓ ᾣ ᴰ Ҭ̆

ñ ò( ) ₮

ᵩ ̕ Ẓ ᾣ ñ ò

₮ Ȃ 

ҹעᴃ̆ 

ῒҬᴃ ץ  

 

 

ᵝ  

ᵝ  

№҈ ׆

҉

Ȃ 

Figure 69 



 

 

 
03ᾣҹᵥ ̙ 

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

 

107 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

c 

 

 

 

 

 

 

 

 

 

 
 

 
 

ᵞ ԍᴰ Ḥ ץ ȁ Ȃҍᾣ

ѿ ̆ Ӟ ꜚ Ȃᾣ( ) № ῤⱴ ֟ ̕

ᵞȁ ̆ ҍ ᵣҬ ⱴ ֟

̆ ᵣ ҹ (antenna)Ȃ 

₮ ᴰ ̔ ץ Ḥ Ȃ ӇẠ⌠ ̙

/-ᴁф ⁞̆ᴁ ҍ ̆ ₃ Ҍ₮ԅ̕ᵖ

/-ᴁ ⁞̆ ⁞ ȂҹָӇᴪ ̙ 

Figure 69 ץ /-ᴁ ⁞Ȃ ԅѿ

̆ ԅ ⱴ ꜚ̔ ҉ Ȃ ѿ ץ

̔ (kink)₮ 1/r ⁞Ȃ ᵥ ̙ 

  

(QuickTime film © Daniel Schroeder) 

Figure 70 

̔ Ȃ 

 

Ẽ   

(QuickTime film © Daniel Weiskopf) 

Figure 71 

̔ Ȃ 

Challenge 116 d 

Ref 71 
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ꜚ̆ᴪ ץ⌠ ↕ ̆ ֓ ᴪ Ȃ

ꜚ Figure 70 ̆ ( ᾣ ) └Ȃ 

Ӟ ԍ ᴀ ⱴ ҍנ ⱳ ӊו ῏

Ȃ ᾢ̆ (҉ѿ↕ ) ץ̆ ₮ Ȃ ӊⱴ

Ṑ̆ץ Ȃ ̆ ѿ℗ ҉ №̆ ₮ԅ 2/3 Ȃ ӊ ⌠ 
 

;ו
ᴀфנф

4 їע
о

&43' 

 

̆ ⱳ ᶭו ⱴ ⱴ ̆ ҹ ῎

(Larmor formula)Ȃ ԅҹָӇ ץ̆ ⱳ

Ȃ Figure 69 Figure 70 ԅ ⱳ Ȃ 

̆ ‰ ҹ Ẽ ȂFigure 71 ₮ԅẼ

Ȃ ̆ ץ ᵌҹ Ȃ 

’Ҋ̆ ױ ⱴ ⁞̆

Ḥ Ȃ  

 
 

 
 

1850 ̆ף · ᴿ · ῏ԍᾣ ѿ℗

 

;ע
/

ї ї

&44' 

 

̆ ̆ ҍע ꜚ ῏̆Ӟҍ

῏Ȃᾣ ҹҍᾣ ῏Ȃ

̆ ѿ℗ Ȃ 

(66)Ӟ ᾣȂ ӊ̆ᾣ ҹҌἝ ̔

ᶭ ҍ Ȃ ꜚ ̆ Ȃ ᾣ Ȃ 

̆ ȁX ȁɔ ҍ ῏̔ ֓

ᾣ ṿȂ ֓ (66)ҬȂ ӊ̆ 

 

-/;ע  ї ї ע Ҍ ̆ Ȃ 

 

̆ ₮̆ ѿ ֲ ̆ ⌠ ᴶῗ ֲԍ 1890 ף

Ҍ ̆ ԍ 1905 ‗ԅ ֓ Ȃ ңֲף

˻ қ ᴆ ҆ԊḴ ԅ Ȃ 

ᾣ Ҍ ӈ ҍᵍ≠ ≢Ȃѿ℗ ᶭ

(66)̆ ױ ӈ Ȃ

Vol II §1:  
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ᾣ ᵥ ?  

 

19ҕ ̆ ԅ֒ᴶ·ᴿ (Aaron Bernstein) ↓ӥ ̆ῒҬ

⌠ᾣ ȂӥҬ ̆ ᾣץ ꜚ̆ᴪ ָӇȂ ̆ ≢

’Ҋֲ̆ᴪ ⌠ָӇ Ȃ ̆ ҩ

׆ז Ḥ̆ ָӇ ᾣץ ╠ ̆Ҍ ⌠ ᴪΐ Ȃז

ָӇ̙ 

ᾣ ̆ ҹ ̔ 

 

¥ Ҍ ₮ᵰ Ἕ̆( Ἕ )Ȃ 

¥ ᾣҌᴪ ̆ ѿҩ Ȃ 

¥ ҆Ԋ҆ ̆ᴏ Ȃ 
 

ᶏ ᾣ ̆ Ӟᴪ ̔ 
 

¥ ᾣ ̆ᵖ₃Ӎ ᶷ ᾣ̕╠ / ̆

/ ̕ 

¥ ѿ℗ ̕ 

¥ Ӟ ҹ Ȃ 

 

ᵰ ⌠ Ԋ ̙ ԍᾣ ̆ ױ Ҭ ꜚ Ȃ 

 

 

ᾣ̔  

 

ᾣ҉̆ ץ ̆ Figure 72 *1Ȃ ᾣ

ᾣ ꜚ Ȃ ̆ҍ ױ ӊ∆ Ҍ ̔ ̆Ἕ(image) ץ

˻Ԋ ҉̆ ꜚ ѿҩ Ȃ ԍ ̆

ҹ (albedo)̆ ԍѿ ᵣ ᵬ (reflectivity)̆ ᵬ ᴁȂ 

ҍ ѿ ̆ᾣӞ ̕ ᵝ ᵝ Ṿҹ 
 

Ṿ;
/

ї

ṯ Ṭ        י ;
/

0ї
ЅׂΦёֿ ЅΦё &45' 

 

↨↨ ⌠̆ᾣ Ӟ ꜚ Ȃ 

  

 
1* ᾣ ᵣ ҹ 20ᾥ̕ ᾣ ԍѿ ̆ ≠ ԅ

ѿ֓≢ ᶏ ᵣḠ Ҭ̆ ῤ ‖₯ (internal shock waves)Ȃ 

Challenge 117 s 

Challenge 118 s 

Challenge 119 e 

Ref 72 

Ref 73 

Vol I §4  
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ᾣ ꜚ ҍῒו ׂ῏ Ҋ 
 

;ו
ׂ

ע
&46' 

 

ᾣ ⱴ ᵣ҉ ״ Ҋ ₮̔ 
 

;״
י

ע
&/)ᴁ' &47' 

 

ᵣ ҹ ᴁ;.̆ ᴁ;/̕ ῒ ᵣ ṿ׃ԍң ӊ Ȃ

ᾣ ѿ ҉֟ ⱬ ̙ ױ ⱬ ҉ ̆Ҍ

ᴪ ҩ ̙ 
 

 

 

 

 

 

  

Ҋ׆ ᾣ ң ᾣ ѿ (© Mark Raizen, Tongcang Li) Figure 72 

ᾣ 

ᾣ 

Challenge 120 s 

Challenge 121 s 
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ᾣ̆ ᾣ ꜚ Ȃ 1619

̆ יּ ȇ (De cometis)ȈѿӥҬ ₮̆ ̆ ᾣ ׆

҉▫ ֦ Ȃ ץ ̆ ᴪѿ ֪

Ȃ ׂ ױ יּ ̆ᵖ ѿẊ Ҍ Ȃ  

ҹԅ ᾣ ̆1873 ̆ ·ᾥ ᾥ *1 ԅ ᾩ (light mill 

radiometer)Ȃ Figure 74 ̆ᾣ ̆ ң ̆ѿ ᾣ֦

ѿ ̆ ҉Ȃ ̆ᾥ ᾥ ֲ ₮ ᾣ ꜚ(

Ἕׂ ѿ )̆ ֦ ᾣ ҉˻( Ӈ Ԋ̙)ᵰ ץ ᾣ ֪

Ȃ ҹ ԅֲױ ѿ Ȃῒ ҹ Ҭ

ᵣ̆ᵖ Ԋ ױ Ȃ ⌠ 1901 ̆ḇ Pyotr Lebedew

ԅ ̆ ₮ԅ ̆ ԅᾣ ȂLebedew

ԅᾣ ṿ̆ ԅ ԍ῏יּ Ẋ Ȃ⌠ ׂ └ ₮ ᾣ

ꜚ ̆ Ἕ ꜚ ѿ Ȃ 

ᾣᴪ ᵣ ̆ Ӟ ץ ᵣ̆ ᵬ ӊ Ȃ 1980 ֒̆ף

· ָ (Arthur Ashkin) ԅᾩ (optical tweezer)̆ ץ ᾣ ȁ ȁ

 
1* ·ᾥ ᾥ (William Crookes, b. 1832 London, d. 1919 London) ̆

(thallium) ̆ῒ ñᾝ ò ̆ Һӈ Ḥ ȁ ᴪҺ Ȃ ԍ

ז̆ ῀ ᴪ̆ ԅᴧ ῒ Ȃ 

ᾥ (McNaught) ̆2007 ԍ ≠֒ (© Flagstaffotos) Figure 73 

Challenge 122 e 

Challenge 123 s 

Ref 74 

Ref 75 

Ref 76 
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ꜚ 1 20 k Ȃ ᵬȂ ׂ ԍ

̆ᶛ ̆ ⌠ ҉̆ ᾣ ӊ

ץ̆ ⱬȂ 

1990 ѿ֓̆ף Ạ₮ԅ ץ ᵣ ᾩ (optical spanner)Ȃ

ᾣ ̆Ῥ ֓ ᾣ ̆ ץ Ҍ Ȃ 

ᾣ ꜚ ̆ӞҌ Ẓ ᾣ ꜚ ȂԊ ҉̆ῒ ꜚ Ṷ Ҋ ₮ 
 

;ב
ׂ
;
״

0
&5.' 

 

ῒҬ ׂ ״̆ ꜚ Ȃ20ҕ ∆ ԅᾣΐ ꜚ ̔ᾣ ᶏץ ֓

( ֓ ̙)̕ ᵣҬ̆ ׂ ‰Ạ ȂFigure 75 ңҩ ᶛȂ

ԍ ᾣ Ȃ1960 Ӟף Ạ Ȃ ₮ Ẓ

̆ ᶏץ Ȃ ᾣ ̆ῒ ꜚ ԍᴰ

Ȃѿ℗ ̆ᾣ ꜚ ̆ ᵬ Ȃ 

̆ Ҭ ץ ₮ ꜚ Ȃ ֽ ԍ

1 Ȃ ⱬ ꜚ ṿ ңṐ̆ ױ 2 Ȃ 

҉ ⌠ ָӇ̙ ‗ԍ 1986 Ȃѿ ⌠ 11

҆Ὲ ̆ ₮ ԐȂ׆ ҉ ץ ⌠ Ԑ̆ ԅ׆ ҉

̔ ѿ ֲ ȂԊ ̆ № ᾣ ₯ ̆ №

Ȃ 

ӊ̆ᾣ ץ ᵣ ̆ᾣ ץ ᵣ̆ᾣ ץ ꜚ ᵣ̆ ̆ᾣӞ

ץ ᵣ ꜚҌ ̙( ӇẠ⌠ ̙) 

 

 

 

 

 

 

 

 

 

 

 

 

ᾣ 

ѿ ᾣ ᾣ ꜚ (Wikimedia) Figure 74 

Challenge 124 e , Ref 78 

Challenge 125 ny, Ref 79 

Challenge 126 s 

Ref 77 

Ref 77 

Ref 80 
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ᾣ ȁ Ԉȁ  
 

(69) ᾣ ̆ ᾣҌ ₯ ᵣ ⱬ ΐȂᵖᾣ ⱴ

ᵣ ̆ ױ 100 mW ҉ץ ᾣ̆ ῒ Ȃ

̆ Ḃ ᾣ Ӟ Ȃ 

1980 ף 2001 ̆ѿ ´ ̔ ץ ᾣ ₯

̆ғ ᾣ Ȃ ӈ̆ᵀ

ᵬ (Ẋ ₯ 0.1 )Ȃ ᴪ ָӇ ̙ 

ֲ NASA ᾣ Ҍ Ȃᵰ ᵀ ₮ Ҍ

̙

Ẓ ᾣ  

Ҝ 

ᾩ װ ꜠  
ᾩ װ ꜠  

ᶡ  

ᾣ ץ ꜚ ᵣ  

(© A.C. Ferrari) 

Figure 75 

ᴮ№ ᾣ̔ ҉ ᴮ ѿ  

(© Wikimedia) 

Figure 76 

Challenge 127 ny 

Challenge 128 e 
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ָӇ?  

 

ѿ ῤ ̆ ғҌ Ҍ Ȃ( ᵥ ≢

ֲ̙) Ԋ ῃ Ȃ ԍ ѿ ᾣ( ᾣ)̆Ӟ

Ҍ ֟ Ȃᶛ ‰ ̆ ץ ҹ 575 nm ̆Ӟ

ץ 546.1 nm ‰ 700 nm ‰ Ȃ № ң ’̆ᵖᾣ

ת Ȃץ ԅ ȁ ᾣ ȁ ᾣ ’̆

Ȃᵰ ץ ᴮ ᾣ ֪ ѿ ̔ ױ № ᾣ̆ᵖҌᴪ№ ᾣ̆ᶛ

ᾣ LED Ȃ ᶏ ̆ῒ ӞҌ ̆ ҹ ҍױ

ᾣ ѿ ̆ ғ ҹ Ҍ ᾣ ̆ ᾣ Ȃ 

Ҍ ᾣ ѿ ᶛ ֟ ᾣȂ ᾣ ᾣ ̆

Figure 77 Ҋ ̆ ⌠ Ҍ Ȃ ̆

̆ᴪ Ȃ ֓ ₮ԍֲ ̔ (chromatic aberration)̆Ӟ

Ҍ ᾣ Ҍ ᵣ̆ Ҍ ᵝ Ȃ ҍ

Ҭ Ȃ  

Figure 77 ᶷ ԅ Ȃ ̆ ᾣ Ҭ ̆

ᶭ ᾣ ׆̆ Ҍ ᾣ Ҍ Ȃ ᾥ(Theodoricus Teutonicus 

de Vriberg, c.1240 to c. 1318)̆ ץ - (Kamal al-Din al-Farisi)̆ԍ 1304

1310 ԅ Ȃҹԅ Ạԅᴆױז̆ Ḃ ӊԊֲ̆

ֲ DIYȂױז ( ) Ҭⱴ ̆ ԅҩ ̆ ̆

ᾣ Ȃ ᾥ - ԅ Figure 77 ’Ȃ ̆

ױז Ῥ ₮Ӏ (main rainbow √ primary rainbow) ȁ ץ̆

(secondary rainbow) ȁ ȁ ṕ *1Ȃ ֓ ץ Figure 57

Ҭ ⌠Ȃ ᾥ ҹҬҕ Ȃ 

Ḃ ѿ ̆ ԅ Ȃᵰ ₮ ̙  

Figure 77 └ῒ Ҍ Ȃ Ẋ ᾣ ᵝ

₯ Ȃᵖᾣ Ӟ ῒז ₯ (Ӟ ῒ )̆ ᴪץῒ

ז ₮ ̕ ̆ ῒ ԅ̆ ▼ҊẒ ṿ Ȃ

Һ ῒ Ȃᵰ ̆Һ ῒῤ Ȃ  

ѿ ᾣᵣȂ Ӟ ᾣ̆ ℗ ̆ ҹ

(spherochromatism) Ȃ № Ҍ Ἕ̆ ҩἝ ѿ

̆ ֓Ἕ ӊ Ẓ ̆ Ẓ ҹ 1%Ȃ ̆ ≢ΐ

Ȃ ≠ ғ ‪ȁ № Ӟ ̆↕ ̔

ѿ ̆ Ἕȁ Ἕȁ Ἕӊ ̆ ⌠ ӂ

 
1* ᵥ ⌠҈ ȁ ̙ ῒ ₯ ̆ῃҕ Ӟ ң҈ Ȃԓ Ȃ

( ̆ ⌠ԅ ҈ Ȃ) ̆ www.atoptics.co.ukȂ

ѿ֓Ὲ ₮ ̕ ױ ῏₃ᵥ׆ ₮ ̆ᵖ ԍ ̆Ҍ ₮Ȃ 

Challenge 129 s 

Challenge 130 e 

Challenge 131 e 

Challenge 132 s 

Challenge 133 s 

Ref 81 

Ref 82 
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ἝȂ Ὢּ₄·י (Jules Verne) ῒ ȇ ᾣ(Le Rayon-vert)ȈҬ

(green flash)Ȃ ԍ ץ ̆ᶛ Ȃ 

ᶏ ‪ Ӟ № ᾣ̆ Ҍ ԍ (dispersion) ̆

ԍ (scattering)Ȃ ⌐ (Rayleigh scattering)ҹҺ ҍ ῏̆ ҍ

̆ Ȃ( ҉̆ ᶏ ̆ Ӟ Ȃ)

ץ ̔ Figure 79 ̆ Ҭⱴ₃ ᴪᶏ

̆ ̆ ᶏ ֦ ( ץ )Ȃ

Ȃ₮ԍ ̆ ≢ Ȃ  

№ ᶭ ̆ ѿҩ ҹֲ ̔Һ ҹ Ȃ

ѿ ᵣȂ ̆ ᴪ Ȃ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ᾣ ᾣ ̆ ҈ ( )̔ № ȁ ( ̆

Ҭ )ȁ ҉ ⌠ (photograph by Susan Schwartzenberg, © Exploratorium 

www.exploratorium.edu) 

Figure 77 

1. ᶳ  

2a.Ӏ Ҳ Ὺ ᶳ  

2b. Ҳ Ὺ ᶳ  

ᾣ 

 

 
 

 

3. ҲЇᶳ Е 

1 ɼ 

ᾣ(ᾣ) 

 
 

 
 

2.,3£ 
20,2£ 

ᾣ(ᾣ) 

 

 
 

 

3.,1£ 
31,4£ 

Ref 83 

Ref 84 , Ref 85 

Ref 86 
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ӊ̆ᾣ Ȃ ̆ᾣ Ҍ ץ Ȃ

ҹ (hue)Ȃ ңҩ

̔֬ (brightness) ԋҩ ̆ᶛ ᴋᵥ ץ ֦

(bright) (dark)Ȃ ҈ҩ (saturation)̆ ↕

Ҍ ̆ ᵞ↕ Ȃ  

ֲ ҈ ֲ̆ ҈ Ȃ Figure 80 ̆ ױ ⌠

҈ҩ ̆ ҹֲ ҈ ̆ ҈

̆ ҈ҩ ̆ᶛ ┘Ȃ ף

· (Tauba Auerbach) Ạԅ ӊӥ̆ Figure 81 Ȃ҈

Ӟ ҈ Ҍ Ἕ Ȃ ҈ҩ Ҍ ȁ

ȁ֦ ̕ Ӟױ ץ ȁ ȁ (intensity) ᾟ Ȃ ῒ

҉ ֦҉ ̆Ӟ ₮ ֦   

(© Andrew Young and Laurent Laveder/PixHeaven.net) 
Figure 78 

 (© Antonio Martos) 
Figure 79 

Ref 87 
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ԍ ̆ ᾣ (lightness)ȁ (luma)ȁ (chroma)ȁ (purity)

Ȃ ץ ҩ҉ץ ̆ Ҍ ῃ ԅ̆ ≢

┘ ҙȂ 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

ȁ ȁ ̆ ̆ῒҬ ̕

ԓ ̆ѿ֓ Ȃ (Mantis shrimp)̆

/ / ꜚ Ҭ ̆ 12

*1Ȃ( (Gonodyctylus smithii) Ẓ Ẓ ᾣȂ)ҍֲ

Ҍ ̆ Ӳꜚ ԋ Ȃ Ӟ ΐ ᵞ

Ȃ ӊ̆ Ҍ ᾣ ̆ӞҌ ̆

Ȃ ָ Ғ Ȃ Ȃ 

  

ֲ Ҭ

ң ̔(҉ RGB ) ҈ҩ

̆ Rȁ Gȁ B

̆ ₮ ̕(Ҋ

HSV ץ( Hȁ Sȁ֦

Vᵬҹ  (© SharkD) 

Figure 80 

( ̔ ҉ ԅ

̆ᵬ SharkD̆

Wikimedia) 

1* ̔ ̙ ᵥ ̙ ֓

ץ ԍ ᾣ̙ ֓ ᾣ̙ѿ ҍ ᵥ ̙CIE 

ҍ ָӇ῏ ̙ 




































































































































































































































































































































































































































































































































































































