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╠  

 

Primum movere, deinde docere.*1 

(Antiquity) 

 

ҚӥΏ ҆ ӊ ꜚ ῐ ֲȂֲ ȁꜚ ȁԊ ȁ Ἕ

ᵥ ꜚ ̙ҹ ̆ ױ ҉ ѿұ ӊ Ȃ ӊ ȁ ȁ

ӊ ꜚȂ Figure 1 ̆ ꜚ Ҭ̆ Ҭ̆ ӈ ӈ

ңҩ Ȃ ӈ ע̕  ӈ ⱬ

ϩ-2ׄע Ȃ ԋ ӊѿ℗ ꜚ ңҩ Ȃ ῒ ̆

/- ꜚȂ ȁ ȁҌ ῀ ̆ ᵝ

ӊ ̆ Ғҙֲ Ȃ 
 

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) 

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 

Figure 1  
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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/
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Chapter 1 

01ᾣ ꜚ̔ ҍ  

 

Fama nihil est celerius. *1 

  

 

ᾩ(light)̆ԍ ‰ ꜚ Ҍ Ȃ ꜚ Ҍ ̆

ᾣ ̆ ̔ ױ ᾣ ӈ (straightness)Ȃ ᵥ∞ Ҍ ̙ ᾣ

*2Ȃ ᵥ ꜚ̙ ᾣȂ ᵥ ̙ ᾣȂ ᵥ

̙ ᾣ̔ ᾣ̕ ׂ ᾣȂ 

ӊ̆ᾣ ̆ ҹ  

 

 ᾣӂ ꜠(ideal undisturbed motion)ӊ ‰Ȃ  

 

Ṝ̆ᾣ ᴰ ҹ ꜚ̆ ᴪ Ȃ 

ᵖ̆ᾣ ꜚ ̙ Ȃ ҹֲ ̆ ѿ

̆ (shadow)Ȃ ᾣ ѿ ꜚ ᵣ(entity)̆ ᾣ׆ ₮̆

ꜚ*3Ȃ ᾥּי(Empedocles, c.490 to c.430 bce ) ₮ѿҩ Ӎ

̔ᾣ׆ᾣ ᴰ ⌠ ѿ Ȃ ᾥּי ̔ 

 

 ᾣ Ȃ 

 

ѿ ᵠ ѿ Ȃ ץ ̆ ҍ ‰

̆ ᵬҹ ‰ ṿȂ Ҍ ᵬҹ

‰(ҹ ?)Ȃ ᵣẁ ץ ꜚȂᾣ(light)̆ (light)̆

ץ ꜚ Ȃ ѿᴪᾙ ѿ Ȃ 

 
1* ñ ᴰ Ȃò̆ ̔fama, malum qua non aliud velocius ullum.ľ ԍ

Ҭ Ŀ₮ ȇ Ȉ 173174Ȃ 

׆ֽ̆ *2 ῒ Ҍ ̔ᾣ ҉ ҍӊ ℗ Ӟ Ȃ

ᵰ ҽҩᶛ ̙ ᾣ ῒ Ȃᵰ ΐᵣ ₮ѿ ̙ 

3* ᾣ ֟ ᵣ ҹ (ray) (radiation)Ȃ (infrared ray) (ultra-

violet ray) ̆ ҍױ ᾣѿ ׆ ᾣ ₮Ȃ : (cathode 

ray)̆ ҍ ꜚ ῏̕X ̆ѿ ᾣ̕ (channel ray)̆ ꜚ ̆

ȂŬ ( )ȁɓ (Ῥ )ȁɔ ( X ) Ӟᴪ֟ Ȃ

֓ ԍ1890⌠1910ӊ ̔ ñ   òȂף

A  

Ref 1 

Challenge 2 s 

Challenge 3 s 
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ᾣ ̆ ױ ӊḤ Ȃ *1̆ ⌠

ӊֲ̆ ױ ⌠ ñ ò Ȃ׆ ӈ҉ ̆ Ҍ ֣ױ

̆ ױ ֣ ñ òȂ  

ᾣ ̆ ֲ ᾣ ̆ᶛ ᾥ (Isaac Beeckman)ԍ 1629

ץ ᵍ≠ ԍ 1638 ̆ᵖ ⌠ 1668 1676 *2Ȃ *3 ѿ

ᵍ≠ Ṝ̆ ԅ ѿ ᾣ ( Ṣꜛ Figure 3

)Ȃ ԍ ֓ ⌠ ṿ̆ ғ ӞҌ ̆

₮ΐᵣ ᾣ ṿȂז ױ ‗ԅ ṿ ̆Һ

Ȃ׆ ױֲ̆ף ᾣ׆ ⌠ 8№ ѿ

Ȃԓ 1720 ̆ף (Eustachio Manfredi,  b. 1674 Bologna , d. 

1739 Bologna) (James Bradley, b. 1693 Sherborne , d. 1762 Chalford)ץѿ №

≢ ԅ ѿ Ȃױז ᾣ Ȃ 

 
1*  page 14 ̆ Anthony Ayiomamitis̆ ז www.perseus.grȂ 

2* ⌠ 1638 ̆ Ὲ Һ ᾣ Ȃᵖ 1637 ז̆ ̆

Ẋ ԅѿҩ ṿȂ ԅ ױ ץ Ȃῒ ̆ 1634 ᾥ ΏḤ

̆ ֲ ᾣ ז̆ ñ ѿ òȂ ױ Ḥז Ȃ 

·יּ *3 (Ole(Olaf) Rømer, b. 1644 Aarhus, d. 1710 Copenhagen)̆ Ҹ ̆ԍ

ף ᴋ Ữ Ȃ ᾣ ӓ · (Giovanni Cassini)̆

ῒꜛ Ȃ ⌠ 1681 ̆ ז ( )ѿ ̆ῒ

ᵬ Ҭ Ȃ ⌠Ҹ ̆ѿ ԅז Ȃ ז̆

Ȃ ז̆ ҹҸ Ȃ 

Figure 2 ῒ ̙ 

Challenge 4 s 

Ref 5 

Vol I page 147  

Ref 2 

Ref 3 

Ref 4 
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ҍᾣ   

 

ᵥ ̙ Figure 4 ̆ ᴮ ╠ ̆ ᴅ̆

 ( ԍ Ҭ̆ ңᶷ ̆ )̆  ЬΦўЋҹע

 

ЬΦўЋ;ᴅ-r_lע &/' 

 

̆ ‖ ҉ ̆ ᾣ ȂFigure 4 ̆ ױ

ꜚ ̆ ҉ ᾣẒ Ȃ ҹ ԍ

ꜚ̆Ӟ ԍ ꜚ̆ ץ ᾣ 90°Ȃ ԍᾣ ע̆  

 

ᴅ-qgl;ע &0' 

 

(ҹ ᾣ Ҍ ?) ҍ₃ᵥ ( ñ ꜚò ҍñ ò ) Ẓ

ҹᾩ (aberration)̆ ѿ ̆ ≢ Έҩ

ṿ Ȃ ԅ ᵌ ̆ ԅᾣ *1Ȃ ҉ ᾣ

 
1* ̆ Ṝ ԅᾣ ז̆ ⌠̆ ҍ

῏̆ҍ ҉ Ҍ Ȃ ԅ ̆ ԍ Ҍױ

ԍ (parallax) ̆ ῒ (ɔ Dra)Ȃ ҉ ᾣ

ᶏ ѿ Ҭ ₮ѿҩ ̆ᵖ Ҍ ȂҹָӇ ̙ ׂ

0.77Ń̆ ᾣ 20.5ŃȂ ᴪ

Ḥԅ ̆ᵍ≠ ӥ ԍ ₮ԅ ӥ Ȃ ԍ ᴪ Ὲ

̆ ҹᾣ ѿ Ȃᵖ ⱳּבȂ ԍ

ѿ ̆ ԅ ᴪ Ȃ 

  

 

(ԋ )  

(∆ ) 
 

ԍ ѿ 

(∆ ) 

ԍ ѿ 

(ԋ ) 

Figure 3 ᾣ ̔ Ȃ 

Challenge 5 s 

Challenge 6 s 

Ref 7 
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ҹ 20.49552(1)Ńå 0.1 mrad̆ ҩ ̆ ҹᾩ

(aberration constant)Ȃ ̆ ̆ Ȃ

ꜚȂ 

≠ ᾣ ̆ ױ ̆ ץ ₮ᾣ ԅȂ

ҹ ̆ ױ ᾢ Ȃ ᾥ(Aristarchus of Samos,  c. 310 to 

c. 230 bce ) ̔ ↨ ̆ ̆ ᵩ ԍ

( , ѿpage 174,҈ )ҍ ӊ ȂҹָӇ ̙ 

ᾥ*1 Ӎ ( ֟ )̆ (Hipparchus)

Ὲᾝ╠ 130 ҩ ₮ ̆ ת ‰ Ȃ ⌠

17ҕ ̆ ԍ ‰ ҩ ̆ ҹ 89.86°̆ ҍ

ӊ ҹ 400Ȃ ׂ̆ ⌠ ֲ 30 *2̆ῒ

ṿҹ 149 597 870.691(30) km̆ 1.5ַ Ȃ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
1* ᾥ ҹ Ṑ Ȃ ᾥ ᵝ ₮ ז̔

ѿҩ ₮ ֲ̆Ӟ Ӟ ѿҩ ₮ ѿ֓ ֲȂז ֓ ̆

ף ֲ Ҍ ȁ ⅝Ȃ ἷᶳ (Nicolaus Copernicus, b. 1473 

Thorn, d. 1543 Frauenburg) ῒң ז̆ ⌠ ᾥ̆ ז׆

⌠ ҩ Ȃ 

ץ *2 ⌠ ̆ Ӈ ̙ 

ԍ  ԍ ᾣ ԍ  

ԍ ֲ ԍ  ԍ  

 

ᴅ 

 ע ע ע

ᴅ 

ᴅ 

ᴅ ᴅ 

ᴅ 

 
 

 

 

 

(Ḳ ) 

Figure 4 Ҭ ֲ ‖ ᾣ Ȃ 

 ע

 ע

Challenge 7 s 

Challenge 8 s 

Page 308 

Ref 6 

Ref 8 
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ᾣ   

 

≠ ̆ ᴅ;0 07,5ik-q ȂῬ;י-ח ᾣ

₮ Ҋ   

 

 ᾣ Ҭ Ek-q̆..1,.;ע .,1k-lq̆ .,1kk-nq̆

/.6.kgjjgmlik-f.  

 

ҩ ֲ ṿ̆ ῒ ҍֲ ( 2

̆253 Mm/h  =  70.2km/s) ̆ҍᾙ ( 3 nm/s) ̆ ҍ Ҭ

( 0.3 pm/s) Ȃ Ҍױ ⌠ҹָӇᾣ ѿ Ȃ 

1849 ̆ (Hippolyte Fizeau, b. 1819 Paris, d. 1896 Venteuil) ԅᾣ Ȃז

ṿ ף 5% Ȃז ԅѿ ᾣ̆ ᾣ Ȃ

ᴋᵥ ’Ҋ ז̙ ԅҍ

̕ №  Figure 5  ( ̙)Ȃ ᾥ(Jan Frercks)

ף ԍ 2% Ȃ ׂ ̆ ꜚⱬ № ׃

ᵥ ң ץ Unix Linux ‰ ̆ ping פ ᾣ Ȃ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Vol.I page 62 

Ref 9 

Challenge 9 s 

Vol.III page 32 

 

 

ᾣ  

 

Figure 5 ᾣ (Ҋ  © AG Didaktik und Geschichte der Physik, Universität Oldenburg) 
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ѿ ̆ ׆ ҉ ᾣ ‖ 

(QuickTime film © Wang Lihong and Washington University at St. Louis) 

ᾣ ѿҩ Ȃ ̆ᾣ

ᾣ׆ ₮ ᴰ ̆ Ҍ

׆̕ꜚ ₮ Ӟ

Ȃ 

 

 

῏ 

ᾣ  

10 mm 

ᾣ ‖  

ᾣ 

‖ 

ѿ ᾣ ׆‖ ᵣ ̆┴ ҹ ( © Tom Mattick) Figure 6 

Figure 7 

Figure 8 

( ̔ Ȃ) 
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ᾣ ̆ ȂӞ ѿ ᶃ

ᾣ ‖ ̆ Ἕ ȂFigure 6 

ѿ ̆ 1971 ѿ ‰ ᾣ ѿҩ

̆ ṿ ̆ ѿᴆ Ȃ(

̙ ᵥ└ᵬ ̙ ᵥ Ḡ ┴ ̙) 

ᾣ ᾣ ᴪ֟ ᾣ ̆ Figure 7 Ȃ

ȁᾣ ̆ Ҍ Ȃᵖ ѿ  ...... 

῀ 21ҕ ̆ᾣ ‖ ꜚ ₮ ȂFigure 8 ҩ ֦ ᶛȂ ֓

ᾣ Ȃ 

ӊ̆ᾣץ ꜚ̆ ̆ Ӈ ̙ѿҩҕ

ץ ץױֲ̆ ‰ ᾣ ̆ ԅ Ҋ ᾣף ṿ 

 

077570236k-q;ע &1' 

 

҉̆ ҩṿ ׂ ӈ Ҋ ԅ̆׆ 1983 ᾣ c

Ȃ0.3 Gm/s 0.3ɛm/fs Ҍ ᵌṿȂTable 1 ԅ ╠ ῏

ԍᾣ ꜚ Ȃᾣ ꜚ ֲפ ң 19ҕ ̆ ױ

ԅ ӈ Ȃ 

 

 

ᾣ  

ᾣ ץ Ҭ ꜚ 

ᾣᴰ  

ᾣ ꜚ ̔ ץ ₯ ᵣ 

ᾣ ꜚ ̔ ץ ᵣ 

ᾣҌ ῒ ᾣ 

ᾣ c = 299 792 458 m/s Ū 30 cm/ns 

ᾣ Ҭ ꜚ ᴋᵥ ᵣ(material body)  

ᾣ (proper speed)  

ᾣ ‖ ̆ ױ Ḥ ̆ (forerunner speed)̆  

c  

ᾣ (light beam) ’Ҋ ᵌ  

̆↕ᾣ ꜚ 

ꜚ ᴋᵥ └ 

ᾣ Ȃ ᵞ ᾣ ѿ  

Ҭ̆ᾣ c 

Ҭ̆ᾣ ‖ ץ ȁ ȁ  

ᾣ ꜚ Ȃ Table 1 

Challenge 10 s 

Ref 10 

Challenge 11 s 

Equation 19  

Vol.III page 135 

Ref 11 
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̆ ᾣ ‖ ̙ 

 

Et nihil est celerius annis.*1   

(Ovid)ȇ (Metamorphoses)Ȉ 

 

ѿ℗ ̔ Ҭ ҍ ȁẒ ȁ

῏Ȃ 

ᶛ ̆ Ԑ ‖ (pulser) ׆̆‖ ⌠ɔ ̆ 13ҩ

ῤ̆ ̆ ṿ 14ᵝ Ȃ≠ ɔ

ѿ ⌠ 20ᵝ Ȃ Ҍ ȁẒ Ҍ ᾣ ‖̆ѿ ᾣ׆ ₮ ̆

Ҭ ҆ ӊ ̆ᶭ ȁѿ ⌠ Ȃ 

ɔ ᾣ ⱴ Ҭ ԅ Ȃ ץ Ҍ

ᴰ Ȃ ֓ ᾣ Ȃ

̆ᾣ ҉ ̆ ⌠ 21ᵝ Ȃ 

ᾣȁ ӊᾣȁ ᾣȁ ᾣ̆ѿ℗ ᾣ

Ȃ Ẓ ᾣȁ Ẓ ᾣȁ Ẓ ᾣȁ Ẓ ᾣ̆Ӟ ΐ Ȃ 

ӊ̆ 

 

 ᶫ Ҭⱴ ⁞ ᾣӊ ꜚ Ȃ 

 

҉ ‖ ѿ Ȃ Ҭ ᾣ ѿ ̔ Ҍ Ȃ Ҍ

ֲפ Ȃ 

ױ ̆ ̆ ױ ץ Ȃ ױ

̆ ’Ҋ̆ ԍ Ҍױ Ṝ Ȃ Ӟױ ̆

̆ Ȃ 

ֲפ̆ ̆ ׆̆ ꜚᾣ ₮ ᾣ̆ҍ׆ ᾣ ₮

ᾣ̆ Ȃ Ȃ ҉ ̔ң

ԑ ȂῒҬѿ֓ ̆ ₃Ӎץᶷ ̆ױ ᴪ

Ȃױ ᾣ ᾣ ̆ ᴪױ ⌠ ׆̔

֓ᵝ ₮ ᾣᴪ ῒ׆҉ ᵝ ₮ ᾣ̆ ῒ ױ ⌠

ԅȂֲױ ⌠ ̆ ⌠ԅ Ȃ (Willem de 

Sitter) 1913 ₮ԅ ז̆ ԅ Ȃ 

̆ Ҭ ᾣ Ҍᴪ ᾣ ̔  

 

 Ҭ ᾣ Ȃ 

 

 
1 ñ Ҍ ò ̆520 . 

Ref 12 

Ref 13 

Ref 14 

Ref 15 

Ref 16 



 

 

 

01ᾣ ꜚ̔ 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

 

23 

Ғ ԅ ѿ Ȃᾣ ץץ ԍ 1m/s

̕ᵖ ᶏᾣ 290 000 000 m/s̆ ₮ ᾣ ӞҌᴪ (ᵰ

₮ ԅָӇᾣ ̙)Ȃ 

Ҭ̆ ̆ ᴪ ױ Ҍꜚ

’ Ȃᵖֲפ ̆ Ҭ ᾣ ˻ѿ℗

̆ ѿ ̆ Ҍꜚȁ ѿ ̆ ᾣ

Ȃ ֓ ⌠ԅ Ȃ ᶏ ԍ ̆ ᾣ

ӞḠ Ҍ Ȃ  

ᾣ ꜚҍ ꜚ ң ̆ ᵥ ᵥ ̆ ԍ ҩֲ̆ᾣ

ῃ ̆ ᶏ ԍ ԍᾣ ꜚȂ 

 

 Ҭ̆ᾣ Ғ (invariant)Ȃ 

 

Ҭᾣ ‰Ȃ Ḃ ѿ ̆ñᾣ ò

ף ñ ò ñ ò̆ ױ ꜚⱬ № Ȃ 

ᾣ ӞҍҬ Ҍ Ȃ1987 ѿ ֲ ̆

ῒ ᾣҍҬ ‖ֽ 12 ⌠ ( ԋ

Ҍ )Ȃ 1.7·105ᾣ ̆Ẋ ԋ ̆ Ӈԋ

ṿ ׆ ₃ᵝ Ҍ ̙ 

ѿ ῏ԍᾣ Ҍ Ȃ ̆ᶛ ꜚ ̆

ᾣ Ҍ Ȃ ᾣ Ҍ ̆ Ҍ ׂ ̆ҌἝ ׂ ꜚ

Ҭ ֟ ԅȂῒ ̆ ₃ᵝ ֲ ῒҌ

Ȃ ֓ ҉̆ ᾣ Ҍ Ӟҍ ⌠ ᵣ ꜚѿ Ȃ

ױ Ȃ ҍ ꜚ ӊ ⌠ ꜚⱬ

Ȃ 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 9 ԍ ꜚ ᾣ Ҍ  (© Miele, EasyGlide) 

Ref 13 , Ref 17 

Challenge 12 s 

Ref 18 

Vol,III page 108 

Challenge 13 

Ref 19 

Vol,III page 53 

Vol,III page 53 

Ref 20 
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ᾣ ꜚ ᵣ ꜚ ┴Ȃ ᾣ Ҍ ̆ ᾣץ ꜚȂ

ҹָӇ ̙ ᾣ ̆ Ӎᾣ ꜚ ̆ᴪ ⌠ᾣ ꜚ̆ҍ

ᴪ ⌠‟ Ȃ ̆ Ҍᾛ ң Ȃ

ץ ᵣ ⌠ᾣ Ȃ 

 

 Ҭ ᾣ ҩ (limit speed)Ȃ  

 

ᵣ ᾣ ꜚ Ȃ  

ӊ̆ ᾣ ҩҌ Ȃ ̆ ⱴ ᾣ ‖Ȃ ғҍ Ҍ

̆ ᾣ ‖ ӊ╠̆ ⌠ Ȃ ̆ Ҭ ᾣ

Ҍ Ȃ ῒ Ҭ ̙ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ᴿ · (Albert Einstein,  b. 1879 Ulm, d. 1955 Princeton) ᴯ

ӊѿ ( Ḃ ѿ ז̆ Ҭ ósôᵬ óshô ̆óeiôᵬóeyeô̆ ץ ['albŮrt 

'aὤnώtaὤn] )Ȃ1905 ז̆ ԅ҈ ̔ѿ ῏ԍ ꜚ̆ѿ ῏ԍ ӈ

̆ѿ ῏ԍᾣ Ȃ ѿ ̆ № ̕

ԋ ԅᾣ Ҍ ̕ ҈ ӊѿȂ ṿѿҩ

̆ᵖ ѿ ԅ Ȃ1906 ̆ ῒֲז ₮ԅ Ὲ ӊ ױфע;ׂ

ז̆ ԅ Ὲ Ȃ ⇔ ֲӊѿ̆ᵖז

Ȃ ҍז̆ · (Niels Bohr) ꜛԍ

ӊ Ȃ ז̆ ԅ - (Einstein-de-Haas-Effekt)̆

ԍ ῤ ꜚȂ ѿ ұ ӊ ̆ ԍ 1915 1916 ԅ

ז ̔ ӈ ̆ ȁ ᵬӊѿȂ ᵩז

ז̆ ⱬԍ ꜚ ѿ ̆ᵖ ⱳȂ  

Figure 10 ᴿ ·  (1879ï1955) 

Vol,III page 53 

Challenge 14 d 

Chapter 2  

Chapter 5  
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ҹ֣ ῃ ֲ̆ (National Socialist movement) ₯

̕ ̆1933 ׆ז ⌠ ׆̕ Ảז̆ ԅҍ ֲ

̆ ԅ ᾥ · ᾥ Ȃז ѿᵝ꞊ ֠≠· (Henri 

Bergson)̆ᵬҹ ѿᵝ ⱬ ֲ ץז̆ Ӱ ץ̆ ֓ ԅ

Ȃ Ҍֽ ᴯ ̆Ӟ ѿᵝ ₮

ז̆ ӊ Ӟṿ ѿ Ȃ ѿ ז

̆ ⌠ ҕȂ ז̆ ѿ ז̆ ҩ

Ҍ Ȃ 

ץ ҹ ֲ ᾢ ז ԅ *1Ȃז ++ Ҍ

Ȃ ז̆ ̕ ᴪז̆ Ҭ ̆ Ῥ

ѿ Ȃ ԅ̆ ֲ Ȃ ԅ

ӈ̔ ῤ ֲȂ 

 

 

 

Ҍ ῒ  

 

̆ ⌠ᾣ ȂҌ ̆ ᵣӞҌ ⌠ᾣ

Ȃ ӊ̆ᾣ Ҍֽ ‰̆Ӟ Ҭ Ȃ ‰

̆ Ҭᴋᵥ ᴋᵥ ᴅ̆ ԍ 

 

ᴅ ע &2' 

 

↕῏ ӈ ̕ ҉̆ ҩ ӈ ῒҬȂ 

Ҍ ע ҌἝֲױ ̔ ױ ѿҩҌ

ȂҌ ױ ⌠̆Ҍ ԅ

̔ ᶭ ԍ ̆ ℗ ῏̆ ԅԊᴆ

Ȃ 

1895 ̆ ⱴ *2 Ҍ (viewpoint invariance) ҹ

(theory of relativity)̆ ҩ 1905 Ȃ

⌠ ז̆ ñҌ (Invarianztheorie)ò ҩ ̆ ñ óҌ ô

 
ז *1 Ḥᴆ ᾧץ ̆  einsteinpapers.press.princeton.edu Ȃ 

( : ȇ ( Ⱶ ӥ .҈ )Ȉȇ ῃ ( ₮ .

+ ѿΎ +ῒ ӥḤ ̆ № )Ȉ̆ ȇ Ȉ Ύ ̆ȇ ӈҍ ӈ

Ȉ Ȃ Ҍֽ ꜛԍⱴ ȁ ̆ ꜛԍ Ȃ)  

2* ֠ ≠· ⱴ (Henri Poincaré, 1854 Nancyï1912 Paris) Ȃ ⱴ ז ҩ

ף ӊѿ̆ז ꜚԅ ȁ № Ȃ 

Ref 21 

Ref 22 

Chapter 3 

Ref 23 
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ò̆ ᵖ Ȃ ̆ ⱬ ꜚ ҹ ӎ

(theory of special relativity)̆ ⱬ ꜚ ҹ ӎ (theory of general 

relativity)Ȃ ңҩ  Ȃ*1ױ

Ҍ ̙Table 2 ԅ ױ ↕ ҈

Ȃ ױ ̔ ᾢ̆ ⌠ ̕ῒ ̆

⌠̕ ҈̆ᾣ Ҍ ̆ Ӈ ̆ ԍ ȂԊ ҉̆

ԅ ӈ ̕ ױ Ҋѿ Ȃ 

 

 

 

 

  

c Ҍ  

⌠ ṿ>c 

ѿ℗  

ѿ℗  

ᶏ ṿ>c 

ṿ>c 

ѿ℗  

‗ѿ℗  

ṿ c ̆ 

ѿ  

ӊ ₮ ӈ  

ѿ℗  

 

 

ᾣ Ҍ ̆ ҍ ҹ ᵍ≠ ⱬ ̆ ԅᵍ≠ ⱬ

ꜚҬ Ȃᵍ≠ ⱬ ᵞ ̆ ̆ᵖ

Ҋ ̆ ᵍ≠ ⱬ Ȃᶛ ̆ ױ ̆

₯ ̆ ױ ץ ᵞ ̕ᵖ ԍᾣ̆ Ҍ Ȃ

ᶏ ױ ҉ ѿ ץ ᾣ ̆ ԍ ̆ᾣ

ץ Ȃѿ℗ ԅᾣ ҹȂ 

ױ ҉ⱴ ̆ ᴪץ ҍ ױ ̕

ԍᾣ̆ ̔ᾣ ץ Ȃ ╠ 2·10 -13̆ ױ

ᶭ ⌠ ԍҌ ᾣ ᴋᵥ Ȃᾣ ҹҍ ᴋᵥ

ᵣ Ȃ ̆ѿ℗ ԅ ҹȂ 

 

 

 

 
׃*1 ᵬ ׅ ֲ ᵬ Ȃ ԅ ѿҩҕ ̆ ԅ₃Ӎ

ӥ₮ ̆ (Schwinger) יּ ᵬ(Taylor and Wheeler)יּ Ȃ 

ᵥ ֲז Ḥ Ҭ cȂ ҍ

Table 3῏ԍ ⱬ ץ̆ Vol IV Table 1῏ԍ ꜚᵬ Ȃ 

Table 2 

Ref 19 

Ref 15 

Ref 24 

Ref 25 , Ref 26 
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Ҍ ᾣ Ҍ ̆ ֲפ ץ ḤȂץңҩ O

ɋ( ᵬñomegaò)ҹᶛ̆ԋ ҹ ᴅ̆ ᶛ ңᶷ Ȃ ԋ

ѿ┴̆O ₮ ᾣ̔ ԍ Ŏ ᾣ ѿ ↓ᵝ

ᴇ&ᴃ'̕ ԍ ɋ̆ ↕ ᵝ &'( ᵬñtau of xiò)Ȃ ԍԋ ̆ᾣ ̆ ץ

ױ  

ᴇ

ᴃ
;ע; &3' 

 

Ҭ̆ ᴇ  Ȃ ӊ̆ᾣ Ҍ ᴃ ̆  

 

 ԍ ԑ ꜚ Ҍ Ȃ 

 

Ҍ ѿ Ȃ1905 ̆ ₮ԅ ѿ ֲ ̆ ⌠

Ȃ ᵝ Ȃ ꜚ ң ѿ

Ȃ ֲ ע Ҍ ̆ᵖ שּׂ ₮̔ ‗

ԍ ̕ ῒ Ȃ Ӟױ ẠȂ 

ᾣ ע ҩ Ȃ  

 

 ᾣ ҩ Ȃ 

 

ῒ ̆ Ҭ ᾣ ̆ Ҭ̆ ץ Ҭ ᾣ

Ȃ ’ ⌠Ȃ 

ᵣ ᵣҬ̆ᾣ ᾣ ᵞң҈ṐȂ ԍ ̆ᾣ

ᵞ̔ Ҭ ̆ᾣ ᵀ ҹ 30 km/year =1mm/s̆ ֓ Ҭ̆

ᾣ ᵞ 0.3 m/sȂ 

Ἕ Ҭ ̆ᴪ ֟ ‖₯ ̕ Ҭ

ᾣ ̆Ӟᴪ ₮ѿ ̆ Ạ Ŀ⅓ᴼ (Vavilovï

Ļerenkov radiation)Ȃ ï℗ᴶ ⌠̕ᶛ ̆ ֟ ԅ Ҋ

ᾣ̆Ӟ₮ Ҭ̆ ԍⱴ

Ȃ  

ץ Ҭ̆₄ ⌠ñᾣ (speed of light)òѿ ̆ ױ Ҭ

ᾣ Ȃ Ҭ̆ᾣ ֽ ᾣ №ӊѿ̆ ’Ҋ̆ᾣ

ӊ Ҍ Ȃ 

 

 

 

Challenge 15 e 

Ref 27 

Ref 28 

Ref 29 

Vol,I Figure 229  
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ӈ  

 

ᾣ ѿ℗ Ҍ ̆ ҩ Ȃ ꜛṢץ Figure 11 ң Ҍ

ṿ ῏ Ȃ ̆ң Ҭץ ꜚȂ

Ә ₮ ᾣ̆ Ә ╠ Ȃ ԍᾣ Ҍ ̆ ᾣ ң

ӊ ҍ ѿ Ȃң ( ң

)Ӟ ᾣץ ᾣ Ȃ ԍᾣ Ҍ ̆ Ҭ ѿ

ᾣ (parrallel)Ȃ 

ң ̆ ̔ Ԋᴆ ῏ ת  

(ҹָӇ ῏̙)Ȃ ԍ ̆ ᾣ ԍ ┴ י̆ ┴ ⌠ית Ә̆↕

┴ יфת ( ̙)Ȃ ̆  

 

;ת
ᴅ(ע

ע ᴅ

ᴅ

ע
;
фת /

/(фת
&4' 

 

ҩ יּ Ҭ ᴪῬ *1Ȃ 

Figure 11 ̆ ԍᾣ ѿԊᴆ̆ ῒ ԍ ┴ ᴃЕ̕ Ә ῒ

ԍ ┴ ᴃфȂ ԍ ꜚ ң ̆ Ҍ Ȃ ҹ

(time dilation)Ȃ ̆ (time is relative)ȂFigure 12 ԅѿ

Ȃ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
׃ת *1 ̆ ҹ ת (k-calculus)Ȃ 

Ref 30 

 ה

 י

ᴃЕ; 

 0-י'/(фת&

 

ᴃф;ית 

 יфת

ᴃ 

 

ᴇ 

 

 Ә  

Ә  

ᾣ 

ᾣ 

Figure 11 

ԅ ӈ ӊ ӈ̆ 

ᴶῗ Ȃ 

Challenge 16 s 

Challenge 17 s 

Chapter 1  
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ᴃЕ ᴃф ṿ̆ ץ Figure 11 ₮ң ӊ ̆  

 

ᴃЕ
ᴃф
;

/

/ ᴅф
фע

; &ᴅ' &5' 

 

ԍ ԍ 1̆ ץ ꜚ (shorter)̕  

 

 ̔ ꜚ Ȃ 

 

ԍ ̆ ̆ ץ ױ Ҭ׆ Ȃᵖ Ӎᾣ

̆ᵍ≠ ҌῬ‰ ̆ Figure 13 ̆ (7) ҆№ӊ

ѿ ῤ ⌠ Ȃ Ӟ₮ ᴇ фע;ׂ Ҭ̆ױ ӊױ

ᴪ Ȃ ӈ (6) (7) Ӈ ̔ ῒ ԍ Ȃ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   

ң ԍң  

ѿ ꜚ ԍң  

┴1 ┴2 

Figure 12 

ꜚ : ꜚ

Ȃ 

Figure 13 ꜚ : ᾣ( ) Ữ ( )Ҭ ꜚ ץ̆ ԅ   

(© TSR relativity team at the Max Planck Gesellschaft) 

Challenge 18 e 

Ref 31 
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ѿ ᾣ׆Ә ᴰ⌠ ̆Ә ᴪẠ₮ ᵌ

̔ ז ̆ ꜚ̆ ז ̆ ꜚ Ӟ Ȃ 

 

 ᵝ ⌠ Ȃ 

 

’ ᵌԍңֲ ң ᵖҌ ̆ Figure 14 Ȃ

҉ ֲ ᴪ ҹ ѿ Ȃ

Ҭ̆ ָӇ ѿ ҹ ┴ ԅȂ 

̆ ֲ ⌠ ᾧ ₮ Ȃᵖ

ֲ ⱳ̆ ԅ ѿ ̔ Ȃ ױ ῒҬ

ѿ֓ Ȃ  

 

ᴈ 

ᴇ 

 

( ) 
Ә 

( Ә) 

Figure 14 

ҩ ҉ ֲ ᴪ ҹ ѿ Ȃ 

Chapter 1  
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ᾣ ⱴ ҍ יּ  

 

Ҭ ᾣ ⱴ ̙ ‗ԍñⱴ ò Ȃ snobbish

ױז̆ ⱴ ᾣ̆ ҹ ᴪ ᾣ Ȃ ױ №

⌠̆ Ӟ ᶏᾣ ׆ ⱴ ᾣȂҌ ̆Ԋ ̆ ֓ ᴪ ᾣ

ᴰ ̆ᵖ ᾣ Ҭ ᴰ Ȃ ῒ ̆ᾣ ꜚ Ả ̆

Ả ꜚ ᶛҌ ̆ᵰ ₮ѿ ̙  

ᾣ ̆ᴪ ָӇ̙ҹԅ ѿ ̆ᾣ Ȃ

ᾣ ̆ ñ òעҍ ȁᶭ ᾣ ꜚ

҉ ̔ңҩ ᵣ ᾣ יּ ȂҊ ̔ יּ ᴺ ̆ ԍ

Ҭ ꜚ̆ יּ ̂©Maurice Gavin̆ NASÃ 

Figure 15 

ᵩ  

-Ŭ 

ᵣ  

ñ ò ̔  

      

ᵣ 3C273 

       
ᵣAPM 08279+5255 

        

Vol.III Chapter 4  

Challenge 19 s 
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ע
J
№ Ȃԍ ᾣ ̆ᵖ ׅ Ҍ Ȃ ᾣ ץ

ȁ Ả Ữ ̆ ⱬ ӞҌῬ ̆ ҬỮ ѿ֓ ᾣ̆

̆Ӟ ץ ꜚ ӊⱴ *1Ȃ 

ױ ה ԅᾣ Ȃ ̆ᴋ

ᵥ ᾣ ԍ 1.3·10ī52 kğ ᵣ ( Ҍ Ӈֲפ

Ḥ ) ԍ 4·10 -62 kgȂ ӊ̆ᾣ (light is light)Ȃ 

ᾣ ⌠ ꜚ ҉ᴪ Ӈ ̙ ᵌԍᾣ ҍ ꜚ̔

⌠ ҍ ⌠ Ҍ Ȃ Ẓ Ạ סּ (Doppler effect)Ȃ  

2*יּ ѿᵝ ֲȂ ױ ↓ ̆

ᵞ ̔ יּ Ȃ ױ ץץ Ȃ ȁ

ȁ ≠ יּ ̆ Ҭ ԍ ᾙ

(ᵖ ᾙ )̆ Figure 16 Ȃ 

 

 

 

 

 

 

 

 

 

  

 
1* Ḃ ѿ ̆ ᾣᴪ Ẓ Ȃ ҍ Ҍ ̆ ᾣ ԍᴰ

ꜚȂ( ̔ ’Ҋ̆ᾣӞᴪ ̆ ֓ ҬȂ) 
2* ᾥ · ̆(Christian Andreas Doppler, b. 1803 Salzburg, d. 1853 Venezia)יּ Ȃ

יּ ԅזץ ᾣ Ȃז 1842 ( ) ױֲ̔

̆≠ ῒ ꜚȂ ԍז ԅ ðð 1845 1846 ⌠ԅ

ðð ԍיּ 1852 Ȃז ẫ ’ ̆Ҍӄ ҕԅȂ  

יּ ̕ ꜚ Ҭ יּ ̕ יּ ᵬ

̕ ᾙ ( ) יּ  (© Wikimedia, Hörmann AG, Medison) 

Figure 16 

 

  

 

 

 

 

҉  

 

Ҋ  

 

If this red text appears blue, 

you are too fast. 

Ref 32 , Ref 18 

Vol.I Chapter 10  

Ref 33 
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Ӟיּ ѿҩ ⌠ᾣ ֲȂ ױ ⌠̆ᾣ(Ӟ) ѿ ̆

ῒ ‗ ̆ ῒ ‗ Ȃ Ἕ ꜚ↓ ѿ ̆

יּ ⌠̔ ꜚ ₮ ᾣ ̆ҍ ᾣ Ҍ Ȃ

₃ᵥ̆ץ ̆ ₮ Ҋ  

 

ᵭ

ᵮ

;
/

/ ᴅфעф¡
/
ᴅ

ע
amqᵭ ; /

ᴅ

ע
amqᵭ &6' 

 

Ҭ ᴅ ᵭ Figure 17 Ȃ ̆ ᾣ ᾣ ̆

ᾣ ᾣ Ȃ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ѿ ҈ יּ ̔ҍ ̆

ץ ⌠  (wave graph © Pbroks13) 

Figure 17 

 

 

ꜚ 

 Ḥ  Ḥ  

ᴅ 

ᵮ 

ᴅ 

sender 

ᴇ 

ᴈ 

ᴉ 

receiver 

Ь 

ᴇ 

ᴈ 

ᴉ 

Vol.III Chapter 3  

Challenge 20 e 
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1905 ̆ ꜚ ᾣ ᾥ*1 ⌠ԅᾣ יּ ̆Ӟ ҹ

/ (color shift)Ȃ ῤ ԅ ̕

̆ ҆№ӊԋץῤȂ 

ꜚ ԍ(transverse to)ᾣᴰ ̆Ӟᴪ֟ Ȃ ̆ Ҭ

ꜚ ̆ ӊ╠̆ѿ Ẓ ȁѿ Ẓ Ȃῒ (ѿ

) יּ (ԋ ) יּ ῍ Ȃ ҩ  ᵰᵩᵮru ᵡᵯᵠᵟ̆

Ҍ Ȃ( ’Ҋ̆ ᵥ ̙ ᵰᵩᵮru ᵡᵯᵠᵟv ᶭ ԍ ᴅ ̙) 

יּ / Ȃ₃Ӎ ᵣ ᴪ Ȃ

ֲѿ ꜚ ̆ ̆ ᵣ

יּ Ȃ( ױ ᴪ ⌠̆ ᾣ Ȃ) ̆ қ

ꜚ̆ ᴪ Ȃ Ӟ≠ יּ *2Ȃ 

יּ ֲ ̆ יּ ԍ ᵣ ̆ Figure 15

Ȃ ̆ יּ ץ (red-shift number) ᴉҹ ץ̆

ץ ӈҹ 

 

ᴉ; ;
ᴖץ

ɔץ
/;

ᴅ(ע

ע ᴅ
/ &7' 

 

ᵰ ⌠ ᵥ ᴉ ̙ ᾣ ῖ ᴉṿ  .,/⌠ 3.5ӊ ̆ᵖӞ ԅ

ṿ̆ Ȃ҉ץ10 Ӈ ̙ ױ Ӈᴪ Ӈ ̙   

ԍ יּ ̆ ѿ ̆ ѿ Ȃ

ץ Ȃ 25⌠33ӊ ( Ҍ

Ҍ )Ȃ יּ ̆ ( ) ҹ5№ Ȃ 

ױ Ӟ ≠ ῒ ᵣ יּ Ȃ ץ

̆ Ҭ ѿ 2.2ַ Ȃ 

ֲ ꜚ ̆ ᾣ ̆ᴪ ָӇ̙

Ӈ ꜚ ̕ ׂ ԅ 80%ᾣ Ȃ ױ

2013 ̆ 10 ↨ ̆ ⱳ 0.6 ZWȁ 50 fs

ᾣ ‖ ₮ Ȃ ‖ᴪ ₮ѿ Ԑ̆ ⌠

 
1* ῤ · ᾥ(Johannes Stark, b. 1874 Schickenhof, d. 1957 Eppenstatt)̆ԍ 1905 ԅ

Ҭ ᾣ יּ ̆ ԍ 1913 ԅ Ҭ № ̆ ׂ ҹ ᾥ Ȃ ԍ

ң ז̆ ԅ 1919 Ȃ1922 ז̆ ԅ Ⱶ̆ ҹ

ᴪҺӈ ( )̆1930 ҹ ᾴᾴ ץ̆ ԍ῏ֲז₯ ̕ ̆

ז ӊ ⌠ԅῃ Ȃ 

( : ̆ (William Huggins) 1868 ᾣ Ẓ ̆ ᵌ

ᶏ ̆ ᾥ ᾣ יּ ѿֲӞҌ ‰ Ȃ) 

2* ָ Ӈ Ҋ ֜ ҹ ̙ 

Ref 34 

Challenge 21 s 

Vol.III Table 14 

Challenge 23 s 

Challenge 24 s 

Challenge 22 s 

Ref 35 

Ref 36 
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Ҭ̕ ῤ̆ Ԑᾟ ԅ (relativistic nirror)Ȃ ѿ ᾣ׆

̆ᾣ Ḡ Ҍ ̆ᵖ ⱴԅ 14Ṑ̆ᶏᾣ ׆

ҹ Ȃ ᵞԍ 1%̆ ₃ ̆

2ɛm ̕ ӊҹ №ԅȂ 

ӊ̆ Ӈ ᾣ ̆ Ȃ

יּ Ȃ ӊ̆ ⱴ ⁞ ᾣ ᴪ ̆ Ҍ Ȃ 

ף יּ ‰Ȃ ԍ ꜚ̆ 9 cm/s ԍ

ῒ Ȃ ׂ̆ ᴍ ֟ יּ ץ ѿ (frequency 

comb) ᾣ ̆ ᾣ 1 HzȂ

יּ ₮ ṿȂ ԍ Ȃ 

ⱴ ᾣ ӊ ԅѿҩ ̔ ׆ױ ῖ Ҭ

̆ ᾣ Ἕ ᵣ ̆ᴪ Ẓ Ȃ Ẓ ᴪ יּ

̙ 

 

 

ᾣ ≢ 

 

ᾣ יּ יּ Ȃ ḂҌ ᾣ Ҍ ̆ ₡ יּ

ꜚ Ҍ ȂҹָӇ ̙ 

׆ ҉ ₮ Ȃ ѿ ҍ ױ ̆ ױ

ң Ȃ ӊ̆ ױ ᾣḤ / (synchronize clock)Ȃ ѿ

ң׆̆  ᾣḤ ױז Ҍѿ ̆ ԋֲ Ҍ

Ȃ ̆ᾣ Ӟ ѿ ñ ò ̆ ̆ ң ⌠ ѿҩᾣ

Ҍ ױז̆ ѿҩ ₮ԅҌ ꜚ Ȃ ӊ̆ ꜚ

Ҍ ȂԊ ҉̆ יּ (6) ԅ ҩ ӈ ̆ ᾣ

Ҍ Ȃ(ᵰ יּ Ҭ̆ᶭ ҍᶭ

ᴪ ̙)  

ҹָӇᾣ ҹ ӈ ̆ Ҭ ҹ ̙ ҹ̔ᾣ

ꜚ Ȃ ̆ ᵖ ᾣ Ȃ ӊ̆ ע ᾣ

̆ ᴅ ע ע̆ Ҭ Ҍ Ȃ  

̆ Ҭ̆ ѿ Ҭ ̔

ᵣᵣ (dislocation) ꜚ  ( ӊױ ᴪ ꜚ)Ȃ

̆ ӈ ᵝ ꜚӞ ̆Ẋ ץ ף ѿ ᾣ ˻Ԋ ҉̆ᵝ

׆ ᴶῗ ̆ ₮ ̆ фע;ׂ Ȃױ

֓ Ҭ̆ ע ᵝ ᵬ ҍᾣ ѿ ᵬ Ȃ 

ҩ ӈ ԍ̔ ָӇқ ᾣ ꜚ Ȃ ץ ױ ה

ѿ Ȃ 

Ref 37 

Vol.I Figure 155 

Challenge 25 s 

Ref 38 

Figure 11 , Equation 7 

Challenge 26 s 

Vol.V Figure 168 

Ref 39 
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₯? 

 

ᾥ Figure 18 ҽ̆ ᾣ ז) ̙)Ȃҹԅ ᴏ

ᾥ̆ ױ ץ ׆ ̆ ⱴ ñ ò̆ Ȃ

ⱴ Ҭ ̆ ᵝԍ (LEP, Large 

Electron-Positron)̆ 27Ὲ ̆ 40ᾠ ⱳ ( ԍѿ ) 

ⱴ ̆ ױ 16 nJ (104.5 GeV) ̆ ױ

Ȃ Figure 19 ̔ ᶏ ҉ ֓ԅҌ ̆Ӟ ѿ ᾣ

Ȃ(ᵰ ᵥ№≢ ꜚ ̙)   

Figure 19 - ῏ ̆ Ȃ

̆ ᵣ Ȃ ᵣ Ҍ ץ ԍᾣ ꜚ

*1Ȃңҩ ҕ ץ ̆ᵍ≠ ⱬ ‰ ѿ ҹ ׆̆ ֲ ̕

ѿ ̆ Figure 19 Ȃ 

ꜚ Ҍ ̆Ӟᴪ₮ Ȃ ⱴ ꜚ ҍ Ҍ

̔ Ҋ̆ꜚ ṐҌᴪ ṐȂ ӊ̆ ̆ ᶏ

̆ ⱴ ⱴꜚ ⌠ᾣ Ȃ 

 
1* ׅ ֲ ҩ ץ ӊ Ȃ ᵝ Ҍ ֣ ҍ ֲ֓ ֜ ̆ѿ Ҭ

Ӟ ñ òȂ( ̆ ╠ ԍ ѿ ᵣȂ ̆ᵖ ≢

ҍ ῏ ԅȂ)  

ץ sci.physics.relativity ⌠ ֓ ֲȂ www.crank.netȂ ױֲ ̆Һ

ҹױז ԅ ‰ Ҭ ̆ ױז ѿᶛ ‰ Ȃ 

( ̔ Ӟ Ҍ ñ׆̆ ò⌠ñ ò Ȃ ף

∞ ꜚ̆ Ạѿ֓ԅץ Ȃ)  

Figure 18 

( ̔ ᾥ

ȇLuky LukeȈ ῒ

Һ ̆ѿ ᴰ

Ȃñה ₯ 

(shoots faster than his 

shadow)ò ̆

₯ ז̆

Ȃ) 

ᾥ 

Challenge 27 e 

Ref 40 

Challenge 28 e 

Equation 37 

Ref 41 

Ref 42 

Ref 43 
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Ҍ ̔ ̆ └

׆̆ └ Ȃ  

ҍᵍ≠ ⱬ Ȃ ԍ ᾣ ̆ᶛ 15000 km/ s

̆ ꜚ Ҍי ԍ ᴅф-0 Ȃױ ῒ ̔

ֲ Ҭ ȂҌ ῤ ̆Ẋ ῒ

֟ 30 kV Ȃ 

ᾣ ᵣ Ȃ ᾣ Ҍ Ȃ ѿҩ

Ҭ ץ Ҋ ᵣ̆ῃ Ҭ ᾣ ꜚ Ȃ ѿҩ

̆ ҩ ꜚ ῒ ̆ Ӈ ῒ Ӟ

Ȃ( ѿҩ ҕ Ӟ ̔ᴪ ̆ Ԋ ԑ

῀Ȃ) ԍᾣ ѿ℗ ѿ ̆ ץ ҩ ̆ ᴋᵥ ᵣ

ꜚ ᾣ Ȃ 

ױ ₮  

 

 ᵣ Ȃ 

 

( ᾣ) ⱬ ̆ ԋץ ᴰ ᵣȂ ҉

№Ҭ ҍ ̆ᵖ ̆Ҭ ҩ Ȃ  

ӊ̆ ̆ῒ ԍѿҩ ̆↕

ԍ Ȃ Ҍ ӊ Ҭ

̙   

 י

 ״

ᴅ 

ᴅф 

 фע

 ע

;י
/

0
 ᴅфױ

&ױфע;י
/

/ ᴅф-עф
/' 

;״
ᴅױ

/ ᴅф-עф
 

 ᴅױ;״

Figure 19 

ᴅᵬҹꜚ ״ ꜚ י ₱

̔ ṿ( )̕ᵍ≠

( )̕ ӈ ( )Ȃ 

( ̔Ҋ ꜚ

̆Ӟ Ώᵬ ꜚ ₱ ̆

ⱬ ꜚ ̆Ӟ ñ ò⁞ñ ò̕  

ꜚᵬ Ҭ

ᵩꜚ י /&ױфע; / ᴅф-עф'̕  

Ҍ י ᴅ̆״;י( יּ Ȃ) 

Challenge 29 s 

Challenge 30 d 

Ref 44 

Challenge 31 e 

Challenge 32 r 
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ᾣ ҩ ̆ Ҍ Ȃ ̆ ѿҩֲ

̆ῒҬ Ҍ ⱴȂ ↓ ץ ᴅ/. ̆

ѿ ӗ ץ ᴅфЕ ₮ѿ Ȃ ҹ ԍ

ᴅфї;ᴅфЕ)ᴅЕїȂᵖῒ ̆ ₮Ҍ Ȃ 

Figure 20 ̆ ת ̆ Еї*1תфЕת;фїת 

Ӈ ῀ף ҩ ת ҍ ῏ (6) ̆ ⌠ 

 

ᴅфї;
ᴅфЕ)ᴅЕї
/)ᴅфЕᴅЕї-ע

ф
&/.' 

 

῎ (velosity composition formula)̆ῒ Ҍ ԍ ע̆ ғ ԍ

*2Ȃ (10) ҩᶛ Ȃᵰ ֪ץ ̆

Ҋ ҹ ⱴ Ȃ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
1* ҩ ( ) ̆ ץ ӈѿ ⱴ ̆ (rapidity)Ȃ 
׆ץ *2 ҩ ᴶῗ Ȃ 

ᴃ 

ᴇ 

0  

ᶛ  

1  

ᶛ ↓  

2  

ᶛ  

 ה

 י

 יЕїת

 

 יфїת

 

ᵥ Ȃ Figure 20 

Challenge 33 e 

Challenge 34 e 

Ref 18 

Ref 45 
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ҍ ӈ  

 

ӈ ѿ ҉̔ 

 

 ᴰ (maximum lical speed) ѿ℗ Ȃ 
 

̆ ᴶῗ*1 ᴇ ̔ 
 

 ԍ ̆ѿҩ ᴅ ⌠ Ҋ  
 

ᴅ ע &//' 
 

ῒҬ ע ᾣ Ȃ 

 

ᾣ Ҍ 1850 ץף ҹֲ ̔ ױֲ

-/;ע ї їҌᶭ ԍ ᾣ ̆ӞҌ ‗ԍ ױ ᵝ Ȃᾣ

ע Ҍ ( ῒ ῏ )̆ ᾣ ̆ ֓ ⌠ԅ ꜚ

ȁ ꜚ ᵣȁ ȁ ᴰ ᾣ ȁ ᾣ ȁ ꜚ

ᾣ Ȃ Ҭ ꜚ ᵣ Ӟ ԅ Ҍ *2Ȃ

ӈ ӊ╠ ӊ ̆ ̆ ѿᶛ ̆ Ҭ ᾣ

Ҍ ȂῒҬ ᾥ - ץ̆ Ŀּי ῒ ׂ

̆ Figure 21 Ȃ ֓ ᾣ ῤ

ꜚ ̆ ╠ ҹ 1017№ӊ2ȂᵰӞ ץ ᾣ Ҍ ̆

ꜚⱬ ׃№ Ȃ  

 

  

 
1* ֠ ᾥ· қ· ᴶῗ(Hendrik Antoon Lorentz, b. 1853 Arnhem, d. 1928 Haarlem)̆ ῗ

̆ ҩ ף Ȃז ᾥ ₮ԅ ᴶῗ

ᴶῗ (Lorentz contraction)̆ ӊ╠̆ז ᾢ ⌠̆ ⌠ ꜚ

( )̆ ᾥ ῒ Ȃז ≢ ᾣ ȁ

ȁ ȁ Ҭ ԅ ѿ Ȃז ₮ԅ ᴶῗⱬ Ȃ1902 ҍז̆

(Pieter Zeeman)ѿ ԅ Ȃ ӊ ז̆ ҍ ᵬ Ȃז

҉ ֲ ̆ ⇔ Ҭ ԅ ᵬ Ȃ  
2* ֓ 1905 Ҭῃ ̆ ֓ 19ҕ

̆ ᴶ (Wilhelm Röntgen)ȁ֒ · ῐ (Alexander Eichenwald)ȁ

(François Arago)ȁ (Augustin Fresnel)ȁ (Hippolyte Fizeau)ȁ Ҁ· ᾥ(Martin Hoek)ȁ

(Harold Wilson)ȁ ᾥ (Albert Michelson) ( ѿᵝ ֲ)ȁ

(Edward Morley)ȁ (Oliver Lodge)ȁ ≠(John Strutt Rayleigh)ȁ · (Dewitt Brace)ȁ

ᾥ(Georges Sagnac)ȁ · (Willem de Sitter) Ȃ 

Ref 46 

Vol.III page 106 

Ref 47 

Ref 48 

Ref 49 

Vol.III Chapter 1  
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Ҍ ̆ ₃ҩ Ȃҹԅ ̆ױ ױ ԅᾣ

Ҍ ץ ῒᵩᵍ≠ ⱬ *1Ȃᾣ Ҍ ̔ 

 

 (ñ ò) ῤ̆ ∞ Ȃ ᵍ≠ ז

ȇ (Dialogo)ȈҬ Ώ̔il moto [ ...] niente opera ed ¯ come sô eô non fusse. 

ñ ꜚ [...] ̆ ἝҌ ѿ òȂ Ӟ ҹ̔ꜚ ꜚ(motion 

is like nothing)Ȃ 

 ̔ ᶭ ̆ Ȃ*2  

 
1* Ȃᵰ ̆ᵍ≠ ₮̆ ꜚ Ȃѿ֓ Ḡ ᾣ Ҍ

̆ᵖҍ ̆Ӟ ᵍ≠ Ȃ 

1905 ң׆ ̔ᾩ Ғ + (

)Ȃ ѿ ῒ 1632 ᵍ≠ ₮ԅ̕ ᾣ Ҍ ῤ Ȃ ̆ ⱴ

ץ ( ) ԅ ( )̆ ҹ ẁ  ñҌ òȂ 
2* ᵰ ₮ ̙ 

ᾣ ꜚ Ҍ ̔ ᾥ ԍ 1881 ѿ

ץ̆ ѿ ԍ ᾣ ף ̆ Ḡ ̆ ԍ ̆

ᶏ ҩ  (© Astrophysikalisches Institut Potsdam, Stephan Schiller) 

Figure 21 

  
 

 

ᾣ   

Vol.I Chapter 5  

Ref 23 

Challenge 35 s 



 

 

 

01ᾣ ꜚ̔ 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

 

41 

 ҍ ᶭ ̆Ҍ Ȃ  

 ᶭ ̆Ҍ Ȃ  

 ҍ ᴇȂ 

 

ῬⱴḬ ᴆ̆ ץ ₮ ΐᵣ(special, ӈ) ̔ ᾢ̆ ױ ⱬ

(Ҍ ӈ )̕ῒ ̆ ױ Ẋ ץ Ҍ ױ ’

Ҋ ̆ ױ ȁᵝ ( ↕ ҩ )Ȃ 

ң ҍ ָӇҌ ̙ ױ ѿ ѿ

Ȃᾢ ԑᵬ ’Ȃ ӊ̆ ׆ױ ꜠ (relativistic 

kinematics) ̔ ᵣ Ҍ ꜚ ’Ҋ ꜚȂ 

⌠Ҍ ᵣẠ ꜚ( )̆

̆ῒ (inertial frame of reference)Ȃ ҩ Ӟ

ԍҌ ꜚҬȂԋ ̔ — ҉ ΐῤ

̕ Ҭ ̆ ῀ Ҭ ֲ ҈ Ȃ҈

Ӟ ץ ҹ (free floating)̆ῒҬñ òף ñҌ

òȂ ԅȂᵰ ̙ ᵥ̆

̆ ױ ѿҩ ̔ 

 

 ᴋᵥң ԍ ץ ꜚ( ӊ╠ Ẋ ̆

ⱬ ԑᵬ )Ȃ 

 ᴇ ױז̔ ҕ Ȃᵍ≠ ₮

̆ ⱴ ҹ (principle of relativity)Ȃ 

 

Ҍ ѿ ָӇ῏ ̙ Figure 22 ̆ ȁ

ң ̆ԋ №≢ Ҁ ᴇ*ᴈ*ᴉ*ᴃ *** *1̆ԋ

ҹ ᴅȂᾣ ᴋᵥ ҉ Ҍ ̆ ң Ҭ Ҋ῏

 

 

bᴃ'фע& &bᴇ'ф &bᴈ'ф &bᴉ'ф;&עb'ф &b'ф &b'ф &b'ф &/0' 

 

Ғ (invariance of the space-time)ȂҌ פ ᴇ ҍ

Ȃԍ  

 

bᴃ'фע& &bᴇ'ф;&עb'ф &b'ф &/1' 

 

 
ױ *1 ᵬ óxiô, óupsilonô, ózetaô, ótauôȂ ̆ Vol I Appendix AȂ 

Challenge 36 e 

Challenge 37 e 
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Ẋ ԍ ̆ ᾣ ̆ ;.̆ ᾣ ₮ң ᾣ̆

b  ̕ ԍ ̆ ᾣ ץ ᴅ ꜚ̆ bᴇ;ᴅbᴃȂ ֓ ᴆף῀↨

↨ (13),  

 

bᴃ;
b

/ ᴅф-עф
; ף &/2' 

 

῏ ԅҌ Ȃ Ҭ̆ ᴅ ע̆ ץ ҩ

ᵬ ᵎ ɻ ḷ ɻ ᴼ῞ ɻ (stretch factor, relativistic 

correction, Lorentz factor, relativistic contraction) ӈ҉ ԍ 1Ȃ ֓ ’

Ҋ̆ң ⌠ ̔ ̕

ꜚ Ӎᾣ ̆ ṿᴪ ̆ ╠ֲҹ ṿ ҹ 2·10 5̆ Ҭ ⌠

ṿ ҹ 1012Ȃᵰ ⌠ ױ ̙ 

ḱ ԍ 1̆Ӟ ↕҉ᴋᵥ ңҩ ̆

ṿ Ҍ Ȃ ԍҌ Ҍ ̆ ꜚ ᴪ ⌠ (time 

dilation)Ȃ 

Ҍ ῃ Ȃ ԅ ҹ̆ ױ ץ ₮ ᵥ

ȂFigure 22 , Figure 23 ̆Ԋᴆ ב ᴇ ңҩ ̔ ⱴ҉

ңҩ ӊ ᴋᵥ Ȃ 

ң

Ҭ̆ ѿ ᾣ ̆ԋ

№≢ҹ&ᴃ*ᴇ' &̆ ' Ȃ 

ᴃ  

ᴇ 

 

*ה  

 ב
└ 

ѿ  

ᵓ⌐  ӎ  

 

 

ᾣ 

ᴅ;. 

ᴅ;ײ׳עᴂᴃ 

 ע
ң

ѿ ᾣȂң ⌠ ᾣ ᴪ

Ȃ 

Figure 22 

Figure 23 

Challenge 38 e 

Challenge 39 s 
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ӊ̆ ױ  

 

; &ᴇ ᴅᴃ' &/3' 

 

≠ Ҍ ̆ ױ ⌠ 

 

; &ᴃ ᴇᴅ-עф' &/4' 

 

ᴶῗ*1 ԅ ң ῏ ̆ ⱴ ԋ ҹ ᴼ῞ (Lorentz 

transformations of space and time)Ȃ1865 ̆ ᾥ ԅ ȁ ȁᾣӊѿ

℗ ̆ ץ ̆ ֓῏ ѿ ԍ ꜚⱬ Ҭ̆

̆ ⌠1892 1904̆ ᴶῗ ₮ԅ ֓῏ *2̕ ⌠ ̆

₮Ҍ ᴃҍ ץ̆  ᴇҍ ̆ ᴇ Ȃ  

ᴶῗ ԅҌ ӊ Ȃ ҹ ᴼ῞

(Lorentz boost)( ̔ Ҍ boost ̆ ҹñ ò̆ ҍӊ

ᴶῗ )Ȃ Ὲ (15) (16) ӈ ӈ Ȃ ӈ

Ҍᴪ ̔ ָӇ̆ ץ ӈ ӊ ԅȂ 

ᴶῗ (15) (16) Ȃ Ῥױ ᶭ ̆

Ӟᶭ ̔ ꜚ ⌠ (length contraction)Ȃ ̆

Ȃ 

ᴶῗ (15) (16) ҩ ӊ Ȃ ң ԑ Ҭױז̆ ѿᵝ

ᴪ ̆ ѿᵝ Ȃ ӊ̆ ӈ ̆

ױ ̆ ẁ ̆ᴪ ѿᶷ

Ȃ ױ ᴪ ҩ Ȃ 

ױֲ ԅ ᴶῗ (boost) Ὲף ̆ᶛ ң

ⱴ ץ ȂҌ ̆ Ὲ ҍ ױֲ̆

ף Ȃ ױ ֓ ӊ╠̆ ױ ׆ (boost)῏

₮ ̆ ѿ֓ Ȃ 

 

 

 

 
1* ̓͂ ԍ ᴶῗ ̆  page 39Ȃ 
2* · (Woldemar Voigt, b. 1850 Leipzig, d. 1919 Göttingen)ԍ 1887 ԅ

̕ Ӟ Ȃ ̆ 1889 ̆ӓ · (George 

Fitzgerald, b. 1851 Dublin, d. 1901 Dublin)Ӟ ԅ ҩ Ȃ 

Ref 50 

Challenge 40 e 

Chapter 1  

Challenge 41 s 

Chapter 1  

 

Ref 51 

Vol III Chpater 2 
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ᵥҹ ? 

 

Von Stundô an sollen Raum f¿r sich und Zeit f¿r sich 

völlig zu Schatten herabsinken und nur noch eine Art 

Union der beiden soll Selbstständigkeit bewahren.*1  

· . 

 

ᴶῗ ԅ ѿ֓ױ қ ̔ ҍ ѿ ᵣ(entity) ң

ҩ Ȃ ױ Ҍ Ҍץ ֢ (mix)Ȃ ֜ ҹ̔

(the fourth dimension)Ȃ ̆ ҹ ҹ (space-time)

ᵣ ץ ӈҹ Ԋᴆ ̆Ԋᴆ ҩ ̆ ғ

Ԋᴆ ΐ (manifold) *2(ᵰ ̙) Ҍ

ȁ ̕ (boost)ҊḠ Ҍ Ȃ - ⅞№ ‗ԍ

Ȃ 

ӊ̆ ᶏ ױ ῀ Ԋᴆ Ҍ

Ȃ ⱬ̆ ӈ Ҭ̆ ѿ

┴ ̔ңҩԊᴆӊ (space-time interval) bר ӈҹ 

 

bרф;עфbᴃф bᴇф bᴈф bᴉф;עфbᴃф /
ᴅф

фע
&/5' 

 

ԍ( ) ̔ ҩҌ Ȃ Ӟ (Minkowski 

space-time)̆ ץ ̆ *3 ԍ1904ᾢז̆ ӈԅ

⌠ῒ ҍ Ȃ ױ ᴪ ̆ ⱬ̆↕ ᴪ

̕ ̆ ҹ (Riemannian space-time)̆ ӈ ῏

ΐȂ 

(17) bרΐ ӈȂ ᾣ ץӗע Ԋᴆ׆

&ᴃ*ᴇ' ꜚ⌠Ԋᴆ &ᴃ)bᴃ*ᴇ)bᴇ' ̆ (proper time)Ȃ

ע̆ Ӟױ ץ № ҹ (wristwatch time)Ȃ 

  

 
1* ñׂ ̆ ̆ ԋ ѿᵣ Ȃò

1908 ҍ ᴪᴪ ҉ ӊ Ȃ 
2* ñ (manifold)òѿ ױ Ҭ ӈȂ 

3* Ŀ  (Hermann Minkowski, b. 1864 Aleksotas, d. 1909 Gºttingen), Ȃ

ז ԅҍ ᵌ ̆ Ȃ ԅ ȂҌ

̆ 44 ҕȂ. 

Challenge 42 s 

Ref 52 

Vol.V Appendix C  
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ץ ̆ ױ ҬȂ ԍѿ℗Ԋ ̕ ѿ℗Ԋᴆ

̆ӞἝ ѿҩ ̆ ѿ℗ Ȃ ̆ᵖ

ᵣ ѿ̆ №≢ Ҍ ( ѿ℗Ӟ ԍ ⱬ ӈ )Ȃ 

ҍᵍ≠ ( ) ᵥҌ ̙ң

̆ ᵣ(continuum sets of points)̆ ѿҩ ҈ҩ ̆ ғ

ң ΐ (ᵰ ̙)Ȃң ̆ ҹ ̕

ԋ ᾣ ̆ ׆ ҉ ̕ң

ȁ ѿ ȁ ̆ Ԋ Ԋᴆ Ȃ 

≢ȁ ѿ ≢ ̔ ֢ ԋ(mix) Ȃ Figure 

23 ̆ ԍҌ ̆֜ Ҍ Ȃӊ ץ

ȁᶭ ̆ ԍ ֜ Ȃ 

׆ ҉ ̆ ̆ ҹ Ȃ ҹ

ѿ ̆ ӈȂ 

ᶏ ױ ꜚȂ ̆ ҹҌҤ

̆ Ҭ ꜚ̆ ꜚ ԍ ҬȂ Ҭ̆ ᴋᵥқ ꜚȂ ҩ

Ҭ ѿ қ (world-line)̆ Figure 24Ȃ ӊ̆ ԅ ꜚҹ

ָӇ(why) ̆ ױ ץ ᴇ ̆ҹָӇ(why) Ҭ ҕ ֜ Ȃ ױ

Ҍ ֓ ̆ ╠ Ạ ꜚ ᵥ(how) Ȃ 

 

 

 

 

 

 

 

 

 

 

 

 

 

ѿ ԋ ’Ҋ̆ O ꜚ T ̕ҕ ѿ

҉ ̔ Ҍᴪ ᾣ Ȃ 

Challenge 43 s 

  

 ᴈ 

ᴇ 

 ׂ ׂ

 י י
 

 

 

 

 

 

 

 

 
⌡  

⌡  
 

ᾩ  ᾩ  ᾩ  ᾩ  

Figure 24 
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⌠ ̔ ҍ  

 

ԍҌ ̆ Ҍ Ȃ Ӈ̆Ԋᴆ ᴪ ↓

̙ ₮ ̔ ֓Ԋᴆ Ҍ ̕ ѿ֓Ԋ

ᴆ ↕ Ȃץ Ҭ ҹ ̆ Figure 24 Ȃ  

ֽ̆ ѿҩԊᴆ ѿԊᴆ (cause)̆ ңҩԊᴆ ԍ

ѿ ↓Ȃֽ ᾢ╠Ԋᴆ ᶛץ Ḥ Ԋᴆ ̆

Ȃ ӊ̆ңԊᴆ ↓ ԋ Ḥ Ҍ ԍᾣ Ȃ

Figure 24 ̆ Ԋᴆ E ῒҊ ᾩ (past 

light cone)Ҭ Ԋᴆ ̆Ԋᴆ E ῒ҉ ᾩ (future light cone)Ҭ

ԊᴆȂᾣ Ԋᴆ↕ Ҍ Ԋᴆ ĔӞҌ Ԋᴆ E ̆ ⌡

(elsewhere)̔ Ḥ ԍᾣ Ȃ ̆ᾣ ӂ ѿ ̆ᾣ ῤȁ Ԋᴆ

̆№ ץ ԍԊᴆ E ԊᴆҍҌ ԍ E Ԋᴆ̆ ԍѿ℗

̆Ԋᴆ E Ԋᴆ Ԋᴆ E ⌡ ( ֲ֓ᴪ ҌҤ

≢ Ԋᴆ ҹñ (present)ò)Ȃ 

ᾣ ԅῃ ץ E ’ ԊᴆȂֲױ ̆Eҍ ᾣ

Ҭ Ԋᴆ ῗ (causally connection)Ȃ ̆ ῏ ҩҌ ̔

ңҩ Ԋᴆ ῏ Ȃᵰ ̙ 

ӊ̆ №Ԋᴆ Ȃ ≢ ԍңҩ ῏ Ԋᴆ̆ ױ

( ) ‗ԍ ˻ 

ᾣ ῤ ҹ (time-like vector)̕ᾣ ҉ ҹ ᾩ (light-like 

vector) (null vector)̕ ҹ (space-like vector)Ȃᶛ ̆

ҕ ̆ ῒ Ԋᴆ ֽ̆ Ԋᴆ Ȃ 

̆ ӈ ̆ױ ῏ ᶭᾣ ӈȂ

ץ ᾣ ᴰ ̆ Ӈ ӈ Ȃ ̆Ӟ ѿ℗

̆ ץ №Ԋᴆ ̆ ԍ Ȃ  

ᾣ ̆ Ҭ ԅȂᵥץ ̙ ᾣ ̆ Ȃ

ᵰ ̙ ᾣ ̆ ⌠ Ȃ ҩ ᾣ ҹ

̔ ױ Ȃ ̆ ױ ̆ ̆

ꜚⱬ ԋ Ȃ*1 ᴋᵥ ᴪ ̔ 

 

 ⌠ Ҍ Ȃ 

 

Ҭ ’ ᵥ̆ Ȃ ᴪױ ⌠̆ ⌠ Ȃ  

 
1* ҩ ῏ ҹ Ȃ ᶏ ₄̆ ΐ

Ӟױֲ̆ ̆ ҍ ȂSteven Blau ѿ Ҭ

₮ԅ Ҍ Ȃ 

Challenge 44 s 

Challenge 45 e 

Challenge 46 e 

Challenge 47 s 

Ref 53 
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̔ ӈ  

 

Ҭ ԊȂ Ȃ ԍ ҉ ̆ ң ♥

Ҋ̔ѿ ₯Ҭ ̆ ѿ Ὲ Ὲ Ȃ ₯Ҭ ̆ ѿ

҉ ̆ ԍῒҬ ̆ ᾢ Ҋ̙ 

ԍ ̆ᾢ ₯Ҭ ̔ ᾣ ֓ ᴰ⌠

̆ԋֲ ᾢ ⌠ ҉ ̆ᵖ ễᴰ ̆ᴪ ₮

ᾢ₯ҊȂ ñ ò Ȃ 

ᵰ ╠ ̆ᵰ Ҭ Ἕᴪץ Ȃ ץ

ꜚ̆ᴪ ָӇ ̙ 

ױ Ҭ ̆ ѿ ̕ Ҋ

Ӟ Ȃ ң ԍ ֓ Ȃ 

ױ ӈ ѿ֓ Ȃ 

 

 

ᾣ ̔ ױ ̙ 

 

ӗױ ҹ ᴅ̆ ⱴ⁞ ץ ̕ ױ Ҭ

ҹ ᴃ̆ ѿ Ҍ ѿ ̆ 80 ̕↕ ױ  ҹף
 

;ף
ᴅᴃ

/ ᴅф-עф
&/6' 

 

ԍ ᴅ<.,50̆ע ף ԍ ᴃ̆ע ғ̆ ᴅ ̆↕ ף

˻ ӊ̆ᾣ └ ױ ῤ Ȃ ↕҉̆ ױ

ץ Ҍ⌠ѿ ῤ ҩ Ȃ 

Ҋ Ȃ ԍ ̆Ҍ ῀ (proper velocity) ᴆ 
 

ᴆ;
ף

ᴃ
;

ᴅ

/ ᴅф-עф
; ᴅ &/7' 

20 

↨↨ױ ⌠ ̆ Ҍ ᾣ └̕ ̆ᾣ Ȃ*1 

  

 
1* ≠ ̆ (10) ₮ ңҩ  ẛᴥ ; ẚᴥᴥ  ẛβ ; ẚββ ῏ ҹ  

ᴆᵮ; ᵜ &βᴅᴥ)ᴅβ'װ ᴆᵮ ;ᴆβ &0.' 

ῒҬ̆  ớ  Ṷ №≢ ᴅᴥ № ԍ ᴅᴥ № ȂԊ ױֲ̆҉ ץ ñ

ò ҩ ӈ Ȃ 

Challenge 48 e 

Challenge 49 e 

Challenge 50 e 

Challenge 51 e 

Challenge 52 e 

Ref 54 

Vol.IV Chapter 8 Ä  



 

 

 

01ᾣ ꜚ̔ 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

 

48 

ҍ ̔ ֪ ᾙ ̙ 

 

ѿҩ ̆ ᵝ ꜚ Ҍ Ȃ ̆ ױ

ᵥ ̆ ᶏ ױ Ҭ Ȃᶛ

̆ ң ѿ ̆ ῒҬѿ ̆ ױ ᴪ

Ҍ Ȃ ̆ ῃ ԅ ӈ Ȃ

ӗ ץ 900 km/h ѿ ̆ ᴪ 100 ns̆ Ҭ

Ҍ Ȃ ҹ ᶅ (clock paradox)ȂԊ ҉̆ Ҋ

 

ᴃ

ᴃ
; &0/' 

 

ֲᵣӞ ̔ ᵣ ȁᵣ ȁ ̆Ӟ Ȃ

ֲ ᾣ ̆ Ӈ Ṝ̆ᴪ ( ) Ҭ ’ Ȃ

ӊ̆ע Ҍ ̔ Ȃ 

ᶛ ᶅ (twin paradox)Ȃ Ҭ ѿҩ ῳ ̆ӗ҉

ԅ ̆ Ȃ ז̆ ҉ ѿ

̆ Ȃ Figure 25 Ȃ ז̆ ז⌠ ҉ ᾞ

ז Ȃ ѿ Ӟ Ҭ ⌠ԅ ðð

҉ ⌠ Ȃᵰ ȁ ῒ ңҩ ӊ Ҍ ̙ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 25 ᵿ Ȃ 

 

 

  

Ә ӗ 

Challenge 53 s 

Ref 55 , Ref 56 

Ref 57 
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̆ ӈ ԅѿ ᴧ ̔ ꜚ Ȃ

ѿ ̆ ׂñ ò ֲ ·ᾥ ↓ (Sergei 

Krikalyov)̆ז ҉ ԅ 803 ̆ᵖז ҉ ֲ ₃ Ȃ 

ᵿ Ӟ ԅ ⌠ Ȃӗ ̆ ⌠ץ

ѿ ⌠ Ȃ ̆ ױ Ӟ Ҍ⌠ ̆Ҍ

ֲᶓᶓ ԅȂ*1 

ꜚ ᴪ ( / ) ӊѿ̆

⌠ɛ Ȃɛ׃ ҬҌ ֟ ̆ ⌠ Ȃ ԍ

ɛ׃ ֽҹ 2.2 ɛs ( Ӈ ̆ ᶏ ᾣӞ 660 )Ȃ

̆ѿ ɛ׃ Ȃ ҩ ץ ѿ֓ ɛ׃

Ȃ Ғ ̆ ѿ ῤ ɛ׃ ̆ ׆ 0.9950 c⌠

0.9954 cȂ Figure 26 ̆ ץ №≢ Ȃ ѿ

ҩ ̆ ҹ 1.9 km̆ ҉ Ҭ 1.9 km 6.4 ɛsȂ

̆ ⌠ ɛ׃ 13% ᴪ⌠ ᵞᵝ

Ȃ ⌠ 82% ɛ׃ ⌠ Ҋ Ȃ Ȃ

ῒ ҉ Ҋ̆ɛ׃ ׆ ⌠ Ҭ ԅ 0.62 ɛs ̆ ֲ

Ȃ ɛ׃ ῤ ֟ ɛ׃ ̆ ԍ ԍ

’ ɛ׃ ̕ ̆ № ԅ

ṿ ῤȂ ɛ׃ Ữ ῤ ̆Ӟ

⌠ԅ Ȃɛ׃ ꜚ ̆ Ȃ 

 

 

 

 

 

 

 

 

 

 

 

 

  

 
1* ῏ԍ Ғ ̆ (Nahin) ῀ Ȃ ̆

̆ ↕ ֓ ⱲῈ ȁ ⌠ Ȃ 

⌠ ɛ׃ ̆

ҹ ᶏ Ḡױ ȁ ⱴ Ȃ 

Figure 26 

 

 

 

ᵞ  

 

 

Challenge 54 s 

Challenge 55 s 

Ref 58 

Ref 59 

Ref 60 

Vol.V Chapter 5 
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Ӟ ԅ ̆ ׃́ ȁ ȁ

̆ Ȃ (apparent lifetime)ҍ

῏ ҹ ᵜᵫᵫ; Ȃ ԍ Ҭ ᵣ ̆ ꜚ ñ ò̆

Ӟ ̆ ԍ ᵣ̕ Ҍֽ Ҭ ⌠̆

ᾣȁ ȁ ῤӞ ⌠Ȃ 

ꜚ ̆ ҉ ῇ҆ ̆ ң Ȃ

̆ Ạ₮ ѿ Ҍ Ȃ ⱴ ⱬⱴ ⁞ ̆

ῒ ԅ Ȃ ҩ Ԋ ̆ױ

ⱬ ’Ҋ ᶏ ӈ ̔ ӈ ԍ ̆ Ҍ

ⱬ ’Ȃ 

ӊ̆ ֪ ץ ᾙ ȂҌ Ҍ Ȃ ѿᵝ ֪

Ҭץ 10 m/s2ⱴ ⱴ 10 ̆ ץ 10 m/s2⁞ 10 ̆Ῥ ⱴ

20 ̆ ⁞ 10 ῃ ױ Ȃ ᵝ ֪ ԅ 40

Ȃ 22000ᾣ Ȃ ̆ ԅ 44000

Ȃ ԅ ̙ ᶏ ꜚ ̆ Ӟ Ҍ ץ̆

ԍ ┴ ֽҹ₮ 2·1 019 №ӊѿȂ ҉҆҆

̆ ֓ Ӟ Ҍ Ȃ  

ױ ̆Ҍ ( ) ѿҩ׆ ⌠ ѿҩ

Ȃ ֜ ᾣḤ Ȃᵰ ѿҊ ӇẠ⌠ ̙

ӈ (synchronization)̆ ҹ ױ ᴪ ңҩ Ԋᴆ

(simultaneous)Ȃ ̆ ᶭ ԍ ̆ ԅ

ᶭ Ȃ 

 

 

 

 

 

 

 

 

 

 

 

 

 

Һד Ȃ Figure 27 

Һד   

Һד

 

 

Challenge 56 e 

Challenge 57 s 

Ref 61 

Ref 62 

Ref 18 

ד ң  ң  
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(proper length) ҉ Ȃҍ

ԍ Ȃ ᴶῗ Ȃ 

ץ 300 km/h 83 m/s ̆ῒ 0.15 pm̔

Ȃ׆ ҉ ̆ ץ 30km/h ꜚ̆ 6 cmȂ ң

⌠ Ȃ*1 ᵖ ̆ץ ױ ѿ֓Ȃ 

ѿ ѿ ң Ȃד ד ̆ᵖ

⌠ῒ ד Ȃ Һֲד ῃ ’Ҋ

῏ ̆ד ҉Ῥ ̆Ҍ ̙ ץ Ȃᵖ ̆ ԍ

̆ ד ̆ ץ Ҍ ד Ȃ Ԋ̙ Figure 27

̔ Һד ̆╠ ד ῏ ̕ ↕Ҍ ȂԍדҺ ̆

Ҭ ԅ ѿ ̕ ԍ ̆ ѿד Ҍ Ȃ(

Ҍ ῃ ̔ᵰ ῒҬ ̙) ̆ ׆ Ȃ 

ѿᵝ ᴪ ז ̙ ז Ҍ℗

̆ ;2Ȃ ԍ ̆ ҹ №ӊѿ ̆

ԍ ҉̆ ᴪ Ȃ ̆ ԍ ̆ ԅ Ṑ̆ Ἕ Ҍ

Ҋ ̆ Ԋ̙ 

∆ ה № ̆ ̆ ⌠ ῀ Ҭ̆

Figure 28 Ȃᵰ ̙ ӊ̆ Ҍ Ȃ( ̆

ӈ ̆↨ (rigidity) Ҍ ̕ᵰ ѿ ̙)  

̆ Harald van Lintel Christian Gruber ₮ ̆

̆ᵖ Ҍ Ȃ Ҍױ ᵀ Ȃ Ҋ̆ ⌠

ҩ Ҍ Ȃ 

ғ ̆ ᴪ Ȃ ԍץ

ꜚ ̆ ӊ╠̆ Ҋ ק

ȂFigure 28 ̆ Ҍ ԅȂ ᴪ ҩ Ȃ 

 

 

 

 

 

 

 

  

 
1* ṿ ץ ̙ 

  
 

 ק

  

( ) Ҭ ̔ ( ) ( )Ȃ Figure 28 

Challenge 58 e 

Challenge 59 s 

Challenge 60 s 

Challenge 61 e 

Challenge 62 s 

Challenge 63 e 

Ref 63 

Ref 64 
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ῒ ̔ ױ ץ ̔ ᴋᵥ ⱬ ’Ҋ ₭ ᴪ

ָӇȂה ̆ ҍ ԍ ̆ Ӈ ԍ

Ҍ ̆ ӊ֞ Ȃ ˻  

Figure 29 ̆ ῏ ᵿ ԅȂ ᵣ ԅң Ȃ

ң ̆ᵖῒҬѿ ҉ ҩ Ȃ ѿ ̆ ץ

ꜚ̆ҍ ұ ᴪѿ ֦ ̙(Ẋ ѿ ̆

ꜚȂ) ᴪ ₮ ̙ ̆ ᴪ ָ

Ӈ̙ ׆ ѿᶷ ̙ ̔ ҩ ԅ Ԉ ˻

ҩ Ҭ ָӇẊ Ҍ ̙ 

ҩ ᶛ Ȃңҩ ᵣ̆ ң ̆ ҹ ̆ף ѿ ᵈ

̆ Figure 30 Ȃ ң ┴ ᴃ;. ԍ ̆ ץ ῃ

ѿ ⱴ Ȃ ᴪѿ ҹң Ḡ ̕ ԍ ꜚ

̆ ҹ -ף;ף / ᴅф-עф̆ ң ⱴ ̆ ᴪ Ȃ ӊ̆

ᴪ Ȃ ̙ᵰ ֪ץ ̆ ѿ ⌠ ̆

҉ ҉ Ȃ 

ҩҌ ᶛ̔ ꜚ Ȃ ꜚӊ╠̆

ԅ ̆ Ҭ̆ ҉Ҋ Ȃל ҉ ꜚȂ

⌠ ᴶῗ ̆ ᴪז̆ ₮ ̆ ҉

Ȃ ѿ ⌠ ̆ ̆ᴪ ₮ Ҋ Ȃ ԅ̆

ⱬ ̙ ̆ Ҋ ̔ҹָӇ Ҍ ץ ꜚ̙ 

ӊ̆ ԍ ᵣ ̆ ̆ᵖ Ҍᴪ ⌠Ȃ

̆ Ἕ(image) ᵬ Ȃ 

 

 

 

 

 

 

 

 

 

 

 

 

 ף

ᴅ 

 ף:װ

ᵣ  

 
ᴅ&ᴃ' ᴅ&ᴃ' 

 B F 

ᴪ ? ᵣ ̆ ֦̙ Figure 29 Figure 30 

Challenge 64 s 

Challenge 65 s 

Challenge 66 s 

Challenge 67 s 

Ref 65 

Ref 66 

Ref 67 

Ref 68 
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̔ᾣ ҍ  יּ

 

ױ ╠ Ҭ̆ ױ ⌠ ץꜚ Ԋ

Ȃ ױ ױ Ȃѿ ̆ ᴶῗ ᾣ ᴪ Ἕ

̕ԋ ̆ᾣ ̆ ԅ ױ Ҭӟ 180 Ȃ

Ҋ̆ ױ ꜚ ̆ ᴪױ ⌠ Ҍ⌠ ᾣ̆

̆ ֓ᾣ Ȃ҈ ̆ יּ Ἕ Ȃ ̆ ױ ꜚᴪ

Ἕ ֦ ̔ Ȃ ֓ Ҭ ѿҩ ‗ԍ

̕ ױ Figure 31 Ȃ 

 

 

 

 

 

 

 

 

 

 

 

 

 

ף ᶏ ױ ץ ̆ ᵬ└ץ

Ȃ*1 Figure 32 Ἕ ≢ ꜛԍ ױ Ἕ Ȃ ױ ԅ

ȁ ԍ №ᵝԍ ╠ ᵣ ȁ ץ

ꜚ ҉ Ȃ ῒז ̆ Ҭ ⱴ ֓

ꜛԍᵰ ױ ῤ Ȃ 

ױ ⌠̆ ꜚ ⌠ Ἕ ѿ Ἕ

ȂFigure 33 ԅ ѿ Ȃᵖ ̆ ꜚ ѿ ҉ ⌠ қ

Ҍᴪҍ ⌠ қ Ҍ ȂԊ ҉̆ᾣ ҍ ꜚ ῏Ȃ 

 

 
1* ɒ ̆Anthony Searle www.anu.edu.au/Physics/Searleץ Craig Savage ῒ www.anu.

edu.au/Physics/vrproject ̕ ׆ץ realtimerelativity.orgҊ ᾧ ֜ԑ

ꜚ ȂDaniel Weiskopf www.tat.physik.uni-tuebingen.de/~weiskopf/gallery/index.html̆No

rbert Dragon Nicolai Mokros www.itp.uni-hannover.de/~dragon/stonehenge/stone1.htm̆ץ Han

ns Ruder Ute Kraus www.tempolimit-lichtgeschwindigkeit.deӞ ῏ Ȃ 

ץ 0.9Ṑᾣ ҈ ᵣ̔ ҹ ̕Ҭ ⱴԅ יּ ̕

ԅ֦ ׆̆ ⌠ (©Daniel Weiskopf) 

Figure 31 

http://www.anu.edu.au/Physics/vrproject
http://www.anu.edu.au/Physics/vrproject
http://www.tat.physik.uni-tuebingen.de/~weiskopf/gallery/index.html
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Nicolai Mokros Norbert Dragon

ԅץ 0.9Ṑᾣ ԋҩ ᵣ(

҉ ң )̆ ԅ ᵝ

(© Nicolai Mokros) 

Figure 32 
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ה ֓ Ἕ̆ᴪ ᶏ ᴶῗ ̆ӞҌ Ҋ Ȃ ҩ

⌠ 1959 Ȃ ᵝ ̕

ᵝ Ȃ ᵣҌ № ᾣᴰ Ҍ ̆

Ҭ ᴶῗ ̕ Figure 34 ̆ῒ ᵌ ̆ᵖҍ Ҍ ῃ

Ȃ ñ ò ᶭ ᾣ ̆ ױ ᵝ ᾣ Ȃ

ἝҬ̆ᾣ ҹ ̔ѿ ΐ (comformal transformation)Ȃ

̆ ᶏ Ҋ̆ ᵣӞ ץ ⌠ ðð ῒ ᴪ Ȃ 

ᾣ (pearl necklace paradox)Ȃ ꜚḠ ᵣ ̆

ᵖᴪ ̆ Ӈ ꜚᴪ ָӇ̙ ᴪ ̙ 

ҩ ̔ ѿҩ ꜚ ᵣȂ҉ ⌠

ȁᶭ ԍ ̙  

( ԅ ֦ ) (© Daniel Weiskopf) Figure 33 

ѿ (Ҋ )̆ѿ ץ ̆ יּ ֦ Ȃ 

(Mpg film © Ute Kraus at www. tempolimit-lichtgeschwindigkeit. de)   

Figure 34 

 ( : Ȃ) 

Challenge 68 s 

Challenge 69 r 

Ref 69 

Chapter 1 Äᾣ  
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҉ ҩ ᵝ ̙ 

 

ѿ №≢ ң ῤ̆ ԍױזԋֲ ⌠̔ѿ

ѿ ╠ ̆ ᴃ;. ┴ң ׆ ⱴ ( )Ȃң

Ȃ ῤ̆ ױ ₮̆ ̆ң

Ả ⱴ ̕ ̆ ԍ ̆ ӊ Ḡ Ҍ ̆ ғ

̆ң ץ ᴅ ╠ Ȃ ╠ ң ꜚ ῏ Ԋᴆ

ҹ / 0̆ ױ ῏ ᴃЕ;ᴃфȂ ᴶῗ

ץ ₮ ԍ ꜚ ̆῏ ҹ 

 

ᴃф; Ëᴇᴅ-עф)ᴃЕ &00' 

 

ԋֲҬ̆╠ ˻ ̆ ⱴ Ҭ̆ ҍ‟

ᶭ ԍᵝ Ȃ 

ᵖ ԍ Ὲ֜ ҉ ᵝ ̆ ҩ ꜛȂ ̆ ⱴ Ὲ֜

҉ ᵝ ̆ᵖ ⁞ Ὲ֜ ҉̆╠ Ȃ ̆ ᵝ

Ҍ Ȃ 

ӊ ץ ₮̆ ҉ ֲ ֲ ̆ ᵟץ ꜛԍ

Ҍ ̆ ̙ 

 

 

ֲ ?  

 

Ҍ ԍ ̆ ̔ᴋᵥ Ṝ ѿ ҉Ȃ

ꜚ ᴪ Ҭ ↕ӊѿ̆ ̆ᴪ Ȃѿ

ꜚ ז ᴪ҉ ⌠ ז̆ ҹ ’

ⱴ ⌠( Ӎ)ᾣ ̕ ғ ѿ ⌠ ԋ ׆ ҉

̆ ץ ⌠ Ȃ ñ ò̆ ѿ ñ ԍ

҉ ∞ òȂ ꜚ Figure 35 ̆ ₮ԅ

ᾣ ѿ Ȃ 

ᵖ ̆ ⌠̆ ∞ ꜚ ̆ᴪ ⌠ ꜚ Ȃҹԅ

ᾧ ∞ ̆ Ҋ ₮ ᾣḤ Ȃ ̆

ᴪ ᾣ ҈№ӊѿȂ 

 

 

 

Challenge 70 e 

Challenge 71 e 

Challenge 72 s 

Ref 67 

Ref 70 
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ᾣ ? 

Quid celerius umbra?*1  

 

 

ῒ ̆ ᾣ ꜚ ̆ Ȃ └ ꜚȂ

ᴰ ̆ῒ ₮ ҍ Ἕ̆ ץ ᾣ ꜚ Ȃ ѿ֓

ᶛ Ȃ ̆ Ҍױ ̆ ֓ ’Ҋ̆ ᵥ

ӈ Ȃ(ҹָӇ̙) ץҊ ᶛ ԍ ᾣ Ȃ 

ѿҩᶛ ◄₴◄⌠ ҩ ̆ Figure 36Ҭ ᴇȂ ◄₴

̆↕ ꜚ ᴪ ԍᾣȂ ᵌ ᶛ Ӟ₮ Ҭ̆ӂ

ᴋᵥ ᴆ Ҭ ץ ⌠Ȃ 

ᾣ ꜚ ѿ ᶛ ̆ Figure 37̆

ҍ ץ ᾣ Ȃ 

⌠ ױ ѿ ҉̆ ҩᶛ ԅȂ ᵰ ҉

Ȃᵰ ᵰ ∆ ᾣ ̙ 

ѿ ‰ ᶛ ᾣ ֦ ᾣ ꜚȂ ᾣ ѿҊ̆ᾣ

ᾣ ꜚ Ȃ Ḥ ῀ ̆ ԍ ҉

ᾣ ȂԊ ҉̆ ᾣ ẁ ̆ᾣ ץ ꜚȁ№ Ȃ ֲ

ׅ Ҭ ԊᴆȂ  

 
1* ñָ Ӈ ̙ò ҉ ₮ Ȃ 

ԍ

ꜚ ̆

ꜚ

∞ᴪ

֓ ┴ ⌠

̆ᵖ ԍ

ꜚ ↕

Ҍ Ȃ 

Figure 35 

ꜚ  

 0-ע̔

ꜚ  

 1-ע̔

 ᴃ  ᴃ 

 ᴇ  ᴇ 

ᾣḤ  ᾣḤ  ꜚ 

∞ 
ꜚ 

∞ ᴇ 

ᴇ 

ᴃ 

ᴃ ꜚ  

 
ꜚ  

 

Challenge 73 s 

Challenge 74 s 

Ref 71 

Equation 19  



 

 

 

01ᾣ ꜚ̔ 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

 

58 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ҩ ᶛ Ȃ ╠ ֦ѿ Ȃ ᾣ Ҭ̆ ҉

ᾣ Ȃѿ ֟ ԅ ᾣ Ȃ 

֓ ῖ ᶛ̆ Ӟ ҹ (shadow of darkness)Ȃ

ҍ ᾣ ̆ └Ȃᵰ Ῥҽҩᶛ ̙ 

̆ Ҭ̆ᾣ ԍ Ȃע ñᾣץ 

ᾣ òӊ ñ òȂ ױ Ȃῒ ץ ҹñ ò

’̆ᵖ ѿ֓ Ȃ 

ҽҩҌ ᶛ ̆ ҹ װ ₮ Ȃ ױ ⌠ѿ ҹ ᴅ

׆ ѿ ῀ ̆ ױ Ȃ ∞ױ ῀ԅ ̆ ₡Ṣ Ҍ

ᾣҊԅ̆ ῒ╠ ѿ┴ ԅȂ׆ ױ ⌠ ῀ ̆⌠ ׆ ױ

̆ ᴃ ̙ ̆ 

 

ᴃ;װ-ᴅ ע-װ &01' 
 

ӊ̆ Ҭ ᴅЕɜ Ӎҹ 
 

ᴅЕ;
װ

ᴃ
;
ᴅע

ע ᴅ
&02' 

 

ᴅ ԍ 0̆-ע ᴅЕ ԍ Ȃע Ҍ ̆ᵖ ̔

҉ Ạ ᵩ( quasar, óquasi-stellar objectôΏ) ֦ ̆ ᴪ ₮

ᵣ Ȃ ̆↕ῒ ðð

№ ððӞ ԍעȂ ץ ⌠ ’Ȃ  

ᴇ 

J.S.Bach 

J.S.Bach 

J.S.Bach 

ᴅ 

ѿᶛ ᾣ ꜚȂ Figure 36 ѿᶛ ᾣ ꜚȂ Figure 37 

Challenge 75 s 

Ref 71 

Ref 72 

Vol.III Chapter 3 Äv ҹᾣ  
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̆ ԍ ῀ ѿᵝ ̆ Ҋ ₮ 

 

ᴅф;
ᴅע

ᴅ(ע
&03' 

 

Ҍᴪ ԍ 0Ȃ-ע ̆ Ҍᴪ ᾣ ѿ Ȃ 

↨ױ ץ ̆ ԅ ᾣ ꜚȂᵖ ̆ ꜚ ᾣ

(object) ⌠ ̙ ̔ ץ Ҍ ⌠Ȃ ᾢ̆ ԍ

Ạ (tachyon) (imaginary) ꜚ ᾣ ̆ Ҍױ ⌠ ̆

⌠ Ȃ ⌠ Ἕ ⌠ ѿ ȂẊ ̆

ӊ ̆ ױ ⌠ Ȃ ױ ᾢᴪ ѿ ᾣ̆ ԍ

Ȃ ᴪױ ⌠ ҩүἝ̆₮ Ҭ ̆

̆ Figure 38 Ȃѿҩ Ἕ ̆ѿҩ Ἕ Ȃ ᶏ ױ

ҩ ἝӞᴪ Ȃ ᵰ ҉ ֦ ̆ᵰ ҍ

˻ Ӟ ׆ Ҭ ₮ ̔ᵰ ҹָӇ ̙ ׆

ֲ Ȃ 

ᴪ ̔ ױ ̆ ᴪⱴױ ̆ Ҭ

̆ ̆ ꜚ ‗ԍ ꜚȂ׆ ⌠ ᾙȂ

̆ ᾣ ᵌӍ Ҭ ̆ ̕ ̆ ױ ᴪ ⌠̆ ᵖ

Ҍ ӈ҉ ⌠ ̆ӞҌ ̆ױ ҹ ңҩ

ԑᵬ Ȃ ̆ Ҍ ӈ҉ Ȃ ױ № ̆

҉ ԅ (real) ȂҌ Ӟ ñ (virtual)ò

Ȃ 

 

 

 

 

 

 

 

 

 

 

 

Ẋ Ȃ Figure 38 

 

 

 

ᾣ ᾣ 

ᾣ  

 

Challenge 76 e 

Ref 73 

Ref 74 

Chapter 2 Ä  
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ԍ ̔ ꜚ 

 

ᴋᵥңҩ ץ ѿ ҍ ѿᵝ ̆ ᶏԋ

ꜚȂᵖ ̆ ҈ ̆ ץ ῒҬᴋᵥң

̆ ѿ ѿ Ҍ Ȃ ≢ ̆ Ҍ ꜚ

Ҍ ̆ ױ Ҍᴪ ̆ᶛ Ȃ 

Figure 39 Ȃ ӈ Ҭ̆ѿ ̆ѿ ↓

(boost) Ҍ ̆ ⱴ Ȃ ̆ѿ ↓ Ҭ

ѿ ѿ Ҍ Ȃ 

ѿҩᶛ ₮ ꜚҬȂ ץױ ѿҩ

̆ ѿ Ȃ ױ ᶏ ҍ ҉ѿ┴ Ȃ ̆

ҍῒ ѿ Ȃ ᵌ ̆ѿҩ ᵣ ̆ ᵣ ѿ ᵣ

ѿ ̆Ҍᴪ ѿ Ȃ ҹ ꜠(Thomas precession)̆ץ

· (Llewellyn Thomas) ז̆ 1925 ԅ ̆Ӟ ӈ

20 Ȃ ῒ₃ז ᵝ Ȃ

ꜚ ῤ ̆ῒҬ ꜚ Ȃ

֓ ̆ ҍᾣ ’Ҋ

Ȃ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

O ҍ R ̆R ҍ G ̆ O

G Ҍ Ȃ 

Figure 39 

M 

P 

E 

ᴅ 

ᴆ 
ᴄ 

Ref 75 
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Ԋ̔ ҍ  

 

ԍ (bath, ᵬ: , , , ) ꜚ ̙῏

ԍ ҩ ֲפ Ȃ ᾥȁ ȁ ≠(Wolfgang Pauli) Ҋ ̔

ץ ᴅ ꜚ ⌠ ҍי ԍ

їי ῏̆ҹ 

їי;י / ᴅф-עф &04' 

 

̆ ꜚ ⌠ ᵞ ṿȂ 

1908 ̆ ᾥ ҩ ץ̆ ̆ ₮ ᴶῗ Ҋ

Ҍ Ȃ ᾥ ᵝ ῗ ת ̆ ץ ԅ ῗ

Ҍ Ȃ 

ᵖ ( ת Ҍ )Ȃ ѿֲ֓

ҹ י їי Ὲ Ҭ ԑ Ȃ ̆ ֲ ₮ԅ ӊ ̆ῒ

Ȃ ֓ ̔ ֽ ԍ ӈ̆Ӟ ԍ

ӈȂᵖ ̆ ѿҩ ԍ ѿҩ Ҍѿ Ȃᵞ ꜚ

⌠ ₃Ӎ ̕ᵖ Ҋ̆ Ȃ ׆

( № ) ₮ ̆ ץ ԍ ꜚ ̆

̆ ҹ ̆№ ⌠ Ȃ ԍ ꜚ ̆ᴋ

ᵥ ṿ ᶭ ˻ ӊ̆ Ҍ ѿҩ

Ҍ Ȃ ̆ ᴋᵥ Ὲ ԍ ꜚȂ( ⱴ҉ ֓

Ẋ ̆ ᾥ Ȃ Ӟ₮ ԅ ᵌ Ȃ)Ԋ

҉̆ ᴋᵥ ץ Ὲ Ȃ

ױ ѿ ̆ᵖ Ҍ Ȃ 

 

 

̔ ᾣ  

 

ױ ⌠̆ ̆ ( Ҍ

ѿ ) ᾣ ̆ ₮ ӈ ᾣ Ȃע ӊ̆ᾣ

(locally) Ȃ Ḃ Ҥ ̆Ӟ ѿҩ ‗Ȃ 

̆ ᾣᴰ Ȃ ’Ҋ̆ᾣ Ҍ

Ȃ Ӈ ױ Ҍ ̙ ױ Ȃ

ᾣ̆ Figure 40 Ȃᾣ Ҍ ̆ ᾣ ѿ

҉Ҋ ꜚ̆ Ӈң ҹ 

 

ᴃо ᴃЕ;0ᴃф ᴃфɭ &05' 

Ref 76 

Ref 77 
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Ẋ ̆ ֓ page 50 ԅ Ȃ ҩ Ҍ ҹ

2̆ Ӈᾣ Ҍᴪ Ҍ ȂԊ ҉̆⌠ ╠ҹ ̆

ῤ̆ ₮ 2 Ȃ  

ᵖ ֓ ױ ԅѿҩ ̔ ᾣ ᵌӍ Ȃᵰ ̙ ҩ

̙ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ԍѿ℗ ̆ ̆ ̆ Ḥ ̆ ԍ

ᾣ 077560236k-qȂ;ע ̆ ȁ ȁ ȁ ȁ ȁ ȁ

ȁ ( ץ ӈ)̆ ᶭ ԍ Ȃ Ҭ ᾣ ע Ҍ Ȃ 

 

 

 

 

 

 

 

rЕ 

 

rф 

 

rо 

 

 

 

1 2 

ᾣ ̆ Ȃ Figure 40 

Challenge 77 s 

Ref 78 , Ref 79 
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Chapter 2 

02 ⱬ  

 

 

ᾣ ҩҌ ṿȂ ̆ ӈ

ððץ ҍӊ ῏ ѿ℗˻ ȁꜚ ȁ Ȃ ̆

ױ ԍҌ ⱬ ̔ Ⱶ (relativistic mechanics)Ȃ 

ⱬ ̆ ױ ᾢᴪ ᴇ(equivalence of mass and energy) ѿ

┴ ῏ ̆ Ӟ ꜚ ̕ ̆ ҩ

ȁ ҩ Ȃ 

 

 

 

 

ᵍ≠ Ҭ̆ң ᵣ (collision) ӈ Ȃ ℗ ̆

ӊ ṕ ₮  
 

фױ
Еױ
;
ËẚЕ

Ëẚф
&06' 

 

ᵖ ̆ ҩ ᾣ ̆ Ȃῒ Ҍ ̔ᾣ

Ҍ ̆ Ӈ ̙  

ӈ ѿҩ ‗ Ȃ ̆ꜚ ңҩᵍ≠

҉ ḱ , Ώҹ 

 

uױ ẚuu
ᵤ

;amlqr &07' 

ץ  

uױᵤ
ᵤ

;amlqr &1.' 

 

Ḭ ꜠ (conservation of momentum) (conservation of 

massïenergy)Ȃ ױ ױ Ҭ Ȃ 

ꜚ ̆ Ҍ ,  Ҍ Ȃᵰ

̙  

Challenge 78 s 

Challenge 79 s 

Ref 80 

Vol.I Equation 17 
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̆ ⌠ᵍ≠ ̆↕ ԍ ̆Ӟ ԍ ᾣ

̆ ḱ ᵤ ₃Ӎ ԍ 1ȂԊ Ȃῒ ᶏҌ

ḱ ̆ Ӟױ ׆ץ Figure 41 ₮ Ȃ  

( )Ҭ̆ ױ ᵱױᴅ; ᵗכג ᵱױ(ױ; ᵗגכ Ȃ

(Ә)Ҭ ̆ ױ ҍכ כ ₮ ᴅ̆ Ӟ  
 

ᴅ;
כ0

фע-фכ(/
&1/' 

 

֓ ̆ ᴪ ḱ ᶭ ԍ ᴅ̔  
 

ᵱ;
/

/ ᴅф-עф
&10' 

 

ҩ ̆ңҩ ӈҹ 
 

Еױ
фױ
;

&фᴅф'

&ЕᴅЕ'
&11' 

 

ᵍ≠ Ҭ ӈ Ȃḱ ᵤ Ḡ ӈ ҍᵍ

≠ ⱬ ӈ ѿ ̆ ғ ԍ ᵣ Ȃ*1

̆ ׅ ᵣⱴ Ȃ( ᵍ≠ ⱬ Ҭ̆ ױ ᴇ ԅ ѿ ԍⱴ

ӊ ӈ Ȃ Ҍױ ̆ ҹ ԅѿ֓ ױ

ᴪ ⌠ ӊ Ȃ)  

 
1* ӊ ῒҬ ,ױфע-י(/;  י ꜚ Ȃ 

Ӟ 

╠ 

 

 ױ ױ

 ג

 כ כ

 

╠ 

 

 ױ ױ

 ג

ᴅ 

 כ

ңҩҌ׆

ңҩῃ Ȃ 

Figure 41 

Challenge 80 e 

Challenge 81 e 

Vol.I Equation 20 
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ᵍ≠ ⱬ ̆ ױ Ҋ ҩ ҹ ꜠ ( 3- ꜠ ,  

linear relativistic 3-momentum) 

Ẕ; ẚױ &12' 

 

Ҍ ̆ ꜚ ̆ ӈ Ȃ 

ᵞ Ҭ̆ /̆ ꜚ ҍᵍ≠ ꜚ ̆ҍ ̕ ’

Ҭ̆ꜚ ⱴ ̆ ᾣ ̆ꜚ ԍ Ȃ ԅ ѿ

̆ Figure 19 Ȃ 

ױ ԅ ꜚ ӈ̆ ץ ԅȂ 

 
 

Ҍ  
 

snookerȁpool  billiards (҈ ) Ṝ̆ ҩ ⱬ

Ȃ ꜚ ᵣ( )ҍ ᵣ( ) ӊ ̆ң ԑ

Ȃ Figure 42 ̆ ҍ ң ӊ Ḃ Ȃ( ѿ ᶛ

̕ ’Ҋ̆ ѿҩ ẢҊȂ) 

ᵖ ̆ Ҍ ԍ Ȃ≠ ꜚ ̆Ҍ ₮ 
 

r_lr_l;
0

)/
&13' 

 

ῒ Figure 43 Ȃ ’Ҭ̆ ) ԍ Ȃ

ԅ ̆ ᵝⱴ Ȃ ԍ̆ ֓ ץ ׆

Ҭ ⌠Ȃ Figure 44 ̆ ֓ ԅ Ԑ Ҭ

Ҋ Ȃ ֓ ԅ Ȃῒ Figure 43Ҭ

(35) Ȃ Ὲ ԅ̆ ֓ Ҍ

ԅ̆ ᴪױ ֟ Ȃ ԅ̆

Ȃῒ ֓ Ӟ ԅ Ὲ Ȃᵰ ѿҊ ̙  

 

 

 

 

 

 

 

╠ 

 

? @ 

 Υ״

 

? 

@ 

 

 

 

 

 Υ״

 

̔ ) ;7.í 

 

 

 

 

ѿ ̆ ץ

ץ̆ Ȃ 

Figure 42 

Challenge 82 e 

Challenge 83 e 

Challenge 84 e 

Ref 18 
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ñ (Big European Bubble Chamber)òῒ֟ ᶛ̆ץ ׆

Ҭ ₮ ꜚ ṿ (© CERN) 

ⱴ  

̔ ) 7.í 

 

 

 

 

 

 

 

 

 

 

 

 

 r

( ) 

Ẽ ᵣ 

 r

׃ ≢  

≢  

ⱴ ԍ ̆ᶛ CERN HARP (© CERN) Figure 43 

Figure 44 
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ᴇ 

 

⌠ Figure 41 ῍ Ȃ ג ̙  

 

;ױ-ג 0&/) ᵱ'<0 &14' 

 

Ӟ ̆ ԍңᴍ ӊ ȂҌױ0 ԍᵍ≠ ⱬ ̆

Ҭ ׂҌῬ Ȃ ḱ uױᵤᵤ
Ȃ 

ԅ ҩ Ȃ ԍ ҹ ȁױ ҹ ᴅ ᵣ ׂ̆  

 

фע;ׂ ;ױ
ױфע

/ ᴅф-עф
&15' 

 

ӊ ԍ ҩ ῒ №̆ḱ ץ ҹ ԅ̆ ғ

Ҍ фע Ȃ ԍңҩῃ ᵣ ’̆ң № №≢

̆ ׂҹңᴍ ӊ Ȃ( ḱ ⱴ Ȃ) ≢

₮ԅ ᵣ (rest energy) їׂ ӊױ ῏  

 

їׂ;ע
фױ &16' 

 

ҹ Ώ ױфע Ҍ фעױ ̙ ҹѿ Ὲ ╠ Ȃ

ׂ ӊױ ῏ ̆ фҌע Ҭ ̆ ңҩ Ȃ 

῏ ױфע;ׂ ף ȁ ӊѿȂ  

̆ ҩ ᵣ ̆ ᵣӞ Ȃ

ѿ ңҩ ̔ 

 

 ҍ ᴇ (mass and energy are equivalent)Ȃ 

 

ԍ ᴇ̆ Ί ҅⅓ ̆ ≢ Ȃᶛ ̆ѿ

ᾟ ̆ ‛ Ȃ ᾣӞ ̆ӞᴪҊ Ȃ  

ӊ֞ ̆ ӤΊ Ȃᶛ ̆ ױ ץ Ỳꜚ Ȃ

Ҍ Ԋ̆ ױ Ҭ ҉ ˻ ȁ ꜚ

ȁ ꜚⱬ ̆ Ԏ ѿ ̆ Ԏ ᾥ

̆ ꜚֲȁ ȁ Ȃ  

фע ̔ 1Ὲ ҹ ̆ᴇṿ ҹ 80ַ ᾝ̆ ᶏ

Ⱶ Ӟ ԍ֓ ̆ Ȃ ԍ фע ̆ Ӟױ ץ

̔ 

  

Challenge 85 s 
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 Ȃ 

 

ⱴ ᴪᶏῒ Ӟ ⱴѿ ̕ῒ ⁞ Ӟᴪᶏῒ Ȃ

̆ ᵣ ȁ ȁꜚ ╠ ̆ᵖ Ҭ

ᴪ ӊ╠ ѿ Ȃ (Ҍֽ ) ׆ Ԏ Ҭ

ⱬȂῒ ᴋᵥ ꜚᵬ̆ ȁ ȁ ̆ Ԏ

Ȃ 

̆꜠ (kinetic energy) י ӊ ₮(≠ ԋ ) 

 

фע;י ױ ;ױфע
/

0
(ᴅфױ

/1

02
ױ
ᴅϩ

фע
)
/13

024
ױ
ᴅи

ϩע
) &17' 

 

ֽ ᵞ ̆ ᴪ ҹ ᵍ≠ ꜚ ϪΦϿўϿϓΦЋ;Еי
ф
 ᴅф Ȃױ

ᴇ ױфע;ׂ ׆ Ҭ ᴋᵥ ᴪ Ҋ Ȃ

ѿҩֲ ȁ ȁ ̆ ᵣ ᴪҊ ̕ ‴ȁ ᾣ̆

Ҋ Ȃ ᴇ̆ Ȃ  

ѿ ᵣ ῃ ҹꜚ ̔

Ȃ Ҭ₃Ӎ ̆ ץ ҩ Ҍᴪ ҬȂ ѿ

̆ ̆Ӟ Ȃ 

ᴇ ̆ └ᾣ̆ Ҭ ꜚ ñ⇔ ò Ȃ

┴̆ Ҭ ȁ ⱴ Ҭ̆ץ ₯ ̆

ῒ ҹ Ȃ ױ ̆Ῥ ֓ Ȃ 

ᴇ ױфע;ׂ ԅ ֟Ȃ ҉

Ȃ ̆ ץ Ȃ

̆ ғ Ȃ Ȃ ҬҌ

(no freely available energy in nature)Ȃ 

ӊ̆ ᴇ Ԋ Ȃᵖ Ҍ ҌԅȂ20

ҕ 90 ױֲ̆ף ң Ҍ ȁ ҹ ̆ ֲפ)

) ̆ №ױ ҩ Ҭ̆ ҹ 1 nJ/m 3Ȃ

Ȃᵖ ╠ҹ ̆ ױ ⌠ ‗Ȃ 

 

 

ᾣ  

 

ᴇ ױфע;ׂ 7/.ЕоH(90ַ҆ J 210ַ kcal) ᶏ

ᵣ ⱴ /eȂ Ῑ ױ Ҍ ̆ᵖֲᵣ׆ Ҭ

̆ Ῥ ₮ӊ╠⁞ ῒ ̆ фע ̆ ╠

̆ Ҍ₮ Ԛ (chemical mass defect)Ȃ ҹ

Challenge 86 e 

Challenge 87 e 

Challenge 88 e 

Table 5 
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1 aJ (6eV)̕ Ӈ 1010№ӊѿ ̆ ԅȂ ̆

ץ ᵍ≠ ̆ ҹ  

ׂ ᴇ Ȃױфע;ׂ Ԏ Ȃ׆

2005 ̆ ԅ Ҭ ╠ ₮ ᵍ

Ȃ ῏ 6ᵝ ҉ Ȃ 

№ ף ֲ Ԏ ̔ ׂ ץ №

ҍῒ № ȂDavid Pritchard ԅ (Penning trap)̆

̕ ֓ ῍ ⌠ ץ

їׂ;ע
ф Ȃױ ̆ ץ Ȃ ԍ ᾣץ

̆ Ӟױ ץ ̆ ֓ ף ֲ ᾣ Ȃ 

ᾣ ̆ ῏ Ȃ ҹ ױ ᵣ ѿ

ҹ ׂ ң ѿ ᾣ̆ῒ ᴪ ⁞ Ȃ ԍң ᾣ

ꜚ ̆ ᵣҌᴪ ꜚ̆ Ӟױ ῒ Ȃᵖ ױ ᾣ

ץ ᴅ ꜚ̆Ῥ ѿ ’̆ ץ ₮֓қ Ȃ ԍ יּ

̆ң ᾣ№≢ ̆ №≢ҹ /)ᴅ-ע / ᴅ-עȂ ̆ ᾣ

ꜚ ᴅ ф̆ע0ׂ- ᾣ ꜚ Ȃ Ҭ̆ꜚ ̆ ̆

Ҭ̆ ᵣ ꜚ ҹ ᴅױ;״ ᴅ ױ&ф;ᴅעׂ- ф' Ȃעׂ- ױ ₮

:҅ү ׂ ᵩ ⁯ ф̆עׂ- ᴇ Ȃ  

ӊ̆ ᵣ їׂ̆ ׆ץ Ҭױ   

 

їׂ;ע
фױ &2.' 

 

ҹ יּ ᾣ Ҍ Ȃ ױ ץ ̔ ᴇ ԍᾣ Ҍ ҍ

ꜚ Ȃ 

ꜚ ᵥ ῏ ̙ ױ ӈ ꜚ (34) (37) ԅң ῏ Ȃ

ᾢ̆ԋ ҹ 

 

ф;ׂфױϩע ф״фע &2/' 

 

ԍѿ℗ ̆ ױ ᵣ Ȃ ԍꜚ ̆ ѿ

῏  

Ẕ;
ׂ

фע
ẚ &20' 

 

ᴋᵥ ꜚ ̆ ᵣȁ ‖Ȃ*1 ױ

Ҭ̆ ױ ⌠ ң↕῏ Ȃ

 
1* 4- ̆ ;їו ї, ῒҬו-Ẕ;ע-Ώᵬ ẚץ  Ȃ עׂ-

Challenge 89 e 

Challenge 90 e 

Challenge 91 e 

Ref 81 

Ref 82 
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Ŀ ᵣĿ  

 

↨ױ ̆ Ҭ̆ ꜚ ӈ

ҬȂ ױ ԅ Ȃ (collision) ѿҩ ̆ ѿ ↓Ԋᴆ̆

̔ 
 

¥ ԑᵬ ╠ ̆ ꜚ ̕  

¥ ꜚ ѿҩ ῤ֜ ̕ 

¥ ԍ ̆ᵍ≠ ̕ 
 

₵(impact) ң ᵣ ꜚ ԊᴆȂ ’ ̆ңҩ

ᵣᵝԍҌ Ȃ ץ ץ ̆ Figure 45 ( Ἕ /

ᵌ )Ȃ ҉ ӈ̆ ѿ Ȃ 

Figure 45 ᶷ ׆ ѿ Ҭ ⌠ ѿ Ȃ ᴪ ̆ ѿҩ ᵣ

ԋҩ ᵣӊ╠ ԅꜚ Ȃ ҩ ̆ꜚ Ҍ ˻ 

’ ѿ Ẋ ֜ ԅ ҈ҩ ̆ Ҭ Ȃ ױ

Ȃңҩ ȁ ȁꜚ Ҋ №̆ ҉

҉ѿ Ȃ↕ ױ  ׆

 

ϩ;&ׂЕעфױ Еׂ'
ф Е״& 'Е״

фעф;0ױЕ
фעϩ 0ׂ Еׂ Е

/ ᴅЕᴅЕ
фע

:. &21' 

 

ҩ ̆ ҩ ˻*1 

 

 
1*  

ѿ

ң Ҍ

Ȃ 

Figure 45 

ᴃ 

ᴇ 

1 2 

 

 

1 2 

Еׂ*״Е 

 

фׂ*״ф 

 

Еׂ*״Е 

 

фׂ*״ф 

 
 ׂ

 ״

 

- -ꜚ῏ ҹ ׂ; -ױфע ᴅф-עф / ;״ -ᴅױ ᴅф-עф /̕

ԍ ӈ ᶏ̆ױ ҹ Ȃ -ꜚ῏ ̆ ᴪ ꜚ Ȃ(┬ ̆

ҩ ҹֲ ᶫ ױ Ȃ) -ꜚ῏ Ḡ ̆ ↕

Ҍᴪ֟ ᴇ Ȃ ̆ ꜚ Ȃ 

Challenge 92 e 

Challenge 93 e 

Ref 83 



 

 

 

02 ⱬ   

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

 

71 

̆ ױ ׆ ԋ Ҭ ⌠̆֜ ᾣ Ȃ ҩ (tachyon,  

ŰŬɢɨɠ,  )Ȃ ӊ̆ 

 

 ᾣ ꜚȂ 

 

ױ ⌠̆ ( ̔Ҍ Ҭ ñ ò̆

) ᾣ Ҭ ᵬ ѿ Ȃ ԍ ֜

Ҭ₮ ̆ Ҍ ₮ ̆ ҹ (virtual) ҍץ̆ ױ ⌠

(real) №Ȃ*1 Ҭ Ȃ  

Ҭ̆ ̕ (bradyon, ɓɟŬŭɨɠ , )̆

ꜚᵞԍᾣ Ȃ ̆ ̆ᵖҌᴪ ᴰ ᾣ

̕ ғ̆ғֽ ץױ ̆ Ҍ Ȃᵰ

֓ ̙ 

ױ Ṝ ᴪ ̆ ᵣ ѿ ԑᵬ Ҍ ҩ

֜ ̆ Ȃ ԍ ᵣ

‰ ̆ ԑᵬ Ȃ ’Ҋ̆֜ ᾩ (virtual photons)Ȃ

ӊ̆ ѿ ѿ ̆ ₮ ̆ ѿ ҉

̆ᴪ ֜ ᾣ Ȃ 

̆ ҬӞ (relative velocity) Ȃңҩ 1 2

ҹ  

 

ᴅЬϓϿΦлўэϓ;
&ẚЕ ẚф'

ф &ẚЕ ẚф'
ф-עф

/ ẚЕ ẚф-ע
ф

&22' 

 

ҩṿ Ҍᴪ ԍ ע̆ ң ץ Ȃ ԍ

(cross section)Ӟ Ȃ ױ 4- ̆ ᴪ ⌠ҩ

̆Ӟ ẚЕф ẚфӖ ѿ Ҍ ῍ ̆ ῍

Ȃᵖ ’Ҋ ῏ ᴅЕф;ᴅфЕ;ᴅᵭᵠγᴥ ᵯᵤᵱȂφ 

Ҭ ҩ Ȃ Figure 45 ᶷ̆ ѿҩ ᵣ ̆ ԋҩ

ᵣ Ȃ ̆ ѿᵝ ᴪ ’Ȃ ӊ̆

‗ԍ ˻ῒ ԅ (anti-matter) Ȃ Ҭ̆

ꜚȂ ӊ Ҭ ⱴ

Ȃ 

 
1* ‰ ̆ Ҍ ῏׆ 0ׂ;0ױ2ע 0̆״0ע ҩ῏ Ȃ 

Vol IV Chapter 2 ¡ ᾣ  

Challenge 95 e 

Challenge 96 e 

Challenge 97 s 

Ref 84 

Vol IV Chapter 2 ¡ ᾣ  

Challenge 88 e 

Vol IV Chapter 8 ¡  
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ᶏ ױ (centre of mass) ѿ Ȃ ץ ᶛ Ҭ

̆ ңҩ Ȃ  

Figure 46 ̆ ң Ҭ̆׆ᶏῒҬѿҩ ̆ ҈

Ҍ ӈ Ȃ ӊ̆ Ҍ ҩ Ҍ Ȃ ׆ ̆

ԍ № ᵞ (small velosity) ꜚ ̔ ѿ Ȃ ԍ ѿ

̆ Ҍ ѿ ӈȂ 

̙ҌȂ ԍ ̆ ꜚ ῐ Ȃ 

 

 

ҹ ꜚ Ӈ ̙ 

 

1Ȃ Ẓ 1 ̆ ᾣ

№ӊ₃̆ Ҍ ̆ ’ ̆ᶛ ױ ⱴ Ҭ ̆

Ҭ ῤ Ȃ Ӟ ̕

̆ ҹ ҉ꜚ Ȃ ᴪ ⌠̆

ҬӞ Ȃ 

ᵖ ױ Ҍ⌠ ᵣ ̙ ҹ ӄ˻ץ

ᵣᴪ Ҭ ̔ ױ ̆ ױ №ꜚ ׂ;

фע ױ ҹ Ȃ ҉̆ ץ̆ ԍ₃Ӎ

ᵣ ԍῒ ᵞ ꜚ̕ ꜚ ᵣ ԅȂ 

ꜚ ԋҩ Ȃᵰ

Ҭ ᾣ Ҭᴪ ָӇ ̙ Ӟᴪ ⁞ Ȃ 

ѿ ң

Ҍ Ȃ 

 

 

₉ᵫ  

꜠  

ᴅΥ;. 

 

ᴅΥ;. 

 

ᴅΥ;. 

 

ᴅΥ;ᴅ 

 

ᴅΰ;ᴅ 

 ᴅζ;. 

 

ᴅΰ;0ᴅ-&/)ᴅ
ф-עф' 

 ᴅζ;ᴅ 

 

ᴅΰ;0ᴅ-&/)ᴅ
ф-עф' 

 ᴅ-&/)ᴅф-עф' 

 

ᴅΰ;0ᴅ-&/)ᴅ
ф-עф' 

 0ᴅ- / ᴅф-עф 

 

Figure 46 

Challenge 98 s 

Ref 85 
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ӊ̆ Ҭ₃Ӎ ԍῒז ץ ꜚȂҹ Ҍ

ᶛ Ӈ ̆ ӊ╠ ⌠ ᵣ ̆ Ӈ Ả ̆ᶛ ̆

Ҭ ꜚ ̆ᵖ ꜚ ₃ Ҍ

ԅȂ ӊ̆ ҬҺ ꜚᵬȂ ױ ᴪ Ȃ 

 

 

ᴇῈ  

 

ѿ ӈ ӊ ̆ ԅ₃ҩ ₮ԅ Ҋ  

 

фע;ׂ ױ &23' 

 

Ὲ Ȃ ױ Ώ ̆ ₮ фע ᶭ ᵝ

ȁҌ ̆ Ҍ Ὲ ╠ Ȃ*1 1905

ѿ Ҭ ԅ ҩῈ Ȃᵖῒ ̆ ҩῈ ҈ ╠ ץ ԍ

Ȃ 

ῒ ӊ╠Ӟ ₃ҩֲ ₮ԅ ᵌ Ȃ1903 1904 ̆

ѿ ӊ╠̆ ≠ · (Olinto De Pretto) ȁ ȁ

ԅῈ Ȃױфע;ׂ ׆ ⌠ԅ Ὲ *2̆

(Michele Besso)̆ ז ᵟ ≠

⌠ ῒזᴪ ≠ Ȃ ̆ ꜜⱬҌᴪ ṿȂ 

ῤ (Friedrich Hasenöhrl) 1904 Ӟ ₮ԅ ᵌῈ ̆ ԍ 1905

ӊ╠Ῥ ȇ (Annalen der Physik)Ȉ҉̆Ҍ ̆ ṿ Ҍ

ȂῈ Ӟױфע;ׂ  ⱴ 1900 ңᴍ₮ ₃ҩ Ҭ₮ ȂḠ ·ῌ

(Paul Langevin)Ӟ ҩῈ ̆ ז⌠ ̆ Ҍ ӈ

ԅ̆ ᴪ ῌ ԅȂ (Tolver Preston) 1875 ₮ ȇץ

(Physics of the Ether)ȈѿӥӞ ԅ ᴇȂ · · ֒ᾥ(Jean Charles 

Gallisard de Marignac) 1861 ̆ ԅ ׂ ῏ԍᾝ ̔

ᾝ ̆₀ ᴪ ᵞ̆ ᴪᵬҹ ₮ Ȃ ᴇ

Ӈѿ ̆ ԍ ҬȂ 

1970 Ӟף ᴆ ᵌ Ԋ̔ⱴ ῏ ԅ̆ᵖ ҩ

50 ԅȂ ⌠ ᾢ Ȃ ף

Ҭ ῏ ̙ 

 

 
1* ɒ 2-/&;׃*׆ח;ך*ᴁф-ױׄ;נ*2ᴁф;־ ї'ז

ф-ᴁф*ת;ט*יח;כ״jlל. 
2* ≠ᵹ Umberto Bartocci ₃ ѿ ӥҬ ԅ ҩ ֲ Ԋ Ȃ 

Challenge 99 s 

Ref 19 

Ref 86 

Ref 86 

Ref 87 

Table 6 

Vol V Chapter 4 Ä  
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4-  

 

ױ Ӈ ᾣ ꜚ ѿ℗ ѿ ꜚ̙ ױ

῀ѿҩ ̔4- (4-vector)Ȃ ױ ̆ ꜚ ץ ᵬѿ ↓Ԋ

ᴆȂԊᴆ Ҭ Ȃҹԅ ‰ Ԋᴆ̆ ױ ῀Ԋᴆ ̆Ӟ ҹ 4- (4-

coordinate) 

Ẃ;&עᴃ*ẞ';&עᴃ*ᴇ*ᴈ*ᴉ';םᵤ &24' 

 

̆ѿҩԊᴆ Ҭ ѿҩ ̆ ҩ ̆№≢ ̔ 0

̆ ᴃ̕ע;їם 1 ̆ Е;ᴇ̕ם 2, ф;ᴈ̕ם 3, о;ᴉȂẂם

4- Ȃᵍ≠ Ҭ ᴇӞ ҹ 3- (3-vector)Ȃ ױ ⌠

ҹ ҩ Ҭ 0ҩȂ 

ңԊᴆ ӈҹ Ẃ ȂҌ ῒ

̆ ᾧ Ȃ ӈ Ҭ̆ᴋ 4- Ẃ (magnitude)םф

ӈҹ 

Ẃф;םї
ф Еם

ф фם
ф оם

ф

фᴃфע; ᴇф ᴈф ᴉф

;ᴥם ᵜם

; ᵜβם
ᵜםᵝ

; ᵜᵝᴥם βם

&25' 

 

⁞ Ȃӊ╠ ̆ ҩ

ᾣ Ҍ Ȃ ץ ȁ ̆  

Ӈ ̙ (space-time interval) ҍע ӊ

Ȃ ҬңԊᴆӊ ꜚ Ȃᶛ ̆

Ҭ Ԋᴆ ᾣ ꜚ̆ Ӈ ̆ ’ ӈԅ

ᾣ Ȃ ױ ҹᾩ (light cone)̆

Figure 47 ̕ ңԊᴆ ꜚ ᾣ ̆↕ ̆

̕ ҹ ̆ ’Ҋ̆

̆ ҹ (squared proper distance)Ȃ ꜚ ҉

Ȃ 

ᾣ ӈ̆ῒῤ Ҍ Ȃ ̆ ױ ᶏ ֓

Ȃ 

 

Challenge 100 e 

Equation 12 
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ӈҬ̆ ױ ῀ԅң Ҭ Ȃ ᾢ̆

҉Ҋ ̆ᶛ ̆ᴥם ᵜם נ ҩ '1*0*/*.;נ& ҩ

ᴥם ᵜם ̕ῒ ̆ ԍ ҩ 4- Ẃ ̆ ױ №ң Ώ ̆ ҉

Ҋ ( ԍ 3- ̆ ױ Ҋ )Ȃ ӊױ Ҋѿ ῏  

 

'ᴃ*)ᴇ*)ᴈ*)ᴉע&;ᵝם

ᴥם ;'ᴃ*ᴇ*ᴈ*ᴉע&; ᵜβם
ᵝ

&26' 

 

ῒҬ̆ ױ ῀ԅ̆ (metric) ̆ Ҋ Ώ*1 

 

ᵜ ;β
ᵜᵝ;

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

&27' 

 

≢ ̔ Ӈ ԅ̆Ҍᴪ ԅ˻( ҩ ӈ Ҭᶏ Ȃ) ‰

Ạ ̆ ױ ⌠ ̆ ץ Ҭ ꜚԅ˻ 

 

 
1* ̆ҕ ҉ 70% Ҭᶏ Ȃ ̆30% ӥᶏ

ᵬҹ ̆ Ȃ 

  

  

≢  

  ׂ

ᴇ 

ᴈ 

ᴃ 

ᾩ Ӑ ̆

≢ ̔ҍԊᴆEΐ

Ԋᴆ 

ᾩ ̔ҍԊᴆEΐ

Ԋᴆ 

ᾩ ӐῪ̆

̔ҍԊᴆEΐ

Ԋᴆ 

ѿҩ ꜚ

̆

ԅңҩ Ȃ 

 י

Figure 47 

Ref 88 



 

 

 

02 ⱬ  

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

 

76 

4-  

 

ѿ ӈ ᵣ Ȃ Ҍױ ӈ

ҹῒ ̆ ҹ ↓ᶭ ȂⱲ (proper 

time) ӈ ̆ ᵣ҉ Ȃ Ҭ

ꜚ ץ ꜚ ҉ Ȃ 

̆ ᵣ 4- (4-velosity) ṿ ӈҹῒ 4- Ẃ;&עᴃ*ẞ'

 

ṿ;
bẂ

b
&3.' 

 

ם ӈ Ҭ Ȃ4-  ṿ ṿ ‗ԍ

̆ Ӟ Ȃ≠ bᴃ; b ̆  

 

bᴇ

b
;
bᴇ

b

bᴇ

b
;
bᴇ

b
ῚҲ ;

/

/ ᴅф-עф
&3/' 

 

ױ ⌠ԅ 4- ҍ 3- ẚ;bẞ-bᴃ ῏  

 

;їך ;ᵤך*ע ᴅu &;ך *ע ᴅ' &30' 

 

Ҍ ̆ /̆ 4- ҈ҩ№ ᵍ≠ 3- Ȃ ԍ 4-

ṿ ̆ ױ ṿṿ;ᴥךךᵜ; ᵜβך
ᵜךᵝ;עф̆ҍ 3- ᴅ

῏̆ ᶏӊҹ ̆ ᾣ ῤ Ȃ 

ѿ ̆4-  &ׅ ї*ׅ Е*ׅ ф*ׅ о' ӈҹ (boost)ҬẠ Ҋ  

 

ׅtї; ь&ׅ
ї ׅЕע-כ'

ׅtЕ; ь&ׅ
Е ׅїע-כ'

ׅtф;ׅф

ׅtо;ׅо

&31' 

 

ԍ׆ѿҩ ⌠ ᴇ ץ҉ כ ꜚ ѿ ̕

ῒ ֞ Ȃ ῏ ᶏ ױ ₮ᴋᵥ 3-

Ὲ Ȃᵰ ҩ ӈ ₮ 3- Ὲ (10) ̙ 

ױ 4- ץ ̆ ῒ № Ҍ Ȃ

(null vector)Ȃ ֓ ꜚ ̙ 

 

Challenge 101 s 

Challenge 102 s 
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4-ⱴ ҍ ⱴ  

 

ᵌԍ 4- ̆ ᵣ 4-ꜘ (4-acceleration) Ṭ ӈҹ 

 

Ṭ;
bṿ

b
;
bфṿ

bф
&32' 

 

≠  b-b ; b-bᴃ; ϩẚẅ-עф̆ ױ ⌠ Ṭ ҩ№ ҍ 3-ⱴ ẅ;bẚ-bᴃ

Ҋ῏ ̔ 

ֿї; ϩẚẅ

ע
* ֿᵤ; фuנ) ϩ&ẚẅ'ᴅu

фע
&33' 

 

ṬṬ; ᵞδֿ
ᵞֿᵟ; ϩ&נф) ф&ẚẅ'ф-עф'; и&נф &ẚ ẅ'ф-עф' Ҍ ⌠ 

4-ⱴ  ֿȂ ̆ῒ ᶭ 3-ⱴ ẅ ṿȂ ױ ⌠̆ѿҩ ᵣ

ԍ ѿ ⱴ ̆ Ӈ ԍ Ӟⱴ Ȃ Ӟױ

⌠̆3-ⱴ Ҍ ᴶῗҌ ̆ ҍᾣ Ȃ 

 

 Ҍ Ҍ 3-ⱴ Ȃ 

 

ҍ ᵍ≠ Ҍ ̆ᵍ≠ Ҭ ⱴ ҍ ῏Ȃ 

ױ ⌠ 4-ⱴ ᵝԍᾣ ӊ ̆ ץ̕ ̆Ṭṿ; ᵞδֿ
ᵞךᵟ;.̆

4-ⱴ (perpendicular)ԍ 4- Ȃ*1           5657 

3-ⱴ ẅҍ 3- ẚ ̆ ױ ֿ; о̕נ ẅ ԍ ẚ̆ᶛ

ꜚҬ̆ ױ ֿ; фנȂ ױ ᴪ ⌠ ҩ Ȃ 

3-ⱴ ᵥ׆ѿҩ ⌠ ѿҩ ̙ҹ ̆ ῀

꜠ (comoving observer)̆ Ȃ ԍ ꜚ 3-ⱴ

ҹ ꜠ꜘ ꜘ (proper acceleration)̕ ’ҬṬ;&.*ẅ'

ғ Ṭф; фȂנ ⱴ ꜚ ⌠ ̆ᶛ ֲ ⱴ ΐῤ ⌠

҉ ᵣ Ȃ Ҭⱴ ꜚ Ṝ̆ ⱴ

Ȃ 

  

 
1* ᵌ ̆ ᵣ 4- ꜠ (4-jerk) ӈҹ  

Ṵ;bṬ-b ;bфṿ-bф &34'  

ҍ 3- ꜚ Ẏ;bẅ-bᴃ ῏ ҹ  

Ṵ;&ׇї*ׇᵤ';&
ϧ

ע
&Ẏẚ)נф)2ф

&ẚẅ'ф

фע
'*оuש)

ϧ

фע
&&Ẏẚ'ᴅu)נфᴅu)2ф

&ẚẅ'фᴅu

фע
)1&ẚẅ'u35&''נ' 

ᴪ ⌠Ȃ 3- ꜚ Ẏҹ ̆Ṵ Ȃ Ԋ̙ҹ ̆ ֲ ₮ ḱ 4- ꜚ ӈȂ 

Challenge 103 e 

Challenge 104 e 

Challenge 105 e , Ref 90 

Ref 89 
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ⱴ ҩ ̆ ҹ ԍ ꜚᵣ ᵥ̆ז Ҍ

ᴪ ⌠ ԍ ⱴ 3-ⱴ ̆ ױ ⌠Ȃ 

ץ (55) (53) ̆ ѿ 3-ⱴ ẅ ṿ̆ҍ

ꜚ ⱴ ẅγ ᵥ῏ Ȃ ’Ҋ̆ẚ ң

̆Ӟ ⱴ Ȃ ױ ⌠ 

 

;фנ
/

ᵱ
ϩ
γנф

&ẅγẚ'ф

фע
&36' 

 

ױ ѿץ Ҍ ԅ ҩ Ȃ (Ῥ ) ̔ 

 

 ꜚ 3-ⱴ ԍᴋᵥ ῒז 3-ⱴ Ȃ 

 

ꜚ 3-ⱴ ԍᴋᵥῒז 3-ⱴ Ȃ

ԍⱴ ꜚ ̆ 3-ⱴ Ȃ ̆ ԍⱴ

̆ (boost) ֟ /-ᵱ
ф̆ ԍⱴ ᴪ֟ /-ᵱ

оȂ 

ⱴ ̆ ҍ Ҍ ̆ⱴ Ҍ ҹ Ȃ

̆ ̆ⱴ Ȃ

ᵞ̆ ᶏ ⱴ Ӟ ץ ᵍ≠ Ȃ 

 

 

 

4-ꜚ ̆ -ꜚ ̆ ꜚ  

 

ױ ꜚ ꜚȂ4-꜠ (4-momentum) ӈҹ 

 

Ṻ;ױṿ &37' 
 

ҍ 3-ꜚ Ẕ  
 

Ṻ;& *עױ 'Ẕ*ע-ׂ&;'ẚױ &4.' 

 

4-ꜚ Ӟ -꜠ (energyïmomentum) 4- Ȃ ӊ  

 

 ᵣ 4-ꜚ -ꜚ ῒ ӗץ 4-ᵝ ₮Ȃ 

 

ꜚ ӈȂ ҩ ᾥ · ᾥ 1906 ₮ Ȃ 

-ꜚ 4- Ӟ ꜠ (momenergy)̆ ҍ 4- ᵌ̆ҍ ҕ

⅓Ȃ Figure 48 ̆ ׆ ӈ ⌠ Ҋ  

Challenge 106 e 

Ref 91 
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&;'Ẕ*ע-ׂ& *עױ &ױ;'ẚױ 'bᴃ-b*bẞ-bע&ױ;'ẚ*ע &4/' 

 

ꜚ ( ), Ӟ ṺṺ; ᵜβו
ᵜוᵝ ̆ҍᴋᵥ 4- ѿ ̆ ѿ

℗ ̆  

ׂф-עф фױфע;ф״ &40' 

 

₮ԅӊ╠ ₮ Ȃ ױ ⌠ ̆ ꜚ ׂ;י їׂҍ ׂї;ע
фױ

Ҍ ̆↕ῒ ץ ’ ҹ (relativistic)Ȃꜚ ԍ

ҹ (ultrarelativistic)̆ⱴ Ҭ ԍ

ѿ Ȃ ױ -ꜚ ῏ ̙ 

ᵍ≠ ⱬ Ҭ̆ ȁꜚȁ №≢ ̆ Ҭ ҹ ꜚ ̔ 

 

 Ҭ̆ -ꜚ ꜚ Ȃ 

 

≢ ̆ ҌῬ Ȃ 

ҍᵍ≠ ⱬ Ҍ ̆ (absolute zero)̆ ׆

ҹ ױ Ҭ ױфע Ȃ ≢ ל̆ ṿץ

Ҋ Ȃ ӊ̆ Ҋ Ȃ Ҭ Ȃ 

ᵍ≠ ̔ Ҭ ל Ȃ ᶏ ױ

Ȃ ױ ̆ Ҭ ñל ò ñ ⁞ ò ΏȂ  

̔ ԍ 4-ꜚ №≢ҹ Еו фו ңҩ ̆ Еׂױ;фוЕו ф;

фׂױ Е;ע
ф
ЕфױЕױф̆ ῒҬ Еф ԋ ᴅЕф֟ ᴶῗ Ȃ 

̆ ױ ñ òױ (rest mass)Ȃñ ò ҩ

Ҭ ӥҬ ױ ҹ (relativistic mass) ӟ Ȃ

ᵬ ѿ ̆ Ӟ Ӟױז̆ ⌠ ñ( )

ⱴò ̆ ↕ ῃ ӈ ԅȂ 

 

 

 

 

 

 

 

 

 

 

 

 

 'Ẕ*ע-ׂ&

-ꜚ ҍҕ ℗Ȃ Figure 48 

Challenge 107 s 

Challenge 108 s 

Ref 92 
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4-ⱬ̔ⱬ  

 

4-Ⱶ(4-force) ṵ 4-ꜚ Ṻ ӈҹ 

 

ṵ ;bṺ b¡ Ṭױ; &41' 

 

ῒҬ̆Ṭ 4-ⱴ Ȃ ץ Ҭ̆ⱬ ԍ ӗץⱴ Ȃ ṵ

ӈ̆ ױ ₮ῒҍ 3-ⱬ Ṱ;bẔ-bᴃ;ױb&ẚ'-bᴃ ῏ ҹ*1 

 

ṵ;&אї*אᵤ';&
ϩ

ע
(נuױẚẅ*фױ

ϩ

фע
ᴅuױẚẅ';&

ע

bׂ

bᴃ
*
bẔ

bᴃ
';&

ע
Ṱẚ*Ṱ' &42' 

 

4-ⱬҍ 4-ⱴ ѿ ̆ҍ 4- ֜Ȃ4-ⱬ 0№ ӈ ̔ ⱴ

ᵣ ꜗ (power)ȂԊ ҉̆ ױ ṵṿ;עфbױ-b ; ф&bׂ -bᴃ Ṱẚ'̔

ῤ ⱴ Ȃṵṿֽ Ḡ ⱬҹ Ȃ ᴪ ᵬ ̆

Ҍ ԍ ⱬ̕ ⱬ ҌḠ ȂҌ Ҭ̆

Ḡ Ҍ ̆ ױ ⌠ԅⱳ ᵍ≠ Ṱẚ;bׂ -bᴃȂ 

ԍ Ḡ ⱬ̆ Ṱ; фȂע-ẅ)&Ṱẚ'ẚױ ӊ̆ѿ ’Ҭ̆3-ⱬ

3-ⱴ Ҍ ӞҌ ̕ ╠ӊױ ⌠ 3-ꜚ ҍ 3- Ҍ Ȃ 

ױ ⌠̆3-ⱬ ꜚ Ҭ ṿ̆ Ⱶ(proper force)Ȃ

(boost) ⱬ ҉ № Ḡ Ҍ ̆ ⁞ ҉ №ⱬȂ ≢ ̆

(boost)Ҍ ⱴ 3-ⱬ ṿ ( ᵌӍᾛ ⱴ 4-ⱬ ṿ)Ȃ ’ҍ 3-

ⱴ ’ ֓ ᵌ̆ ҹҌ Ȃ 

4-ⱬӞ ץ ҹꜗ -Ⱶ(powerïforce) 4- Ȃ ױ ᵍ≠ ⱬ Ҭ ӈⱬ

Ṝ̆ ȂҌל ӈ Ҭ̆ Ҍ Ȃ ᵍ≠ ⱬ Ҭ̆ ԑᵬ

₃Ӎל ץ ᴋᵥ ױ ҹ̆ᵖ ӈ ױ Ҥ Ȃ ץ

ӈ ӈל ԑᵬ ̆ ҍל ץ ꜚ

῏Ȃ ̆ 

 

 ᾛ ҍ ῏  Ȃל

 

ῒ Ҭ̆ ᾛ ң ̔ל ל ⱬל ( ̆ң

ԑᵬ Ӟ )ȂӞ ̆ ңҩ ᵣ ̆ Ӈ ₮ԍ ⱬ̆ Ӈ

ԍ Ȃ ̔ ñ ò ԑᵬ Ȃⱬ

№Ȃ ̆ ױ ҹ ѿ℗̆ ѿᶛ Ȃ 

 
1* ѿ֓ᵬ 3-ⱬ ӈҹ bẔ-b̆ԍ ṵ ֓Ҍ Ȃ 

Challenge 109 e 

Challenge 110 s 

Challenge 111 e 

Ref 89 , Ref 93 

Ref 94 

Equation 55 
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ⱬ ῀ ̆ ֟ ԅ ӈ Ȃ ӈ Ҭ̆↨↨ ӈ ⱳ-ⱬ

ᵬ ȂԊ ̆ Ҭ̆3-ⱬ Ṱ 3-ⱳ Ṱẚ

Ȃᵰ ₮ Ӈ Ԋ ̙ 

 

 

 

 

 

 

 

 

 

 

 

 

ױ Ҋ ̆ ױ ꜚ ᴪ ᾣ Ȃ

ᵣ Ἕ̆ ױ ᾣ └Ȃ ҍ ӈ ̙ 

ᶛ ꜛԍ ӈȂ׆ ҉ ̆ ҉Ҍᴪ ᾣ

ᴰ ̆ ҍ Ҍ Ȃ׆ ҉ ̆ᾣ ֽ └ ᵣ

̆ Figure 49 ᶷ Ȃ ᵣ ̆ᶛ ҍױ

̆ ῃ ̆ ױ ̆ Ҍ ԅȂ ᴶῗ

№ ᶏ ѿ ≢ ȂԊ ҉̆ ᵣ ԍᾣ Ȃ ӊױ

╠ ᶛ ̆Ҍӄ ױ ᴪ ⌠ ᶛȂ 

ױ Ҭ Ȃ ѿҩ ̆ Ҭ

ᵥ Ȃᵰ ῐ ̆ Ҭ ҍ ̆

ᴪ ᵣ ѿ ̕ ̆ңֲ ̆ ᵣ ↨ ̆ῒ Ӟҍ

ӊ╠Ҍѿ ȂҌҤ ̆ ̆ˊ ṿ ԅ˻ ԍ ̆

ע ᴁӊ ҹ ᴁ;0-ע  ̔ ⱴȂ ҩ

ҹ ᴼ (Ehrenfestôs paradox)Ȃ Ҍ

ӈ Ҭ Ȃ ↨ᵣ(rigid body) Ҍ Ȃ 

ᵣ Ȃ Figure 50 ̆ ҉

̆ᴪ ⌠֓ Ȃ ᵝ Mф ҍ MЕ ̆ң ᶭ ҍ╠

̆ ⌠ ѿҩ Mφ̆ ᴪױ ѿҩ ҍ ѿҩ Ҍ Ȃ

ԅ↨ ⌠ Ȃῒ ̆ ̆ Mβ ᴪ ₮

ױז̔ ȁҌ ҬȂ ̆ ᵬҹ ӈ

̆ ῒ ῒҬ Һ Ȃӊ Ȃ 

  

 ־

 ֿ

 ׀

 ׁ

ᴅ 

ᴅ 

ᴅ 
ᴅ 

῏ԍ ӈ( )Ȃ Figure 49 

Challenge 112 d 

Challenge 113 e 

Challenge 114 e 

Ref 95 

Equation 24 , Equation 96 
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Ҭ̆ ץ Ȃ ԍ ̆ ᵣ

Ȃ Ꞌ (Max von Laue) ̆ ᵣ ԍ ῒ ꜚ

/ ԋ (twisted)Ȃᵰ ̙ 

ԍ ҩ Ȃ ҉ Ȃ ѿ ̆

ץ ѿҩ Ȃ ↓ ץ ̆ᴪ ̔ ₮ ̆

҉̆ ῀ ῤ̙ 

̙ ̔ Ҭ ℗ ⌠ᾣ Ȃ ̆

ҍ ῏Ȃ ₮ҩ ̔ ױ ⌠ ̙ 

ױ 4- ꜠ (4-angular momentum) ӈҹ 

 

ᵝ״ᵜᵝ;ᴇᵜװ ᴇᵝ״ᵜ &43' 

 

ңҩ 4- ꜚ Ȃ ꜚ ӈ Ҭ Ȃ

ӈҹ ҍ ꜚ ᶛ Ȃ Ḃ ѿ ̆ᵰ Ӈ ѿҩ

Ҍ ̙ 

ԍ ̆ ѿ №ȂҌ №

Ȃ Ҍ Ȃ 

Ҋץ ѿ֓῏ԍ Ȃ ױ ̔ῒ ṿ ‗ԍ

Ȃ Ӟ ̙ ָӇ̆ץ ҍ 4- ꜚ

῏ ָӇ̙ 

ᴪ֟ סּ (rotational Doppler effect)Ȃ Ҍ ̆ᵖ ׂ

ᾣ Ȃ ѿ Ẓ ᾣ ̕ Ҭ

ᾣ Ȃ ᾣ ׆ Ẓᾣ ̆ ᾣ ᴪẒ №ӊ₃Ȃ

יּ ₮Ȃ Ҭ

ӈ̕ ԍ ᾣ ᾝᴆ № ȂӞ ̆ ᴪ

҉ ᵣ Ȃ 

 

M1 M0 M/ 
Ml 
Ml+/ 

҉ Ȃ Figure 50 

Challenge 115 e 

Challenge 116 s 

Challenge 117 s 

Challenge 118 e 

Challenge 119 s 

Challenge 120 e 

Challenge 121 s 

Challenge 122 s 

Ref 26 
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ꜚ 

 

ᵍ≠ Ҭ̆ ;0 ẏ ̆

-0;ת Ȃ ӈ Ҭ̆ ңҩ ҹ 4- (wave 4-vector) Ṷ 

 

;ᵜב
ע
*ẏ &44' 

 

ᶭ ;ת- Ȃᾣ 4- ҹ 0̆ ҩ Ȃ

̆4- Ȃ 

ᵝ ץ ӈҹ 

;ᴥבᴇᵜ;בᵜᴇᴥ &45' 

 

̆ ᾣ ȁ ≢ ̆ᴋᵥ ᵝᵬҹ ̆

ѿ ̔ ᵝ Ҍ Ȃ*1 

Ẋ ѿҩ 4- ҹ ṿ 4- ҹ Ṷ ҹ Ȃ↕  

 

;Ṷṿ &46' 

 

̆ ע̆;ת- Ҍ 4- ҍת- Ҍ Ȃ

̆ ע̆;ת- Ҍ ᾣ Ὲ ҍ ꜚ Ҍ Ȃᵰ ₮ ң ῏

̙ 

 

 

ꜚᵬ ̔Ԋ ᵥ ꜚ̙ 

 

ꜚᵬ ꜚ̆ᾢ ӈꜚᵬ Ȃ ̆꜠

ᵲ (action) Ȃ ԍ ꜚ ꜚ ̆ ῒ

ñ òȂ ̆ ꜚᵬ ҍ ᶛȂҹԅḠ ꜚᵬ

ӗ ‰ ᵝ Js̆ ꜚᵬ   

 

;ט ױфע b
ʜ

ɭ

&47' 

 

ῒ Ȃ ҩ Ȃ 

ӊ̆ Ҭ̆ 

 
1* № ῏ ;'ᴃ*ẞע&'ẏ*ע-& ẚᵫr*ע&'ẏ*ע-&̆ ᵜᵮ'φ;.̆ &b-ע*bẏ'&ע*ẚi ᵭᵪᵰᵫ';.Ȃ 

Challenge 123 e 

Challenge 124 e 

Challenge 125 s 

Challenge 126 ny 

Vol I Chapter 10 

Ref 25 

Vol I Chapter 8 
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 ꜚ ̆ ᶏῒ ( ) Ȃ 

 

ӊ̆ Ῥױ Ҭ Ԋ Ȃ Ἕᵝ ̔

ȁ ҹȂ ̆ ҩ Ȃӊ╠ ̆ᴿ

ῌ· ӊҹ ñ ò (ólawô of cosmic laziness)Ȃ 

≠ ᾣ Ҍ ̆ ꜚᵬ ץ ҹ̔ 

 

ẅ ᵣ ҹ(idle)Ȃ 

 

Figure 51 ԅ ᵣ Ҭ׆ѿ ⌠ ѿ ѿ ṿ ᶛȂ

ꜚ ꜚ̆ ҹ ӊ ꜚȂ( ӊ╠ ̔ ᴪ ᵰ

Ȃ) ̆ ( ) ̆

ױ ҬҌᴪ Ȃ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ױ ⌠̆ ᴇԍ ꜚᵬ Ȃң ̆ῤ ѿ Ȃң

ԅ ꜚᵬ Ȃ ԍ ᵣ̆ ꜚ ̆ ꜚᵬ

Ȃ ̆ ᵬ ( ) ꜚ Ȃᵰ ̙ 

ꜚᵬ (69) ⱳԍ ᾥ · ᾥȂ1906 ̆ ז̆

ꜚᵬ Ἡҍ ῗ ת Ҍ Ȃᵰ ז⌠ Ạ ̙ 

  

 

 

 

 

 

 

 

 

 

  

 

ABң ꜚ

ꜚȂ 

Figure 51 

Challenge 127 e 

Challenge 128 s 

Vol I Chapter 8 Äꜚ ᵬ  

Chapter 1 ¡  
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ꜚᵬ Ӟ Ώץ ֲȂ ֓ ᴇΏ ҹ ӈ Ạ‰ ̔ 

 

;ט bᴃב

; ױфע
/
bᴃ

ᵯʜ

ᵯɭ

; עױ ᴄᴥᴄᴥ b
ʜ

ɭ

; עױ ᵜ
bβᴇᴥ

bᴂ

bᴇβ

bᴂ
bᴂ

ᵮʜ

ᵮɭ

&5.' 

 

ῒҬ ᴂ ѿ֓ᴋ ₱ ̆ᶛ ̕ ӈ ᵜᵝᶭ

 

 

ᵜ ;β
ᵜᵝ;

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

&5/' 

 

ꜚ ̆ ꜚᵬ (70) Ȃ 

ӊ̆ Ҍ Ҍ ̔ ҩ ᵣ ꜚ ̆ ҍῒ

ꜚ ̆ ₮ Ȃ ױ ӈ № ⌠̆ ѿ Ӟ ԍ

ⱬ ȁץ ԑᵬ Ȃ ױ ̆

(principle of maximum proper time)̆ ꜠ᵲ (least action principle)̆

ꜚ ’ Ȃ ױ ╠ ⌠ֽ̆ ꜚ ҍל ̆

(ᵰ ̙)̆ ⌠ԅ ꜚᵬ Ὲ Ȃ 

╠ӊױ ⌠̆ꜚᵬ Ҭ Ȃ ӈ ̆

Ȃ Ҭ Ȃ ̆Ԋ

ӈ ꜚȂᵰ ҹ ñ (maximal ageing)ò ñ

(cosmic laziness)ò ᴇ ̙ 

ױ ₮ Ӎ ꜚȂ ̆ ꜚ ̆ ᴪ⁞

̕ ᵞ̆ ̆ Ȃ ױ ᴪ ѿ ԊȂ

Ȃ 

̆ Ῥױ ̆ ҍ Ȃ ץ ̔

ѿ℗ ꜚ ᶏꜚᵬ ( Ҍ Ӈ )Ȃ ӈ ᵰԅ̔

֣ ˻ 

 

 

Challenge 129 e 

Challenge 130 e 

Challenge 131 e 

Vol I Chapter 8 

Chapter 5 ¡  
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῍  

 

ӈ Ҭ̆ ≢ ‗ԍ Ȃ ѿ ̆

ᾣ ѿ ᵝ ȁ ȁ Ȃ ̆ Ҭ̆ᾣ

ñ òȂ ԍᴋᵥѿᵝ Ғ ̆ ᾣ Ȃ ⌠ᾣ

̆ ױ ᴪ ̆ ѿ ⌠ ᾣ ֲȂ ̆

Ԋ ̆Ӟ ῒז ⌠ ᾣ Ȃ 

Ḡ ᾣ Ҍ ѿ ῒז ̔ῒᶏ ᵝҬ̆

ӗץ Ȃ ֓ ӊ ӊ ҹ 

 

ᴇᴥ ῆ ᴇᴥ &50' 

 

ҹ ( dilations, /ᵈ / ) (scaling transformations)Ȃ 

ΐ (special conformal transformations)̆ ץ ⌠ ԋ ῒז Ȃ

ң ҍѿ ȂᾢẠ (inversion)̆   
 

ᴇᴥ ῆ
ᴇᴥ

ᴇф
;
/

ᴇᴥ
;ᴈᴥ &51' 

  

ῒ ᴈᴥ 4- ᴥס (translation)̆   
 

ᴈᴥ ῆ ᴈᴥ)ᴥס;
ᴇᴥ

ᴇф
)ᴥס &52' 

 

ῒ Ῥ ̆&ᵳᴦ
ᵳʜ
)ᴥס'-&ᵳ

ᵳʜ
фȂ'ס( ⌠ ῍ ҹ 

 

ᴇᴥ ῆ
ᴇᴥ )ᴥסᴇф

фᴇфס(ᴇס0(/
&53' 

 

֓ ᵬΐ (conformal transformation, ’Ҋ Ḡ )̆ ҹ ױ

Ҍᴪ ( ) ̆ ᶏ( ) (form)Ḡ Ҍ Ȃᶛ ̆ ױ

ҹ ̆ ( ) ҹ ( ) Ȃ ֓

ᵬ (special)̆ ҹ ῍ ᴶῗ Ȃ*1 

̆ ῍ ᶏᾣ Ḡ Ҍ Ȃ ҩ ˻  

 
1* ῍ (special conformal transformation) ѿҩ ̕ ⱴ῀ᵈ

ᴶῗ ̆↕ ῍ (full conformal group)̓̀ ԓҩ Ȃ׆ ҉ ̆῍

ԍSU(2,2)̆Ӟ ԍ SO(4,2)Ȃ ֓ ӊ Ȃ ̆҉ ֽ ԍ ̆

ԋ ’Ҋ̆῍ ԍᴋ ̆ Ȃ 

Challenge 132 e 

Challenge 133 e 

Challenge 134 e 

Challenge 135 e 

Vol V Appendix C 
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ԍ ҍ Ҍ ̆ ҍ ῏ Ȃ( ᴶῗ

(boost)Ӟ Ȃ) ̆ ҍ ׆̆ ֟ Ȃ 

ӊ̆ ↨ ⌠ ӈ҉̆ ῍ Ҍ Ҍ Ȃ ̔

Ҍ ץ ӈ ̆ ҹ Ҍ ȂҌ₮ ̆ Ȃ

̆( )῍ ̔ ῍ Ҍ ̆ᵖ ҆ (all of nature)Ҍ

Ȃ*1 

̆῍ Ҍ ̆ ᾣ Ҍ ̆ ץ Ȃᵰ ץ ѿҊ̆῍ Ҍ

ԍ Ȃ 

ױ ⌠̆῍ Ҍ ̔Ӟ ̆ ȁ

῏ Ȃ ᾣ Ҍ ҍ ῏Ȃ ױ

ӊ ѿ № ᴟ Ȃ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
1* Ҍ ῍ Ҍ ̕ ῍ Ҍ ҆ Ȃᵰ

Ҭ ױ фҌ ῍ Ҍ ̙  

̆῍ Ҍֽ₮ ӈ ꜚ Ҭ̆ ӞҌֽֽ ̔῍ Ӟ

ԑᵬ ̆ ҹ ̆ᾣ Ȃ ӊ̆

῍ Ҍ Ȃ Ҍ Ȃ 

ѿ ̆ ׂ ⌠ ᾥ Ἡע-ׄ ̆ ץ ₃Ӎױ

̕ ῍ץ ᵬ ᵌ Ȃ ҹ ( ῍ Ҍ )

ḱ Ȃ ̆῍ Ҍ ҹ ᶫԅҌ ᵌȂ 

ꜚ

ⱴ

ӊ Ȃ

ῒ ᵝ Ȃ

̆ ╠ ̆ᵖԊ

҉ Ӟ Ȃ

(QuickTime film © 

Anthony Searle and 

Australian National 

University, from 

www.anu.edu.au/Physics/

Savage/TEE.) 

( ̔

̆ Ȃ) 

Figure 52 

Challenge 137 e 

Challenge 136 e 
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ⱴ  

 

ױ ╠ ԅ ѿ ’̕Ԋ

̆ᶛ ױ ⌠ ̕ ѿҩ ңҩ ⱴ ̆Ԋ

ԅȂ 

̔ ӈ Ҍ ⱴ Ȃ Ҍ ̆ Ἕ ᵍ≠

Ҍ ԍⱴ ѿ Ȃ ӈ ѿ Ҍ ԍ

Ȃ Ҭ ⱴ ᵣ̆ ץ ӈ Ҭ Ȃ  

 

 

 

 

 

 

 

 

 

 

 

̆ ױ ⱴ ҍ Ә Ӈ

Ȃ Figure 53 ̆ Ә ⌠ⱴ Ә ẞ&ᴃ' ꜚȂ

̆ /Ә ӊ ҹ - ᴃ;&ф Е'-&ᴃф ᴃЕ'Ȃ

̔ ᴃ;ᴃЕ ᴃ;ᴃф ӈ ң Ԋᴆ̆ Е ф ֓ ҍ

֜ *1Ȃ 

ᾢẊױ Ӟ ̆ ғץ Ә ⌠ ᴅ ꜚȂ

Ҋ ₮ 

ᴃ
;
b

bᴃ
; /

ᴅф

фע
;
/

ᵱ

&54' 

 

ױ Ȃ Ῥױ ̆ ꜚ Ȃ 

ⱴ ꜚ̆↕ ҉ № Ȃ Ә ҹ b-bᴃ̆

)b ץ ᴃ ᴃ)bᴃ ₮Ȃ Ә ⌠

ẞ&ᴃ' ꜚȂ ױ  
 

ᵱ

;ᴃ ẞ&ᴃ'ẚ&ᴃ'-עф &55' 

 
1* ֓ (hypersurfaces)Ȃ 

ⱴ

Ȃ 

 

Ә 

ᾣ ע 

ᴅ 

Figure 53 

Challenge 138 e 

Ref 96 

Ref 96 
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ץ  

)b

ᵱ

;&ᴃ)bᴃ' Yẞ&ᴃ')ẚ&ᴃ'bᴃ[Yẚ&ᴃ')ẅ&ᴃ'bᴃ[-עф &56' 

 

҉̆ Ḡ ⌠ѿ ̆ ⌠ 

 

¥b-bᴃ¥; ᵱ&/ ẚẚ-עф ẞẅ-עф' &57' 

 

̆ⱴ ̆ ‗ԍῒⱴ ẅ ᵝ ẞȂ

↕ ⱴԅ ̆ ҹ ױ ץ ⌠̆ ⌠  

 

¥bᴃ-b¥; ᵱ &6.' 

 

Ҍ (79) ṕ Ȃҽҩ ᶛ ̆ ң ̆ῒҬѿ

ⱴ צ̆ ѿ ꜚ̆↕  

 

¥b-bᴃ¥;/)צᴇ-עф &6/' 

ץ  

¥bᴃ-b¥;/ &60' 

 

ױ Ῥ Ȃᵖᾢ ⱴ Ȃ 

 

 

 

 

 

 

 

 

 

 

( ̔

̆

Ȃ

Ȃ) 

ѿᵝ ҉ⱴ Ȃ ԅ 360°

̕ ץ ז ’̆ᵝԍԊᴆ Ḡ Ҍ

Ȃ(Mpg film © Anthony Searle and Australian National University.) 

Figure 54 

Ref 96 

Chapter 2 ¡ⱴ  
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ⱴ  

 

Ӈ ױ Ҭ̙ ᾢױ ӈ ҩ Ȃ (inertial 

frame of reference) ң Ȃѿ ̆ ₮ ₃ ₃ᵥ̆

Ӟ ҹȂ ῒ ̆ ң (rod) ₮

(rod distance)̆ ҹ̆ᶛ ̆ ҈ ׆ Ȃԋ ̆

Ҭ̆ᾣ Ҍ Ȃ ӊ̆ Ҭ ᴋᵥңҩ ̆ ῒ ᵝ

ᵥ̆ ᴪ ⌠̔ң ԋṐ̆ҍᾣ ң ѿ ӊ

ע̆ Ȃ 

ᴇ ̆ Ҭ ̆ғῒ₃ᵥ ₃ Ȃ ῒ̆

Ҭ ԍ ȂҌ Ҍᾟ№ ̆

ⱴ ̔ ֓ Ӟ Ȃ 

̆ ꜘ (accelerating frame)̆ ӈ Ҭ Ȃῒ

ױ ҬȂ ץ ӈ ⱴ Ҭ ꜚ̆ Ἕ ѿױ

ᵍ≠ ѿ Ȃ 

ѿ (frame (of reference) Ȃ

ñ ò ᾣḤ ңҩ ̆Ҍ ̆ ᴇ

̆ң Ȃ ̆ Ӟ ץ ҹ − (rigid 

collection of observers) Ȃ ץ ױ ⌠̆ѿ ҍѿ Ҍ ̕

Ҍ ↨ Ȃ ↨ ṿ̆ ױ ӊҹ−

(rigid coordinate system)Ȃ ⱴ ̆ Ȃ*1  

̆ ң ץ Ҭ ẚ ꜚ̆ Ӈֽ

ױז̆ ᴪ ⌠ Ȃ ױ ԅӊ╠ ̆ ңֲץ

̆ԋ ᴪᶏ ̕ ץױז ῃ ѿ ⱴ ̆ⱴ ⌠

( ׆ ⁞ )̆ ᴪ ⌠ ( )Ȃ ה

Ҭ ⱴ Ȃ 

ᵥ ⱴ ӊ ӈ ӈ ̙ 

 

 

 

 
1*  ԅ ӊ ̆Һ ң ῒ ↨ ̔  

¥ ԍ ⱴ bᴂф;bᴇф)bᴈф)bᴉф ф'фȂⱴע-ᴇβצфbᴃф&/)βע ҹ ẅ;

ẋ&/)ẋẞ-עф'Ȃ 

¥ bᴂф;bᴇф)bᴈф)bᴉф)0&ᴈbᴇ)ᴇbᴈ'bᴃ &/ ᴁф ф-עф'bᴃȂ ᴉ

̆ ғ ᴁф̗ᴇф)ᴈфȂ 

Equation 33 

Challenge 140 ny 

Challenge 139 e 

Ref 97 

Ref 97 

Ref 98 

Figure 30 
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ⱴ  

 

ⱴ ҩ Ȃ ⌠ ҉ ⱬ ̆ ꜘ

(uniformly accelerating) Ȃῒ ꜘ Ȃ ‰ ̆ ҩ ┴ ̆ᶏ

ⱴ ῤ ̆ ⱴ ⱴ ṬȂ

̆ ѿ ̆ ⱴ (uniform acceleration) ⱴ

(uniformly accelerating)Ȃ ҍᵍ≠ ≢Ȃ 

↨↨ ӈ ⱴ ꜚ̆ 4- ꜚ ҹ ̆↕ 

 

Ṭ Ṭ;צф &61' 

 

ῒҬ צ Ҍᶭ ᴃ Ȃ ⱴ ꜚ ⱴ (rectilinear) ꜚ̆ ⱴ

ẅ ҩ ┴ ԍ ẚȂ ̆ ױ ץ 3- ̆ 

 

оẅ;ẋ
bẚ

bᴃ
;ẋ &62' 

 

ױ ҹ ᴇ- ̆ ᴅ&.';.̆ ₮ ᴅ&ᴃ'ҹ 

 

ᴅ&ᴃ';
ᴃצ

/)
фᴃфצ

фע

&63'
 

 

⌠̆ ̆ᴪ ⌠ ᴅ;צᴃ̆ ̆↕ ᴅ;̆ע Ȃⱴ

ꜚ ⱴ̆Ҍ₮ Ȃҹ Ḃ̆ ᴇ&.';עф-̆צ № ₮

ⱴ ҹ 

 

ᴇ&ᴃ';
фע

צ
/)
фᴃфצ

фע
&64' 

 

Figure 55 ̆ ̆ ⱴ ҹ ԅ ꜠(hyperbolic 

motion)Ȃ ԍ ̆ҕ ⌠ ᴇ;צᴃф-0)ᴇї̆ ̆

ᴇ;עᴃ̆ Ȃ ̆ ⱴ ꜚ ꜚᵣ ̆

Ȃ

Challenge 141 e 

Challenge 142 e 

Challenge 143 e 

Ref 99 
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ⱴ ᶭ bᴃ; b ҍ ᴃ̓͂ Ȃ (85)

ᴅ&ᴃ'̆ ױ *1 

ᴃ;
ע

צ
qglf
צ

ע
װ ᴇ;

фע

צ
amqf

צ

ע
&65' 

 

ҍ ᴃ ᵝ ᴇӊ ῏ Ȃ ױ

Ṝ ᴪ ⌠ ↕῏ Ȃ 

Ὲ ̙ ץ k-qф./;צ ⱴ ⱴ ̆ 25

̆ᵰ ˻ Ҍṿ ѿ ̙ ⱴ

̆ ԅȂᵰ ̙ 

ⱴ ҹ 
 

ᴃ;
ע

צ
)
ע
qglf
צ

ע

ᴇ;
фע

צ
) amqf

צ

ע

ᴈ;

ᴉ;

&66' 

 

ῒҬ ⱴ Ҭ Ȃ ױ ⌠̆ b   

 

bф;&/)ע-צф'фעфbф bф bф bф;עфbᴃф bᴇф bᴈф bᴉф &67' 

 

b ;.̆ ׆ ̆ ⱴ ↨ Ȃ 

̆ ױ ҩ ̆ Figure 55 Ȃ M ⌠ ץ

ⱴ ̆ (86) Ȃ ᵝⱴ Ӈ M ̙

╠ ̆ Ȃ ῒ ҩ ҉̆ M ;.(ᵰ

̙)̆ ⌠ҍז⌠ M ̆ ԍ Ўף ,≠

(86)̆ ױ  

 

Ўף ; ф; ᴇф צ-фע;фᴃфע &7.' 

 

ֲ ̆ ҉ ˻ⱴ ᴪ ҍז⌠ Ḡ

̆ ҍ ῃ Ȃ≢ ̆ ≢ Ҋ ҩ Ȃ

ѿᴪױ ԅȂ(ᵰ ₮ ӊ ָӇ῏ ̙)

 
1* ᵰ Ὲ Ύ( ֲ ѿ ) ↕Ὲ Ȃ ᵩ ӈ  

qglfᴈ;&פᵴ ᵴ'-0פ amqfᴈ;&פᵴ)פᵴ'-0Ȃ ҍױ Ҋ № ῏ bᴈ- ᴈф)נф;

_pqglfᴈ-נ;?pqfᴈ-נ;jlᴈ) ᴈф)נфȂ 

Challenge 144 s 

Challenge 145 e 

Challenge 146 s 

Ref 99 , Ref 100 

Ref 101 

Ref 102 

Ref 103 
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ᴇ 

 

 צ-фע

ᴃ  

 

M 

 

 צ-фע

ᴃ  

 

M 

ꜚ̆ ⱴץ Ạצ

ⱴ ꜚȂ 

Figure 55 

ꜚҍԊᴆ Ȃ Figure 56 

ӈ( ӈ)

̆Ԋᴆ Ȃ 
Figure 57 
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Ԋᴆ  

 

̆ ⱴ ꜚ ֲ ӊѿȂ ױ ↨ ⱴ

̆ ᵝԍ₮ ᴇ;ᴇї;ע
ф-צ ᴋ ┴ ᴃ Ȃ ⌠ңҩ῏

*1     91 

;
фע

צ
/ qcaf

צ

ע

b-b ; qcafע
צ

ע
r_lf

צ

ע

&70' 

 

Ȃ ̆ ṿ צ̆-фע ғ b-b Ȃ

Ἕ ⱴ ѿᵝ Ὲ ҉ Ȃ ⌠ ̆ ԅѿ

ᴪᾙ̆ ᴪ ⌠ (horizon)Ȃ ̆

ֲ̆ ᴪ ⌠ ̕ᵖ ӈ Ҭ̆ ⱴ Ạ

₮ Ȃ 

Ṣꜛ Figure 56̆ ױ ץ ⌠ II III ҬᴋᵥԊᴆ ₮ ᾣ ⌠ ⱴ

Ȃ ֓Ԋᴆ ז Ҍ ̆ ׆ Ȃ № Ҍ №

ҹԐᴌ (event horizon)Ȃ ̆ⱴ ₮ ᾣ ⌠ץ IIȂ

̆Ԋᴆ Ἕᾣ ῒ Ḥ Ȃҹԅ ̆ ԅ Ԋᴆ

Ȃ ױ ⌠Ԋᴆ ѿҩ (surface)̆Ҍ ԍ ñ òȂᵰ

Ԋᴆ Ἕ Figure 57 ̙ 

̆ Ҭ ⌠ Ԋᴆ ⱴ Ҭ ⌠Ȃ

ⱴ Ȃ ≢ ̆ ⱴ צ-фע ֟ Ԋᴆ Ȃᶛ

̆ ֲ Ҍ⌠ז Ҋ қ Ȃ 

Ḃѿ ̆ ꜚҬ ԍѿ ᾣ ᾢ̆ᾣ

Ҍ҉זԅ ̙ 

ҩҹ ӈ Ạ‰ ̔ ⱴ ⌠ ԋ

ָӇ̙ 

Ῥ ѿ ̔ ҉ ᴪ ⌠ ̙ 

 

 

 

 
1* ҉ѿ Ҭ ̆ ӈ҉ ◓ ℗₱ ̔ 

qcafᴈ;
/

amqfᴈ
װ r_lfᴈ;

qglfᴈ

amqfᴈ
&7/' 

Challenge 147 ny 

Challenge 148 e 

Challenge 149 s 

Challenge 150 s 

Challenge 151 s 
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Ԋᴆ  

 

ӈ Ҭ ᵌҌ Ȃ Ӈ Ҍ Ȃ ῒ ғ Ȃ ↕

҉̆ ⌠ ̆ ׆ ⱴ Ȃ  

ῒ ̔ ⱴ Ȃ ױ ̆ ꜚ

Ҭ ̔ ⱬ ῒ ԑᵬ └Ȃ ױ Ӟ ꜚ̆ ץ

ῒ Ҍ Ȃ ӊ̆ Ȃ 

ⱴ ̆ Ȃ ԍ ⱬ ⱴ ᴇ̆

Ҍ Ȃ ̆ ⱬҍ Ҍ №Ȃ 

ⱬ Ҍ ̆ Ҍ Ȃ ⱬ ӈ Ȃ ᴪױ

̆ ӈ Ҭ ̔ ѿ Ȃ ̆ ҹ

̕ Ӟ Ȃ Ҭ ₃ ַ Ȃ ױ ֓Ȃ 

ҩ Ԋ ⱴ Ȃң ԓ ╠̆ ᴿ(Leucippus of Eleă c. 490 to c. 

430 bce ) ᾥ≠ (Democritus of Abderă c. 460 to c. 356 or 370 bce )⇔ ԅ Ȃ

ף ױז̆ ҹ̔ ѿ℗Ԋ ̆ ӂ (particles)ҍ (empty space)ӊ

Ȃ ף ԅ₃ ↕ ̆ ̔ѿ℗

̆ᾣҍ ֞ Ȃ ԅ ҍ Ȃ 

Һӈ ֟Ȃ ץ Ȃѿ ̆

̔ ңҩ Ȃԋ ̆ ᴪױ ̆ ֓

̆ ױ ץ ȁ ̆ ӊ̆ Ӟ Ȃ

ᾙȂ 

ӊױ Ҭ̆ ױ ӈ ҍ ̆ ῒ

Ҳב(intermediate)Ȃ Ӟ ץ ᵬ ҍ ֢ (mixture)Ȃ

֓ ֓ Ȃ ╠ ҉̆ ױ ̔ױ

Ҭ ѿ ̆ ᾟȂ 

 

 

ⱴ  

 

ױ ⌠̆ ꜚ ⌠ ̆ҍ ⌠ Ҍ Ȃӊ╠ ԅ

ꜚ יּ Ȃⱴ ’ ̔ ᶏ ̆

ӞҌ ѿ Ȃ ᾣ ⱴ ₮̆↕ Ҋ 

 

bф; /)
їᴇצ

фע

ф

фbᴃфע &71' 

 

ῒҬ ї  ᴇ;. ⱴצ  Ȃ ױ ץ ₮ 

 

Challenge 152 e 

Ref 99 , Ref 104 

Chapter 1 ¡  יּ
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ᵭץ
ᵮץ
;/

קᵭצ

фע
;

/

ע-קᵮצ(/
ф

&72' 

 

ῒҬ ק ҍ ע-їᴇᵮצ(/&-їצ;ᵮצ̆
ф' ע-їᴇᵭצ(/&/-їצ;ᵭצ

ф'

ҍ ⱴ Ȃ ӊ̆ ᾣ ⱴ ꜚ̆ᾣ ᴪ ᵞȂ Ḃѿ

̆ ̙ 

ѿ ᵌ̆↕ 
 

¡ᵮץᵭץ ;/ ¡фעקצ &73' 
 

ⱴ Ҭ̆ ױ ҩ ӈȂ ԍ ⱴ ̆ ңҩῈ

ץ Ҍ Ȃᵰ ̙ 

 
 

ᾣ ץ ᾣ ̙ 
 

ⱴ ᾣ ̙≠ (95)̆ⱴ ₮ 

 

ᴅϿўϫϱл;ע/)
קצ

фע
&74' 

 

╠ז ñ҉ז ò ᾣ ̆ ע  ז ñҊז ò ᾣ Ȃ ע 

ҩ ԍᴋᵥⱴ ѿҩ ̔ ⱴ Ҭ̆ ᶏ

ӊ ̆ ӞҌᴪḠ Ȃ ᾣ ⌠ԅ ̔

ӈ Ҭ ᴰ ץ ҹ Ȃ 

ӊ̆ᾣ Ҍ ̆ ̔ᾣ ӈҹ bᴇ-bᴃ̆;ע ғ bᴇ

bᴇῤ ѿ ȁbᴃ bᴃῤ Ȃ ̆

(locally) ᾣ Ҍ Ȃ 

ᾣ ӈҹ ᴇ- ᴃ̆ ᴰ ᾣ̆

̆ Ӈ ԍⱴ ̆ᾣ Ҍ ԍ ע˻ ҍ ױ Ҋ ᵣ ⌠

̔ᵰ ⌠ ᴪ ԍᾣ Ȃ ӊ 

 

 ṿ ע ᾣ ԍҳ Ȃ 

 

ᾣ ῒ ’Ҋ ץ ע ꜚȂ ̆ Ҍ Ḥ ץ ꜚ

ע Ȃᵰ ֪ץ ѿҊȂ 

Ҭ̆ ԍ ԍעф-נ װ̆ ᾣ Ȃ ԍ 9.5 m/s2

ⱴ ( ᵣⱴ )̆ ѿᾣ 9.5·10 12 km ̆ Ȃ 

Ḃѿ ̆ ⱬ ԍ ⱴ Ȃ Ӈ̆ (96)̆ҹ

̆ ̆ ᾣ ꜚ ̙ 

Challenge 153 s 

Challenge 154 e 

Challenge 155 s 

Challenge 156 s 

Chapter 6 ¡  
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ⱴ  

 

ҹԅ ⱴ ̆ Ῥױ ҩҺ ̔ⱴ Ȃ

̆ ȂҌ ̆ ָ (Mishra) ԅ Ȃ 

ױ ЋЅҹנ l ԍ k ⱴ ̆ ױ ᵣⱴ

їЕנ ҈ҩ ̔ ѿ ṿ їфȁңנ ⱴ Ефȁנ

ѿ ⱴ фф̆נ Figure 58Ȃ ױ ѿ ’̆

ѿҩ ꜚȂ(ҹ ̆ ᴅЕф;ᴅ̆ ᴅїф;ᴄ) 

ᵍ≠ Ҭ̆ ױ ѿ  

 

їфנ;їЕנ ффנ(Ефנ &75' 

 

ⱴ Ȃᵖ⌠ԅ ӈ Ҭ̆ ױ  

 

їфנ;їЕנ

/ ᴅф

фע

о
ф

/ ᴄᴅ
фע

о
Ефנ

/ ᴄф

фע
/ ᴅф

фע

Е
ф

/ ᴄᴅ
фע

ф
ффנ(

/ ᴄф

фע
/ ᴅф

фע

о
ф

/ ᴄᴅ
фע

о
&76' 

 

ᵰ ᴪ֣ ȁ ↕Ὲ ̆ Ȃ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2 

1 

ᴅфф;. 

ᴅЕЕ;. נфф;. 

 .;ЕЕנ

ⱴ  

ⱴ  

0 

ᴅїl 

їl nנ 0 ⱴ  

n 0  

ⱴ ӈȂ Figure 58 

Challenge 157 e 

Challenge 158 e 

Ref 105 
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ᵣ  

 

ᵣ № ԍҳ № ꜚ ע ̆ Ȃ*1

ᶛ ̆ ѿҩ ᵣ ₯ ̆ῒ╠ ῤẢף ̆↕ ᵣ Ӈ Ӟᴪ Ҋ

’Ҋ  

ᴅф

фע
ף0

װ
&77' 

 

̆ ȁ ȁ ̆ ⱴ└ꜚ ̆ ץ ᾧῒ Ȃ

ץ ҹ қ ̆hhhȂ 

Ӟ ῒ ӥΏȂҹᾧ ̆ ҹ װ ᵣ ⱴ נ  

 

фע:נװ &/..' 

 

ῒҬ ע ̆ ᵣ № Ȃ ױ ᾣ ף

Ҭ ҉ Ȃ ץ ⱴ ⱴנ ᵣ ╠ ̆ ⱴ Ҍ

ԍ ԍ ̆ ℗ ̆Ҍ ᾣ ꜚȂ Ḃ ̆ ӈ

ᵣ װ  
 

фע:נװ &/./' 
 

ῒҬ ע ᾣ Ȃ 

 

 ᾣ └ԅⱴ ᵣ Ȃ 

 

ᶛ ̆ ԍ 9.8 m/s2 ⱴ ̆ ⱴ ̆҉ ₮ԅ 9.2 Pm

̆ ѿᾣ Ȃ └ ̔ Ȃ Ȃ

ׂ̆ ⱴ ֟ ԅ ⱴ Ȃ ₃ Ȃᵰ ₮ ױ

ⱴ Ҭץᵥ ̆ᴪ ̙Ԋ ҉̆ ꜚ ⱴ

ҹ ᴅф-ᴁ Ἡф-ױфᴁо /.оЕk-qф̆ Ҭ ⱴ ӊѿԅȂ

Ӟ ⱴ └ ̙ 

ױ ᵍ≠ ₮ԅ ᵌ ̔ ᾣ̆

ᶏ ᵣҌ ῃ↨ Ȃ ױ ꜚ ᵣ ѿ ̆ ѿ ѿ

ꜚȂ  

 
1* ȁ ( ) ҹ 5.9Ὲ / ̕ ҹ 4.5Ὲ / ̆ ҹ 2Ὲ / Ȃ҉

ѿ ↓₮ ṿȂ 

Challenge 159 s 

Challenge 160 ny 

Challenge 161 s 

Ref 106 

Vol I Table 38 
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̔ Ҭ ѿ ñ -ⱴ  Ҍ ῏ ò 

 

נװ фע &/.0' 

 

҉ ѿ℗ ԍ ָӇ̙ ף ң ̆

ױ Ȃװ ⱴ ױ ҉ ҹ 

 

:װ
2 їע

фףфױ

фפ
&/.1' 

 

ң ̆ ױ Ȃ ╠ ₮ ԍ/.ЕЌkȂ

ᴪ ῃ ̙ Ҭ̆ ᴪױ ⌠ ҩ ҉Ȃ 

 

 

 

 

Challenge 162 s 

Challenge 163 ny 
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Chapter 3 

03 ӈ ӈ 

 

 

⌠ ╠ҹ ̆ ױ ӈ ץ ҹ ̔ 

 
 

¥  ⌠̆ ҩ ѿ ȁ ȁҌ

̆ ñ ò ҹ ᴅЅΦё;077570236;עk-q .,1Ek-qȂ ᾣ

Ḥ ̆ᵖ Ȃ ѿ ԅ

ӈ Ȃ 
 

¥  ̆ ԍ ҩ ̆ᵖ ṿ

̆ Ӟ ̆ ᴶῗ (15) (16) ̆

Ȃ 
 

¥  ̆ ᴍ(mass is equivalent to energy)̆ ꜚ

ᵣ фע;ׂ ױ ₮̆ῒҬ Ҍ Ȃ 
 

¥  ֓ ԍⱴ ̆ᴪ ̆ ᵿ ȁԊ

ᴆ ₮ ץ Ҭ ( ) ₮ Ȃ 

 

 

Ҍֽ ꜚ ̆ ғѿ℗ ᾣ ᴰ ӈ

Ȃ 

ꜚ ῒ ׅ ̆ ῒ ׆ Ҭ ₮ ꜚ Έ

ׅ ̔ ꜚ ȁḠ -ꜚ ꜚ ȁ ȁ ȁ

ἝҌ ( ԑᵬ ̆ ’Ҋ̆ Ἕ ꜚ ӈ )Ȃ

̆ ꜚӞ ̔ ꜚᵬ Ȃ 

 

 

 

 

 

 

Vol I Chapter 1 ÄΈ ӈ 

Vol V Chapter 8 Ä№  
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ᾣ Ӎ̙ 

 

ᾣҍ Ȃ ᴪ

̙ ҩ ׅ ⌠ Ȃ ѿ ̔ñ ̆ ˻

Ὲ Ҭ ṿע ᴪ Ȃò ֲ ԅ ñᾣ ò

Ȃ ̆ ҩ ⌠ Ȃ 

ԍᾣ ῀ԅ ױ ӈ̆Ӟ ῀ԅ ȁ

‰ ת ӊҬȂ ̆ ṿ Ȃ 

 

 ᾣ Ȃ 

 

ᴋᵥ ⌠ ̆ ҹ ѿ℗ Ȃ

ᵰ ᴪ ̔ñ ҉ Һӈ˻ѿ℗ ᾣ Ҍ ̆ ױ ѿ

ҩ ѿҩ ᾣ Ҍ ̆ ױ ≢ ̙ò 

̆ ≢ױ Ȃ ┬ӊ Ȃ ‰ ҉

ᶶ ȂҌḤ ˻ 

ᵍ≠ ᶭ ̆̆ ҹץӟױ ̕ᾣ Ҍ

Ȃᵖ ױ ⌠̆ ױ ҍ ̆ ҍᾣ ̆ ױ

Ҍᴪ ᾣ Ҍ ⌠ ̕ ױ ᴪ ץ ᵞ

⌠ Ȃ 

ӊ̆ ↕҉ ᴺ ‰ Ҍ Ȃ ̆ ֲ Ҍ ע

Ҍ ̕ ע ԅ ꜚῈ Ȃ 

 

 

ӈ  

 

ԅ Ȃ ̆ ̔

ѿҩ Ԋ Ȃ ױ Ҭׅᴪ Ȃ 

ױ ᾣ ̆ ᴶῗ ᴶῗ ᴪ ᴋᵥ Ȃᵖ

Ҭ̆ ᴋᵥ ṿ ⌠ᴋ ṿȂᶛ ̆ ⌠

ꜚ ԍ (ḱ ) ᾥ Ȃ 
 

КׂϿΦЋηϽ;
Ἡעϧ

2ׄ
7,6/.ϔH .,4./.ЕЌEcT

;КϿΦЋηϽ״
Ἡעо

2ׄ
1,0iek-q .,4./.ЕЌEcT-ע

&/.2' 

 

ׂ ᾥ ѿ ҆ṐȂ ̔ ᾣ ̆ ӈ

ᵬҹ ԅȂ  

Challenge 164 s 

Challenge 165 e 

Ref 107 
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̙ Ӈ ̆ ӈ ԅ̙ Ҋ̆

ӈ Ҍ ץ ̆ ң Ȃ 

ᴶῗ ’Ҋ̆ ױ ꜚ ֟ ̔ ⱬ

Ӟ ῤȂ ̆≢ ԅ̆⌠ ╠ҹ ̆ ױ Ẋ Ҭ ץ Ȃ

ᵖ Ҍ ̔ ױ ᴪ ץ̆ ⱬ ׄҹ

ⱬ̆ ԅ Ȃ 

̆ ᴶῗ ’Ҋ̆ ױ ꜚ ᵝ

ꜚ̔ Ȃ ╠ҹ ̆ ѿױ Ẋ ץ ‰ ȂᵖԊ

̔ ױ ᴪ ץ̆ ꜚᵬ Ἡҹ ԅ Ȃ 

ӊ̆ ⱬ ׄ ꜚᵬ Ἡ̆ ңҩ └ԅ ӈ Ȃ

ңҩ ₮ ᾥ ῤȂ ⱬ ׄḱ ԅ ꜚ ̕

ꜚᵬ Ἡḱ ԅ ꜚ Ȃ ң ꜚ ױ Ҋ

ң Ȃ ׆ױ ⱬ Ȃ 
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Chapter 4 

04 ӈ ̔ ⱬ· ҍ ⱬ 

 

 

ӈ Ҍ Ȃ ׂ Ἕ҆ ⱬ ῒ ѿ ̆ Ҭ

Ἕץ ӈ ѿ Ȃ ȁ ⱬ ȁ

Ἕץ ᵿ ѿ Ȃ ӈ ԍ ̆ ע

Ҋ ₃ Ҭ̆ ױ ̔ 

 

 ӈ ԍ ꜚ ⱬ ϩ-2ׄע ̆ ᴇ ̆ 

ӈ ԍ ⱳ  ϧ-2ׄȂע

 

ᾢױ ֓ Ȃ ױ ̆ Ҍ

҉ ⱬ ⱳ Ȃ 

 

 ⱬ( ꜚ ) ⱳ ( )  

ҹ (horizon)Ȃ 

 

̆ ױ ӈ Ȃ ױ ᴪ ҹָӇ

֓ ṿҍ ῏Ȃ ӊԍ ӈ ̆ ᾣ ӊԍ ӈ ̔ ױ

Ȃ ȁ Ȃ ̆ױ ѿ

Ȃ ᶏ ױ ₮ ӈ Ȃ 

ױ ⱬҍⱳ ӊ Һ ᵿ Ȃᵿ ‗ ԅҹָӇ

Ҭ̆ ֓ ѿ Ȃ 

׃ ֓̆ ױ ⱬ Ȃ ױ ױ

Ҭ ᵣ ᾣ ̆ᶛ ̆ḱ Ȃ(ᵰ ╠ ̆ ѿҊ

ҹָӇ ̙) ̆ ױ ᵥ ꜚ Ȃ ױ

ҩ Ȃ ̆ ⱬ ̔ Ȃ 

 

 

Challenge 166 s 

Chapter 2 ¡Ԋᴆ  
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ⱬ̔ ԍѿ  

ᴋᵥ ̆ Һ ӊѿ

⌠ᶏ Ȃ 

(Willard Gibbs) 

 

↨ױ ̆ ⌠ Ҭ ע ῒᵬҹ ̆ ԅ

ӈ Ȃֲױ 21ҕ ӊ∆ ̆ ץ ᵌ ӈ ̔ 
 

 Ҭ ѿҩ Ⱶ(maximum force) ᵣ ꜠ ̔ 
 

׃
ϩע

2ׄ
;1,.036&2'/.ϩоL &/.3' 

 

ѿ℗ Ҭ ⱬ Ҍ ҩṿȂ ṿ ( ) ῒץ Ȃ 

( ) ᵣҬ ̆ ꜛԍ ⱬ Ȃ ҹ ᵣ

̆ ץ ⱬȁ ⱬȁ ⱬ ᴋᵥָӇⱬðð Ҍ ᴋ Ȃ 

ѿ ᵬҹ ̔ 
 

 ѿҩ ꜗ (maximum power) ᵣ ̔ 
 

ו
ϧע

2ׄ
;7,.5/&/'/.ϧЕU &/.4' 

 

ѿ℗ Ҭ ⱳ Ҍ ҩṿȂ ԍ /,0/.ϩЌ ⱬȂѿ

ṿ ̔ ⱳ ԍ ῤ 50ҩ ҹ Ȃ ᾣ

( ) ῤ̆( ) ̆ ԅ ⱳ Ȃ

Ҋ ױ ℗ ⌠ ָӇ̆ץ ҹָӇҍ ֓ ῏Ȃ 

ⱬ ̔ Ӳ  (© Richard Cindric)  

(courtesy CICLOPS, JPL, ESA, NASA) 

Figure 59 

Ref 108 

Ref 109 
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ⱳ ץ ₮ф̆ע ԅ ѿ ̔ 
 

 Ҭ ѿҩ (maximum rate of mass change)̔ 
 

bױ

bᴃ

оע

2ׄ
;/,...71&/'/.оϧie-q &/.5' 

 

̆ └ԅ ȁ Ȃ ῒ ᴋᵥ ̆

Ȃ ᴇԍⱬ ⱳ Ȃ 

ⱬȁⱳ ȁ ̆ ҩ ӈ ̆ ѿ ↓

ȂTable 3↓₮ ѿ ↓ ҍ ױ ӈ

Ṝ̆ (Table 2)ѿ Ȃῒ ע ׄ Ҍ ⌠ ⱬ

Ҍ Ȃ ᾢ̆ ױ ̆ ’Ҋ Ȃῒ

̆ ױ ԍ ȁ ’̆ ‗ ᵿ Ȃ

̆ҹԅ ҹ ̆ ӊץ ₮ ӈ Ȃ  

 

 

 

 

  

ⱬ ϩ-2ׄע Ҍ  

⌠ⱬṿ <עϩ-2ׄ  

ѿ℗  

ѿ℗  

ᶏ ⱬṿ <עϩ-2ׄ  

ⱬṿ <עϩ-2ׄ   

ѿ℗  

‗ѿ℗  

ⱬ ṿ עϩ-2ׄ̆ 

ѿ  

ӊ ₮ ӈ  

ѿ℗  

 

 

҈ ӈ ∆ Ȃ Ԋ ׆ ṿ Ȃ 

 

 

 

ᵥ ֲ̆ז Ҭ ⱬ ϩ-2ׄע ⱳ ϧ-2ׄȂע

ҍ Table 2῏ԍ ץ Vol IV Table 1῏ԍ ꜚᵬ

Ȃ 

Table 3 
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ⱬҍⱳ ӈ 

 

19ȁ20ҕ ̆ ⱬ ⱬ Ȃ ῗ(Heinrich Hertz) ‗

ѿ ̆ Ώԅ ⱬ ῖⱬ ӥ̆ ⱬ Ȃ ӊ

ױ ӥ̆ ғ׆ Ҭ ῃ− ԅñⱬòѿ Ȃ ̆

ñ ⱬ(gravitational force)ò ҹñN ⱬ(pseudo-force)ò̆ ӊ׆ ӈ Ҭ− Ȃⱬ

ԅȂ 

̆ ⱬ ӈ̆ ױ ⱬ ӈ ⱬΐ ҹ̔ 

 

 Ⱶ(force) ᵝ ῤ ꜠ (flow of momentum)Ȃ 

 

Ҭ̆ꜚ Ҍ Ҍ Ȃ ױ ñ ò ҩ ꜚ̆ױ ҩ ̆

῀ ₮ Ȃ ӊ̆ 

 

 ꜚ ̆Ӟ ⱬ̆ ԍ (boundary surface)Ȃ 

 

῏ Ȃ ױ ⌠ ѿ ⱬ̆ῒ ñ ò ҩ ꜚ

Ȃғ ҩ Ȃ 

 

 ⱬ ҩ Ȃ 

 

ⱬ ԍѿҩ ̆ꜚ Ȃ ӈ Ҭ̆

ғ ̕ ӈ Ҭ̆ⱬ ғ Ȃ ⱬ ⱬȂ 

ӈ ⱬ Ҋ̔ⱬᶏ ᵣҌ Ȃ( (geodesic)

ᵣ Ȃ) ⱬ ᵥ └ Ҍ ̕ҹԅΐᵣ ȁ Ḃ

̆ ץ ⱬ ȂҌ ̆ᴋᵥ ⱬ ꜚ ̆ ԍᴋᵥ ̆

Ȃ ( ) ᵣ̆ Ҍ Ȃ 

ⱬ ҹ Ҋ ̔ᴋᵥ (ῒ҉ )̆ ꜚ

№( )̆ Ҍ ṿ ϩ-2ׄע Ȃ ᵥ ̆

̔ 

 

 ҉̆ Ȃ 

 

ױ ̆ ӈ Ҭ ̆ Ἕ ӈ Ҭ ѿ ̆

̆ ױ ץ Ҍ Ȃ 

ⱬ ȁ ȁ ꜚȁ ᵣ ⱴ

ԅ Ȃᴋᵥ ֟ ȁ ᵣ ӊⱬȂ׆ ⌠ ̆

̆ Ҍ Ȃ 

Ref 110 



 

 

 
04ӈ ̔ ⱬ ҍ ⱬ 

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 

ⱬ ₮ԅ ֲ ̔ Ҭ ⱬ ץ ̆ ҍ ‰ Ȃ 

 

 ⱬ ᶫԅⱬ ᵣ(natural unit)̔ ᾫⱵ(Planck force)Ȃ 

 

ҩ ᵝ ԍ ᵝ└( ᾥ ᾣ ȁע ⱬ ׄȁꜚᵬ ׂ)ק Ἡ;

₮ (0-ק ᵝ└*1)Ȃ ⱬҹⱬ ᶫԅѿ ‰Ȃ 

ⱬ ϩ-2ׄע ҍ ᾥ ∆ ₮ ᵝ ң Ҍ Ȃ ᾢ̆ ṿ Ҍ (

ᾥ ׄ-ϩע )Ȃῒ ̆ⱬ ᵝ ҩ ṿ̆ ҍ ᵬ Ȃ ױ

⌠̆ῒ ᾥ ᵝӞ ΐ Ȃ 1/4 ӈ̔ ᶏ ӈ

ṿȂӞ 1/4 ⌠ ⱬȂ

ԅ ̆ ⱬ( ⱳ ) ԍ(ḱ ) ᾥ ḱ)ץ ) ᾥ (

)Ȃ 

ⱬ ϩ-2ׄע ᾣ ע ⱬ ׄ̆ ҩ ⱬ Ȃ

ӈ ₮̆ ᴅ ע ѿ℗ Ȃ ᵌ ̆ ӈ

₮̆ ’Ҋ̆ⱬ׃ ϩ-2Ĕע ⱳ ו ϧ-2ׄȂע ⱬ

ⱳ Ṝ̆ ԍ ꜚȁ ᵣȁ▲ ⱴ Ҍ ̕

̆ ז ᵝ ṿ̆ ғ ( )̆

ғҍ Ȃ ֓ ᴆҍ ӈ Ҭ Ȃ 

ⱬ 3-ⱬ̕ⱳ ⱳ Ȃ ӊ̆3-  

3-ⱬ Ȃ 

ԍⱳ ⱬӗ ̆ ғ ԍ ̆ ⱬҍⱳ ңҩ ᴇȂ

ױ ⌠̆ 4-ⱬ ӈҬ̆ⱬ ⱳ ₮ Ȃ 3-ⱬ 3-ⱬ

ῒ ҩ№ Ȃ( ױ ץ̆⌠ ṿ (boost)̆Ҍ ᾥ ⱬ ⱳ

Ȃ)ⱳ └ԅ ȁ ȁ ᾣȁ ȁ ȁ ⱬ ₮Ȃ

ⱳ ₮̆ ӊ ꜚ Ȃ 

(exhaust)̆Ӟ ֓ ̆ ꜛԍ ⱳ

Ȃ ȁ ȁ ̆ ₮ ̕ ₮ ̕

ᵣ̕ ₮ ̕ᾣ ꜚ ₮ Ȃ ⱳ

ṿ̆ - ᴪ ▲ ⱴȂ ₮ ̆ ̆

ῒ ⱬӞᴪ ԍ ױ ѿ ⱴ Ȃ 

 

 ⱳ ̆ ῤ ┼꜠(braking) └̕ └ꜚ └ ⱬȂ 

 

ⱬȁ ⱳ ᵌӍ Ҍ ԅȂ ̆ ױ

ᴋⱵ Ȃ 

 
1* ᾥ ꜚᵬ Ṝ ⌠̆ ץ ҹ ӈ ᵝȂז

ҍז ҂ ᾙ ז̆ ԅѿҩ ҆ ⱬ Ȃ 

Ref 111 

Vol VI page 27 

Equation 127 

Vol IV Chapter 1 Äꜚ ᵬ  

Equation 64 

Chapter 4 ¡ ⱬ  
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ⱬ ѿ ̆ ᾢ Ȃ ᾥ Ҍ

ⱬ ᾣ ṿ Ȃ ֲ ῀ ⱬ ⱬ ⱳ

̆ᵖ ץ ̆ ȁ ̆ ⌠ ԍ҉

ⱬṿȂ ֲ ᶏ ԍᾣ Ȃᵖ ֲ ֟ ԍ

ṿ ⱬȂ 

ῤ ̆ ⱴ ȁ ҍ ԑᵬ Ҋ̆

ⱴ ̆ᵖ ⱬṿ ԍⱬ ȂҬ Ҭ Ҭ ȁ Ҭ ᾥȁ

⌠ ῀ Ӟ Ȃ ̆ ᶏⱬ ⌠ ⱬ

̆ ꞋȂ 

̆ ⱬץ ῤױ ⱬ ᵞԍ ṿȂ №

ң ̆ Ӎ ⅞№̆ ң ӊ ԑᵬ Ҍᴪ ( ᴪ ӈ

ñ Ӎ ⅞№ò̕ ⅞№Ҍ ̆Ӟ ץ ⱬ ᶛȂᵰ

ᶛ)Ȃ 

Ӟ ᴋᵥ ( ׃ ) ⌠ ⱬ ȂԊ

҉̆ ᴧ ԍ ṿ ⱬ̆ ԍ

Ȃ 

ⱳ Ӟ ץ Ȃ ᵣȁ ᵣȁ ‖ ȁᵍ ȁ ȁ

ⱳ ᾣ ̆ҍⱳ ̆ᵖ׆ ⌠ ’Ȃ

Ҭ ₮ ᾣӊ ӞҌ Ȃ ᶏ ֦ ⱬ ̆ Ҭ

̆ӞҌᴪ ⱳ Ȃᶛ ̆2016 ╠ ⌠

Ԋᴆ̆ 0.2 ῤ 3ҩ ҹԅ ̆ῒⱳ ⱳ ϧ-2ׄע

ᵞ ҈ Ṑ̆ ṿⱳ ᵞ ҈ ṐȂ ̆ῒ֦

⌠ⱳ ̆ᵖ ׂ ⌠ ԊᴆȂ( ԍ ѿ֓ ץ

ⱳ ̆ ₮ ԅ ꜗ ᶅ (power paradox)̆ Ȃ) 

̆ ⌠ ᵞ₃ҩ Ȃ ᶏ ҉

ҍ ᵌ ̆ᶛ (silent acoustical black hole) ᾣ (optical 

black hole)̆ӞҌᴪᶏ Ҭ ⱬ ⱳ Ȃ 

ӊ̆ ’ᴪ ѿֲ֓ Ȃ Ҍ ṿȂ ̆ ֓

ӞҌ ץ ֓ Ȃ ҹ Ҭ Ȃᵬҹ ӈ

₃Ӎ Ҍ ̕ ⱬ ⱳ ₃Ӎ Ȃ ױ

₮ѿ֓Ҍӄ Ғ Ȃ 

 

Challenge 167 s 

Challenge 168 s 

Ref 113 

Ref 112 

Ref 114 

Chapter 4 ¡ⱳ  

Chapter 4 ¡  



 

 

 
04ӈ ̔ ⱬ ҍ ⱬ 

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

 

109 

ӈ 1 

 

ҹԅ ⱬҍⱳ ҹ ֽ̆ Ҍױ Ҍ

̕ ױ ԅ ҩ ӈ Ȃ( ֽ ԅ ӈ

Ȃῒז ץ ⌠Ҋѿ Ȃ) 

ҹ ̆ ױ ה ֓ ԅ Ȃ ӈ Ҭ̆

Һ ᾣ̆ ᾣץ ӈ Ҭ ̕ ӈ Ҭ̆

Ҍ Ȃ ᾢ ⌠̆Ҍ ᵩ ῤ ⱬ( ⱳ )̔ ↕̆

(boost)*2 ץ ⱬ( ⱳ ) ⌠ Ȃ (surface)҉

ᵩ (volume)ῤ ⱬ ⱳ Ȃ Ȃ ֓

ӈ ̆ ҹ (horizon)Ȃ 

 

 ⱬ ⱳ ₮ ҉Ȃ 

 

ױ ӈ Ҭ∆ ̆ ӈҹ └ Ȃ(

(horizon) ѿ ̆ Ҍ ѿҩ Ȃ)⌠ԅ ̆ ӈҹⱬ( ⱳ

) ̆ ᴇԍᾢ╠ ӈ Ḥ ̔ ҩ ̆ᴋᵥ ԑᵬ

Ҍ ҩ Ȃ 

ⱬ ⱬ ñѿҩҬ ò̆ ӈ Ҭᾣҍ

ѿ Ȃ ױ ӈ Ҭ≠ ᾣ ᴶῗ ̕ ӈ

Ҭ̆ ↕ױ Ҭ ⱬ( ⱬ)̆ ӈ

Ȃҹ ̆ ױ ᾢ ⌠̆ Ȃ ᶭ

Ȃ Ҍ ̆ ҹ ᵈ Ȃ 

Figure 60 ̆ ң Ȃᾢ ⱬ ⱳ

ⱬ ѿñ ò̕ Ῥ ѿñ ò ӈ Ȃ 

 

 

 

 

 

 

 

 

 

 

 
1*  ∆ ȂῒҬ ⌠ ץ ⌠ 2003 12 Ȃ 

2*  ӈ Ҭ (boost) ̔ ⌠ ԍ ꜚ ѿ ҉Ȃ  

꜠ ϩ-2ׄע   
 

ϧ-2ׄע   
 

о-2ׄע   

Е 

Ⱶ ҅ñ ò 

ӎ  

 
ᴇԍ
ᴆ 

ң ̔ ⱬ ⱳ ҍ ӈ ᴇ Ȃ Figure 60 

ᴇԍ
ᴆ 

Ref 109 , Ref 111 

Chapter 4 ¡ ⱬ 

Chapter 2 ¡  
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̆ ԍ Ȃ ῒ ח

̆ ᴇ ̆ ῒ ⱬ ┴נ ̆ԋ ῏ ҹ фȂע;חנ0 ⌠̆ ᴰ

̆ ᴋᵥ ̆ ױ ץ ӊҹ ‖Ȃᴋᵥ

‖ ץ ׂ ב Ȃ ‖ ̆

҉ ⌠ ꜚ ⱬҹ 
 

;׃
ׂ

ב
&/.6' 

 

ױ ⱬ ӈ ̆ ҉ ⱬȂ ̆ ױ

(108) ңᶷף῀ ṿ̆ ₮ ӈ Ȃ 

ⱬ ф̆ח2 ױ ⌠ 

 

ϩע

2ׄ
;
фח2

־

ׂ

ב
&/.7' 

 

№ ־ׂ- ᴋ № ־ ᵝ Ȃ ⌠̆ ‖

Ҍב ̆ח ב ̆ח └ ₃ᵥ ׆̔ ₭

̆ ‖ ԍ Ȃ ץ └̔ ӈ ̆ⱴ ҹ

נ ᵣ̆ῒ L ⌠ └ ב Ȃנф-0ע ӈ ̆ ҩ ҍ

₮ ῏Ȃ ⱬ ῏ (109)̆Ḃ ԅ Ҋ

῏ ̔  

ׂ;
фע

6ׄ
־נ &//.' 

 

↕ (horizon equation) ԅ ҉ ־ ׂ̆ ҍῒ

ⱬ Ȃנ ₮̆ ̆ ҍ ̆ҍ ⱬ

Ȃ Ӟ ҹ ⱬ ѿ Ⱶ ҅ (first law of horizon 

mechanics)Ȃ 

҉ ₮ԅҬ  
 

ׂ
ϩע

/4ׄ

־

ב
&///' 

 

̆ ‖ ( ⱬ)̆ ԅ

ӊ ̆ ῒ ץ Ȃ ⱬ └ ꜚȂ ῒ

₮ ᵌ ̆ ⱬ ῤ Ȃ 

ѿ ⱳ׆ ץ̆ ;ו ∆ᵬҹיׂ- Ȃ  

Ref 115 

Ref 116 
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̆ (110) (111) ֽ ԍң Ẋ ̔ ѿ̆ Ҭ

̕ ԋ̆ Ҭ ⱬ( ⱳ )Ȃ Ẋ ΐᵣ ⱬ Ȃӊ ᴪ

⌠̆ ץ Ȃ 

Ҋ ̆ ױ ׆ ⌠ѿ Ȃ ԍẊ ⱬ

̆ ⱴ ̆ Ȃ ԍҌ ↕

̆ ҹ 
 

ׂ;
фע

6ׄ
נ ־ &//0' 

 

↕ №῏ ҹ ӎ (general horizon equation)̆ ԍᴋᵥ

Ȃ ץ ԍꜚ ҩ №  Ȃ־

ӈ (112) 1995 ץ ҹ ᴇԍ ӈ ̆

(Jacobson) ( ) ԅ ᴇ Ȃ ױ ̔ № Ҭ

ᵝ̆ bᴇ;עbᴃӊԍ Ȃׂ ױ ̆ ѿ ῏

№ (112)Ȃ 

ѿץ ̆ ԍᴋᵥ ( ᶏҌ ) ̆ ҹ ב

‖ ҹ̆ ᴪ ӈȂ ҉ ̆ ױ ⌠  

 

ׂ

־

ϩע

/4ׄ

/

ב
&//1' 

 

ֽ ־ Ȃ ӊ̆ Ҭ ׂ ¡־ ṿ ᶷ̆

Ȃ ױ ᵿ ̆ ῏ ᴪ Ȃ 

̆ ҉ ‖ ב ׆ ב נф-0̆ע ↕ ӈ

ⱬ ϩ-2ׄע ⱳ ϧ-2ׄע Ȃ ב נф-0ע Ȃ

̆ ңҩ Ȃ ױ ⌠̆ ( ᴇ ⱬ ⱳ ) 

bױ-bᴃ о-2ׄע Ȃ  

ԋ ׆̔ ӈ ӈ Ȃ ₮ԅ ̆Ҋ

↓₮ Ȃ׆ ӈ (112)⌠ ̆ ӈ ⌠ѿ

ץ ꜚ ѿ Ȃ ῀ ԍ Ȃ 

ӎ ᾣb ץ (local boost 

Killing vector field) ΐ) ת )̆ ӈ (112) ᶷΏҹ 

 

ׂ; ᴥי βתᵜb ᵝ &//2' 

 

ῒҬ̆ᴥי  β ꜠ Ȃ ₮ԅᴋ ȁᴋ Ȃ  

Ref 117 

Ref 117 
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Һ ̆≠ ( ₃ᵥ ) ӓ (Raychaudhuri equation)̆

ӈ (112) ᶷ ̆־נ Ώҹ 

 

נ фע;־ ᴥח βתᵜb ᵝ &//3' 

 

ῒҬ̆ᴥח ᵝ (Ricci tensor)Ȃ ԅ ᵥ

‗ Ȃ 

ң ̆ ӈ (112) ᵬ 

 

ᴥי βתᵜb ᵝ;
ϩע

6ׄ
ᴥח βתᵜb ᵝ &//4' 

 

̆ ץ ( ꜚ ҹ )̆↕

 

ᴥי ;β
ϩע

6 ׄ
ᴥח ᵝ

/

0
(ח ᴥצᵝ &//5' 

 

ῒҬ̆ח ̆ № ̆ῒṿҌ ‗ Ȃ ӈ

̆ ԅ Ȃ ₮̆ ױ

Ȃ  

ԍ ̆ ץ ᴋ ѿ  ( ╠ ̆

ⱴ )̆ ץ ҩ Ȃ ѿ ԅ

Ȃ ԍ ⱬ ̆ ױ ̆ ҩ

ⱬ̔ ⱬ ṿ Ҍ Ȃ 

ӊ̆ ӈ ̆ ⱬ

( ⱳ ) Ȃῒ ̆ ̆ Ȃ Ӑ̆ Ⱶ( ꜗ

)ȁ ȁ ӎ ̆ ᴍ Ȃ 

⌠ֽ̆ ⱬ ₃ᵥẊ Ҋ̆׆ ⱬⱳ ₮ ӈ

Ȃ ӈ Ȃ ⱬ └ ԍῒ ̆

ׂ ̆ Ӈ Ҍᴪ ₮ ⱬԍ ⱬ ᴇ Ȃ 

׆ ⱬ ⱳ ₮ ӈ ̆ ױ

ῃ ң ҹ Ⱶ(horizon force)ҍ ꜗ (horizon power)Ȃ ѿ

̆ ֓ Ȃ 

 

 

Chapter 2 ¡ ӊ  
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ⱬĿ Ŀ Ŀ ⱬ 

 

ӊ╠ ѿ ̔ ң ꜚ̆ң

╠ ̕ ѿ ױז̆ ױז ҌῬ ꜚ̆↕ ױז

҉ ꜚ( ˻) Ҭ ꜚȂ Ẓ ꜚ ץ

ᵣ ῒ ᵣ ⌠Ȃ ױ ₮ ̔ ᵣ

Ȃ ̔ ⱬ Ȃ 

ⱬ֟ ⱴ ̆ⱴ נ-фע ֟ Ȃ Ҭ ₮ ̆

ҹ ⱴ ֟ Ҍ Ȃ ѿ ᵣ ̆ῒ

Ҭԍ ҹ ᴁ;0ׄ фע-ױ ӊῤ̆ ᵣ ҹ( Schwarzschild)

(black hole)Ȃ ҹ ױ ̆ Ҭ Ȃ  

ᵬ ᵣҬ Ȃ ӊױ Ῥ Ȃ ᴋᵥ ѿ

̆ Ҍ ⌠ῒ ñ ò қ Ȃ*1 

ῒץ ⱬ נ ׂ┴ Ȃ 

 

 ⱬ ̆ ҉̆ ҍ ⱬ Ȃ 

 

ӈ Ȃ ≢ ̆ ⱬṿ ץ ᵥ Ȃ ױ

῏ Ȃ 

Ҭ ⱬ ̆↕ ᴋ ñ ò ̆ ᴋᵥ

Ȃ ̆ Ҍҍ ̆ ҌῬΐ ױ ΐ ̆ ӈ

Ӟ Ҍ Ȃ ȁ ꜚ ȁ ̆ҍ Ȃ

Ҭ ҹ ̆ Ҭ ȁꜚ ȁ ῀ Ȃ 

ӈ ӈ ӊ ץ ѿ ̔ ӈ Ҭ̆

bᴇ;עbᴃ̆ ‗ԍ ̕ ӈ Ҭ̆ ⱬ( ⱳ )

ׂ; ᵞʜ

ϔ ᵈ
ץ־נ Ȃ ӈ Ȃ ӊ̔ 

 

 ⱬ ᵣ ץ ᵥ Ȃ 

 

̆ ⱬ( ⱳ ) ӈ Ҭ ᵬ ̆ Ἕ ӈ Ҭ

Ȃ ӈ Ҭ̆ᾣ ע ̕ bᴇ;עbᴃ ̆

ᶛ Ȃ ӈ Ҭ̆ ⱬ ⱬ̕ ( ץ 2 ) Ҭ

ҹ ᶛ ȂҹָӇ ⱬ ᶛ ̙

ᵬ׃ ̆↕ ⱬ ̆Ӟ ⱬȂᴧ ̆

Ҭ ̆ ᶛ ̆Ӟ ṿȂ  

 
1*  ᵌ ̆ ӈ Ҭ̆Ҍ ⌠ ᾣ (light barrie) ꜚ қ Ȃ 

Challenge 169 ny 

Ref 109 

Chapter 9 

Chapter 9 
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*1̆ῒ Ȃ Ҍ ΐᵣ ₃ᵥ

̆ ӈ Ⱶ(stress, ᵝ ⱬ)ҍ (strain, ᶛ)ӊ

Ȃᶛ ◑⅓ (shear modulus) ׄ ( ) ᶏ Ҭңҩ ԑ ꜚ

̆ ⱬ׃ᶏ װ ־ ꜚ װ̆ ↕◄℗ ׄ ӈҹ 
 

׃

־
;ׄ

װ

װ
&//6' 

 

ҍ ◄℗ ׄṿ 25 80 GPaӊ Ȃ ᵣ ̆ ԍ

ᴋᵥ ᵣ ᵣ(ñ ò ᵣ)̆ ◑ Ⱶ(theoretical shear stress)̔ ⱴ

ԍ ṿ ⱬ̆ ᴪ Ȃ ◄ ⱬ̆ Ҭ ⱬ̆ Ҋ ₮ 
 

ᵯׄᵮᵮ;
ׄ

0
&//7' 

 

̆ ⱬҺ ◄℗ ₮Ȃ ױ Ҭ ȂԊ

҉̆ ꜛԍ ӈ ̆ ᵬ Ȃ 

ⱬᴪ ̙Ἕ ᵣ ̙ Ҍ ̆ᵖῒ ᴪ₮

Ȃ ױ Ῥ Ạԅ ̆ ԍ ᵣ̆ ױ ᾢ ̆

ѿ № Ȃ  

 
 

ⱬ ⱳ ᴆ 
 

ⱬ ҈ҩ ᴆ̆ ԍ ̔  

ѿ̆( )ᾣ ֽ ꜚ ꜚ҉ Ȃ ץ ᾣ

Ȃ◄₴֜ ȁ ᾣ ȁ ȁ ̆ ץ ᾣ Ȃ

ֽ ꜚ Ȃ 

ԋֽ̆ ꜚ ̆ᾣ ҩ ̔ ֲ

ꜚ̆ ꜚ ᴪ ᾣ ̕ (Friedmann universe)Ҭ ץ

ԍᾣ Ȃ ֽ Ȃ 

҈̆ ̆Ӟ ̆

ᾣ ꜚ Ȃᴋᵥץᾣ ᾣ ꜚ Ҍ ҹ Ȃ

ֽ ԍ Ȃ 

ⱬȁ ⱳ ̆Ӟ ҈ҩ ᴆȂ ҈ ῒ ̆ ⱬ

ᵣ̔ Ҍױ Ȃ ᾣ ꜚ ӞҌ Ȃ

↕ ץ ⌠ ⱬ ᶛȂ ᶛ̆ ғ ̆ ѿ

Ȃ ױ ѿ֓ ’Ȃ

 
1* ᴪ ᵰ ץ⌠ (aether) ̙≢ ̔ Ҍ ץ ̆ ҹ ҍ

№Ȃ ӈ ҹѿ ץ ꜚ ̆ᵖҌ Ӟ ץ῀ Ȃ 

Challenge 170 s 

Ref 118 

Ref 119 

Vol VI page 303 

Chapter 1¡  

Vol III Chapter 3 Ä ץ≢  
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̔ⱬ  

 

Wenn eine Idee am Horizonte eben aufgeht, ist 

gewöhnlich die Temperatur der Seele dabei sehr kalt. 

Erst allmählich entwickelt die Idee ihre Wärme, und am 

heissesten ist diese (das heisst sie tut ihre grössten 

Wirkungen), wenn der Glaube an die Idee schon wieder 

im Sinken ist. 

*1 

 

ⱬ ȁ ѿ ̆ҍ Ȃ ᴋᵥ

֟ ӊⱬ̕ᵖ ױ ̆ (imaginable) ⱬӞ Ȃ

20ҕ ץ∆ ᴰ ̆ Ạ Ҿ (Gedanken experiment)̆

Gedankenexperiment̆ñ (thought experiment)ò Ȃ 

ֲ̆ ҹ ̆ ץ ҹᴋᵥ ṿȂⱬӞ

ᵌ̔ⱬ ̆ ץ ⱬҹᴋ ṿȂ 

ҹԅ ѿ℗ ̆ ⱴ ᾣ ꜚ

ԅȂ ԍ ⱬ̆ᴋⱵ Ȃ ⱬȁ ⱳ ȁ ̆

Ȃ 

* * 

ꜚⱬ Ȃ ⱬ Ⱳ ̆ ԍ ṿ ⱬ ⱴ Ȃⱴ

̆ ԍ (112) (113)Ȃ ᴋᵥ ⱬ

Ҭ̆ ꜚ ᴪ ₮ Ȃ ᴪ ⱬ ̆ ҹ ԑᵬ

ⱴԅ └Ȃ 

ױ ѿҊ ԑᵬ Ȃ ӈ Ҭ̆ ױ ⱴ └ԅ

ῒ Ȃҍⱴ נ ̆ ҹ נф-0ע ̆ᴪ₮ ̆ ⱴ ᴪ

Ȃ ӊ̆ ҹגȁ ҹ ח ᵣ҉ ⱬ׃ Ӟ └ҹ 
 

׃
ג

ח0
фע &/0.' 

 

ⱴ ᵣ ̆ῒ ԍ 0ׄ;ח  ῀ףф̆ע-ג

҉ ₮ ⱬ (105)Ȃ ⱬ ꜚⱬ Ȃ   

 
1 ñ ѿ ∆ ԍ ̆ —‛Ȃ ̆ ῒ ҹ  (

ῒ ⱬ ⌠ ӊ )̆ ῒ Ḥᴀ ȁ ӊ Ȃò ·

( Friedrich Nietzsche,1844-1900)̆ Ȃ ז ȇֲ ȁ ֲ

(Menschliches Allzumenschliches)· ז · 207 Ȉ 

Chapter 2¡  
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* * 

ⱬ Ȃ Ӟױ ץ Ҭ֟ ⱬ̆ᶛ ѿ ң

( Ẋ Ҍ )Ȃᴋᵥ ₡Ṣ ל ֟ ⱬȂҹԅ֟

ṿ ⱬ̆ ҬỮ ל Ȃ ң׆ ῀Ȃ Ҭ ⱬ

̆ ῤỮ ל Ȃ ⱬ ̆↕ ᵝ

ᵝ ҉ ⱴ ̆ԍ Ҍ ᾧ ₮ Ȃ ԅ̆

Ҍ ̆Ӟ ˻ Ӈ ̆ Ӈ ҍ

№ Ȃ 

 

 ӊⱬȂ 

 

ғҌ ⱬ ̆ᵥ’ Ȃ 

ῒ Ҭ ⱬ̆ ץ ⱬ̆Ӟ ץ ⱬ̆Ҍ Ἕ Ȃ ң ᵣ ԑ

̆ ԍ └̆ Ҍ ⱴⱬṿ ᴪ Ȃ ӈ̆

ⱬ Ȃ ԍ ≠ ̆ ѿ ̆

ⱬ ԅȂ ӊ̆ ⱬҌ ⱬ Ȃ 

* * 

└ꜚ Ȃⱬ ꜚ Ȃ Ҍ ѿ ̔ └ꜚ/ Ả

׆̆ꜚ ⱬ Ȃ ױ ׆ ӈ ̆ Ҭ ↨ᵣ̆ ᶏ

ᵣҌ Ả ̕ᵖ ӈ └ Ҋ ȂҌ ԅ

ⱬ Ҍ ԅȂ Ả ꜚ ̆ ᵝ Ҍ ₮

ṿȂ └ꜚ ᵣҌ ⱬ Ȃ  

̆ / Ҍ └ꜚ̆Ӟ ῤᴰ Ữѿ

Ȃᶛ ׆ ҉ ̆ꜚ ̆֟ ⱬȂ ̆

ԍ ⱬ ̙Ҍ Ȃ ᴪ ꜚ ⌠ ₮ ׆̆

֟ Ȃ ҌῬ ԅȂ ̆ / ӞҌ Ȃ 

* * 

ῖ Ȃ ȁ ȁ ȁ┤ Ҍ ̆ Ӈ ̙ᵖ ᾣ ȁ ⱬ

ῒ ָӇ ̆ ῃ Ȃ ῒ ѿ ⱬ ̔Ҍ

ᾣҍ └ ԍ ϩ-2ׄע ꜚ Ȃ 

ᶏ ᾣ ѿ ̆ӞҌ ֟ ӊⱬ̆ᴪ ҍ ’ ̔

⌠ (113) ₮ ṿ ̆־ׂ- ᴪ₮ Ȃ 

* *  

Chapter 2¡  
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Ȃ ץ ΐᵣ Ҹ ⱬҍⱳ Ȃ

ⱬ Ȃ ᶏ ѿ ̆ӞҌᴪ ῒ ҉֟

ⱬ̔ ⱬ ⁞ ̆ №̆ ҩҌ ⱬ ṿȂ ⱴ

̆ Ӈ ҍ Ȃ ԍⱬ Ȃ 

* * 

Ȃ ᵌ̆ ץ ѿ (boost)̆ Ҭ 3-ⱬ׃ ҹ

ѿ Ҭᴋ ṿ̙׃ Ӟ˻ Ҭ Ҍᴪ 3-ⱬ ̆ ̔

ѿ℗ 3-ⱬ̆ץ ⱬҹ ̆ ꜚ Ҭ 3-ⱬṿ Ȃ( ҍץ 3-

’ ̆ ӇẠ ̆ Ҍ ṿ̕Ҍע ӞҌ ῃѿ ̆ ҹ 3-

ⱬ 3- ҹ Ҍ Ȃ) 

* * 

Ȃ ҍ ( ;.) ҹ ף ̆ ᵣ ױ ⱬ Ҋ

₮ 

;׃
ױגׄ

фף / 0ׄ ג
фעף

&/0/' 

 

ҍӊ ᵌ̆҆ ⱬ ̆ңҩ ᵣ ױ ג ӊ ⱬҹ 
 

;׃
ױגׄ

фף
&/00' 

 

ԋ ᴋ ṿ̔ ף ̆↕ⱬ ̆ ᵌ ָӇ ⱬ Ȃ  

ᵖ ̆ᶏ ⱬ (point-like mass) Ҍñ òȂῬ Ӈ ҩ

ᵣ Ӟ̆ױ ѿҩ ̆Ҍ ̆ Ҋ ₮ 
 

;ЅўЋף
0ׄ ױ

фע
&/01' 

 

Ȃ ᶏңҩ ᵣҌ ̆Ӟ

ԅ ̆ Ȃ ̆ Ҭ ѿҩҍ ᶛ (

) Ȃ (121) (122)Ҭ ῀ ҩ ̆ ױ ⌠ 

 

;׃
ϩע

2ׄ

ױג

ф'ױ(ג&
/

/ ג ¡'ױ(ג&

ϩע

2ׄ
&/02' 

 

 

 

Ref 113 

Ref 120 

Chapter 2¡4-ⱬ 
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҆ ⱬ ᵌ ҹ 

 

;׃
ϩע

2ׄ

ױג

ф'ױ(ג&
ϩע

2ׄ
&/03' 

 

ң ’Ҋ̆ ᵣ ̆ Ҍᴪ ⱬṿȂ 

* * 

ѿ Ȃ Ҍ ̆ ױ ̔ ꜚ

ӈ( ṿ №)Ȃ ӈ Ҭ̆

Ҍ ̆ᵖӞ ץ ̆ ץ ӈ ҹ Ҍ ⁞

Ȃ ̆ ̆ ҩ ᴪ ᾥ Ȃᵖ ӈ Ҭ

ῖ ԍ ᾥṿ̆ Ҍץ Ȃ 

* * 

Ȃ Ҍ ̆↕ № ׆̆ ᾥ ⱬ

Ȃᵖ ֓ Ҍ ̆ Ẋױ ץ ̕ ↕

ᾥ ₮ ῤ Ҍ Ȃѿ ̆ Ҍᾛ ⱬȂ 

* * 

Ȃᴋᵥ ̆ ꜚ ⱴ ꜚ̆Ӟ

Ҍ ⱬ Ȃ ױ ῖ Ҭӟ ԍ ҹ ԑᵬ ᴋץ Ȃ

ᵖ ѿ℗ ̆ ῒҌ ԍ Ȃ ױז ̆ᵄ

ԑᵬ ̆ᴪ ̆ Ȃ 

* * 

Ȃ ױ ץ ▲ ⱴ ̆ ᶏӊҍῒ

ⱬ Ȃң ԑ ᴪ₮ ⱬȂᵖ ң ⌠

ⱬ ̆↕ᴪ ӊ╠̆ ₮ Ȃ 

Ӟ ₮ԅ ῃ Ȃῒ ҹⱴ ԅ ̆ ԍ

ҹ ױ ̆  

נ
фעױ0

Ἡ
&/04' 

 

ῒҬ̆Ἡ;/,//.оϩHq꜠ᵲ (quantum of action)̆ Ȃ ≢

ⱴ ȁ ֟ Ҭ ѿⱴ Ȃᶛ

֟ (126)Ȃף῀

̆ (ḱ ) ᾥ ̆ ױ (126) ⱬ ᵬ ⱬ ҉ Ȃ 

Challenge 171 e 

Ref 109 , Ref 111 

Ref 121 

Vol VI page 40 
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* *  

Ȃ ̙ ꜚⱬ ̆

ԍ ҍ ꜚⱬ Ȃ ꜚⱬ Ҭ̆ ҍ

῏̔ ̆↕ ⁞ Ȃ ̆

ᵣ ̆ ᴇ ̆ⱬ Ҍ Ȃ 

* * 

ⱬ Ȃ ӈ Ҭ̆Ҍ ⱴ ̕ⱬӞҌ ⱴ

̔ᴋᵥ ⱬ ⱴ ᴪ֟ Ȃ ӥἝ

ҹѿ ⱬ ̆ ⱬ ₮ ҬԅȂ(Ҥ

ӈ Ȃ) Ҭ̆ ⱬҌ ⱴ Ȃ  

* *  

ӈ Ҭ̆ ᵣ Ҭ ꜚ ᾣ ̆↕ Ҭ֞ Ȃᵰ

ѿҩ Ҭ ԍҌ ϩ-2ׄע ⱬ ᴋᵥῒ ҬӞ ԍ ̙ 

* *  

ץ ֟ ⱬȂᵖ Ŀ (John Barrow) ⱴ Ŀ (Gary 

Gibbons) ̆ Ӟ ԅȂ 

* *  

ᵰ Ῥ ₮ ᵀѿ ⱬ ̙ 

 

 

̔ⱳ ҍ  

 

ҍⱬ ѿ ̆ⱳ ԍѿ℗ ȂץҊ ѿ֓

Ȃ 

* *  

Ȃ ѿ ѿ ( ) ⱴ ᵣȂ ⌠ⱳ

̆ ⌠ Ȃ ₮ Ḃ ꜚ ̆ ҹ

ᶏ ̆Ӟ Ȃ ꜚ ԍⱴ ᵣῤ

̆ⱳ Ȃ  

* *   

Challenge 172 s 

Challenge 173 r 

Ref 113 

Ref 122 
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Ȃ ץ ӈѿ ̆ ↨ ׆ ᵣ Ҋ ̆

Figure 61Ҭ ̆ᶏ ᵣ ӊ҉ № Ӟ ᵝԍ ӊ҉̆↨

Ҍ Ȃ Ӎᾣ ҉ ꜚȂҌ ₮̆ ᴪ ԍ

̔ о-2ׄע /.оϧie-q̆ /.ффq ( ץ

ᾣ ) ῤ̆ ҹ /.Еоie Ȃ  

ᵌ ᶛ̆ᵖ Ҍ Ȃ ԍñ Ҋ ò ѿ

Ȃ ̆ῒᵝ ΐ Ҍ ̆ Ҍ ҉ -

Ȃ ҹԅ Ḡ ӊ҉̆ Ҍ Figure 61Ҭ ̆

Ҋ ̆ Ҭ ӘȂ Ҍᴪ Ȃ 

* * 

Ȃ ᶏ ѿ Ӈ ѿ ҉̕ ᾣץ ҉ ꜚȂ

ᵝ Ҍ ᴪᶏ ԅ Ȃ 

* *  

Ȃ ̆ Ҍץ ῒᵝ Ҍ Ȃ о-2ׄע ⱳ

ϧ-2ׄע ԍ ҩ ᾣץ ̕ Ӈ₃ ѿ ᵞԍᾣ

ѿҩ ̆ Ҍ ԅ ̙ ̆ῒ ҉ ץ

̆ Ȃ ץ ̆ Ԋ ҉ ԅ̆Ҍ

ԅ ̆ ≢ ԅȂ ׅ Ȃ 

* *  

 

Ӟ 

 

0 m 

6000 m 

ᵩ 

ᵣ

ṿȂ 

Figure 61 

( ̔ Ἕ ṕ ) 
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Ҭ Ȃ₃ Ҭ ( ᵞԍ ) ѿ ̆

̙ ᾣ ̆ ԍѿ Ҭ ץ ̆

Ȃץ Ҭ ҹ ᵝ̆₃Ӎ Ҭ Ҍ ῤ Ȃ

Ȃ 

* *  

ᾣ Ȃ ᵣ ԅᾣ ҉ Ȃѿ ̆ⱳ ̆

ᵝ ̆ ԍ ᴋᵥ ᴋᵥ ᵣȂ

ҩ ̆ Ҍ̆ץ Ҭ ȁ ȁ ѿ ̆Ӟ

֟ ѿҩⱳ ₮ Ẋ Ȃ 

*1̔ ԍ ҉ ̆↕ Ȃ ≢

̆ Ҍ ̆ӞҌ ΐ Ȃӊ ᴪ׃

ѿ ̆ (ḱ ) ᾥ ₮Ȃ Ҍ ̆ ᴪҹⱳ

ⱬ └ ᶫ ᶛ̆ᵖ ֓ ᶛ Ȃ(Ex falso quodlibet.*2) 

* *  

̆ ꜗ ᶅ (power paradox)Ȃ ⱳ ̆ └ԅᴋ

ᴰ Ȃ ңҩ ץ ⱳ 3/4 ₮̆ῒ ⱳ ṿ

3/2̆ ӌ ᾥ ԅⱳ Ȃᵖ ң ⌠ ̆

Ȃ ⌠ (113)̆ ᴪ № ץ̆ ⱬ ⱳ Ȃ

’ ṿ ᴪ ӈ̆ᵰ ᶫѿҩ ̙ ӊ̆ ⱳ

Ҭ Ҍⱴ Ȃ 

* * 

ᾣ Ȃ ѿ ȁ ᾣ ⌠ ᵣ҉Ȃᾣ ץ ⌠

ᵣ Ҭ ̆ ӌ ԅⱬҍⱳ Ȃᵖ ᾣ ᴪ

ᵣ Ȃ ⱳ ῀ ȂԊ ҉̆Ҍ ץ ₮ⱳ

₮ⱳ ᾣ Ȃ ⱬҍⱳ ̆ ᴪ₮ ץ̆ Ȃ 

* *  

Ȃ Ҭ ⌠ⱳ Ȃ ᶏ ̆Ӟ

Ҍᴪ ⱳ ̆ ԍȂ 

* *  

 
1* Ӟ ץ ҹ (physically sensible)Ȃ 
2* ᴋᵥԊ ׆ץ Ҭ ₮Ȃ 

Challenge 174 s 

Challenge 175 e 

Challenge 176 r 

Ref 113 

Vol VI page 67 
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Ȃ ⌠ⱳ ̆ᴋᵥ ⱳ ᴪ ̆

ῒ ѿ ῏ Ȃ ̔ ᵥ ̙  

* *  

Ȃ ҹ־ Ȃ ̆ ҹבȁᾟ

ҹᴅ ᵣ ̆ ῤ ־ ⱬ̆ᴪ⁞

Ȃ ־ ҹ ̆ ⌠ Ȃ 

* * 

ȁ ȁ ̆ ױ ҈ ̆ᴋᵥ Ҍ ̆

ӈ ѿ Ȃ ҩ ᶛ ᵌ ̆ ҹ ҩ

̆ ᴋᵥ Ȃ ̆ ֓ ⱳȂ 

* *  

ӊ̆ ⌠ ꜚ ̆ ᴪ₮ Ԋᴆ

̆ ᶏ ꜚ ȁ ȁ Ҍ Ȃ ҈ҩ

҉ ⌠ԅ Ȃ ₮ ṿ Ҍᴪ₮ ӞҌ Ȃ Ҹ ̆ ҈

ҩ Ҥ Ȃ( ̆ ҈ҩ ץ Ҹ Ȃ

ᵰ ⌠ѿҩ ̆ ᵬ Ȃ) 

 

 

ⱬ ᵥץӄӄҌҹֲ ̙ 

 

ⱬ ѿҩ Ҭ Ȃ ԍ Ҍ

̆ Ҍ ⱬ ⱳ Ȃ ױ ԅ₃ ⌠̆

ҕ ӊ ѿ̆ ѿ ̆ Ҭ Ȃ

Ҭ̆ Ҍ ᵬ ̆ ױ ᵝԍ Ҭ Ȃ 

ԋҩ ҹץ Ȃ Ẓ ԍᵍ≠ Ҭ

Ȃҹԅῃ ӈ ̆ ̔ ȁ ȁ֞

̆ ᵬҹֽױ ᵌ̆ ԍᵍ≠ ȁ ӈ Ȃ ӈ

Ҭ̆ Ȃ ױֲ ⌠ⱬ ⱳ ѿ ӟ ̔

ҹ ץ ᴋ ̆ Ḡ ῒ Ҍ Ȃ 

҈ҩ ⱬ ѿ Ȃ ӈ Ҭ̆ ⱬ ӈȂ ᶏ ᵍ≠

Ҭ̆Ӟ ⱬ ꜚ Ȃ₃ҩҕ ץ ̆ⱬ ₃

Ҍ ̆ ҩ ̕ ѿ ׂ Ȃ 

ӊ̆ ӟ ῍ ̆ ԅ ̆ᶏ ⱬ

̆ ⱳ ̆ Ȃ 

 

Challenge 177 s 

Challenge 178 r 

Ref 123 



 

 

 
04ӈ ̔ ⱬ ҍ ⱬ 

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

 

123 

ӈ  

 

Wir leben zwar alle unter dem gleichen Himmel, aber 

wir haben nicht alle den gleichen Horizont.*1  

·  

 

ⱬ ⱳ ᵬҹץ ȁ ӈ Ȃ 

* *  

ָӇ ⱬ̙ Ҭ̆ ѿҩ ̔ ⱬ ⱬ ñ (shadow)òȂ

ױ ⌠ ⱬ ̆ ѿ Ҍ ᴪ ⌠ ⱬȂ

ӟȂ ӊ̔ ⱬ̆ ⱬȂ 

* *  

ҹԅ ⌠ ⱬ ҆ ⱬ̆ ѿҩ ̆Ӟ Ӟ ȁⱬ

Ӟ Ȃ ҹ ב Ҭ ѿ ( ) ץ̆ 0-ב;ח

Ҭ ᵣג ̆ ῒⱴ ҹנȂ ӈ ̆ בנ ф̕ע

ⱬ ̆ ⱬ 2ׄ נג фȂע Ḭ ᴆ ᵣ ῒ № ̕ԋ

̆ ԍ ѿҩ ̆ ңҩ חנ0;בנ

2ׄ נג ᶛ̆ 

ץ;נ
גׄ

фח
&/05' 

 

ҹԅ ῒ ṿ ץ̆ ױ Ҭ ᵣ Ȃ ԍ ԍ

ᵣ̆ ԍᾣ Ȃ (127) ₮̆ ҹגȁ ҹח ᵣ

ᴅcqa
ф ח-גׄץ0; ₮ȂῬ ᵣ 0ׄ;ח ф̆ע-ג Ȃ/;ץ₮

̆ ԍᵞ ȁ ⱬ̆ ԅ Ҭ ᵣ Ȃ 

* *  

Ӟ Ἕѿ ̆ ̆↕ ꜚȂᴋᵥ ᴪ

֟ ⱬ ꜚȂ Ҭ Ӈ ⱬ̆ Ạ ⱬȂӞ

ꜚ̆ ғ ̆ ꜚȂ ױ ⌠̆ ӈ ԅ

ⱬ Ȃ 

* *  

 
1* ñֲ ױ ῍ ̆ ≢Ȃò · (Konrad Adenauer 1876ï1967)̆ Ȃ 

Chapter 6¡ ⱬ  
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ҍ ῏̆ Ӈ ⱬ Ӟ ҉ Ȃ ̆ ᴪױ ⱬ ᴰ

̆ ̆ ҹ └Ȃ῏ԍῒ

ḱ ̆ Ȃ ̆ ԍ ⱬ ̆ ױ ץ ῒ

ᴰ ע̆ ױ ⌠̆ ’ Ȃ 

* *  

ᵣ Ҍ ( ) Ȃ ⱬ ⱳ ᶏ Ҍ

ᵣ Ȃ ⱬ Ώҹ̔ ᵣ ױ ב Ҋ

 

ב
2ׄ ױ

фע
&/06' 

 

ᶷ ̆ ñ òȂ Ҍ ԍ *1Ȃ

ӈ Ҭ ҹ Ȃῒ Ҍ ױ ׄ-фע4/-־ ԅ

ñ ò̆ ҹ Ғ (Penrose inequality)̆ ’Ҭ ⌠ԅ

Ȃ Ҍ ҹ ԅ ⱬ ̆ ӊ֞ Ȃ ̆ ⱬ

- ץ (nacked singularity)Ȃ( Ԋᾙ

Ӟ / (cosmic censorship)Ẋ Ȃ) 

* *  

ѿ℗ ԍⱳ Ȃ ≢ ϧ-2ׄע̆ └ԅ ⱬ ᾣ Ȃ ⱬ

Ὲ ԅ ҩṿ ҉ Ȃ ̆ ṿ Ӟ׆Ҍ ̆ᶛ

ңҩ ⱳ ᵞԍ Ȃ 

* *  

Ҭ Ȃ ̆ᵖ ⱬ Ҍ ̆

↕ῒ ꜚ ᴪ ⱬ ᾛ Ȃ ⱬ ̆Ӟ ԅң↓

ⱬ ֟ Ȃ 

* *  

Ҭ ⱬȂ ̆ Ҭ ( ) Ȃ ԅ

₮ Ȃ ῒ ̆ Ȃ ñץ ò

̆ ֓ ᵌӍ ̆ҍ ӈ Ȃ Ῥה

ᵀ Ȃ 

  

 
1* - ̆ ᴇԍӊ╠ ₮ Ȃ 

Ref 124 , Ref 125 

Ref 113 

Chapter 6¡ ⱬ  
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* *  

ⱬ Ȃ ץ Ȃ ӈ҉ ̆

̆ ᴪ ’Ȃ ӈ

Ȃ ױ ѿ № Ȃ 

* *  

ⱬ ⱬ ‰Ȃ ⱬ ׄ ҉ ̆ ̆

҉ Ȃ ╠ ‰ ѿ Ȃ 

* *  

ⱬ ⱬ ( ץ ӈ) ⱬ Ҭ Ҋ ҍῒ

Ȃ ̆ ⱬ ̔ (Nordtvedt effect)Ȃ

ѿ Ẋ ̆ ⱬ ҌἝῒ ѿ

ⱬ ҬҊ ̆ ᴪ₮ Ȃ Ȃ 

* *  

ѿ ѿ ̆ ױ ץ ָӇ Ȃ ױ ҩ Ȃ 

* *  

ᴪױ ̆ ᶏ ̆ӞҌ ⱬ ⱳ (ҹָӇ ̙)Ȃ

Ӟҹ ꜚ ᶫԅѿ ̆ ꜚᵬ Ҋ ̆ᵖ ѿ ҍⱬ ⱳ ῏Ȃ

( № ԅ ̔ ע ׄ ₮ꜚᵬ Ȃ) ̆ ᶏ

ҍ ӈ ̆Ӟ ꜛԍ Ȃ 

* *  

ҍⱬע ϩ-2ׄע ҹ ̆ ױ ̕ Ӈ̆ ѿҩ ׄ ̙ 

ⱬ  ׄ ԅ ⱬ ԑᵬ Ȃῒ ̆ׄ ԅ ԑ

ᵬ Ȃ ӊ̆ ѿҩ ҹ ג Ҭ ᵣ̆ ᴁ ѿҩ

ᵣ̆ ῒҍҬ ᵣ ᴋᵥ ԑᵬ ⱴ נ̆ Ӈ ג-ᴁфנ ԍ Ȃׄ

(ᵰ ᵣҬ Ҍ ᶛ ̙) ӊ̆ ⱬ ׄ Ӟ

ѿҩ ṿȂ 

 

 

Vol VI page 37 

Challenge 179 e 

Challenge 180 e 

Ref 126 

Ref 113 

Chapter 9 
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ⱳ ᵅ ᶅ ( : Olbersô paradox, ғ ̆↕ ᾣ֦

) Ȃ Ҭ ⱳ ṿ ̔ ѿ℗ ₮ ̆ ᾣ

ῤ ѿ℗ ̆ Ȃ Ẋ ғ ̆ Ӈ ᴋᵥ

№ ң ҉̆Ӟ ⱳ ו ϧ-2ׄע  Ȃ ̆ ᾢ ҹ⌠

ⱳ ̆ῒҬ ץ№ ⌠ ̆ῒᵩ ⱳ ҹᾣ (luminosity)̆

֦ ԍ ᾣ ̆ ԍⱳ Ȃ 

ӊ̆ ⱳ ԅ Ȃ ҍ Ҍ ̆

ȁ ȁ ȁ ץ Ȃῒ

̆ ץ ԅⱳ Ҍ ȂᵌӍ

ⱳ Ȃ  

ⱬ̆ⱴ҉ ȁ ̆ Ȃ

ӊ̆ ȁ ҹ ї ̆ῒᴋ ң ᴪץ ⱬ

ԑ (╠ )Ȃ 

ѿ ̆Ҍ ѿҩץ ҹҬ ȁחץїҹ ̆

ҩ ̆ғ ₃Ӎץᾣ Ȃ bױ-bᴃ; ї־їע

⌠ о-2ׄע ̆  

 

ї2חї
фע

оע

2ׄ
&/07' 

 

ױ ץ ӊҍ ̆ ̆ ῤ̆ ҈№ӊ

ѿ ⌠ ȂWMAP ̆ ╠

ї ( ) їח ṿȂ ̆҉ ᶏ

ⱬ ⱴḱ Ȃ 

ӊ̆ ⱬ ṿҍ - ῏ Ҍ 6

ṐȂ ῒ῏ ̆ ⱬ ԅ Ȃ ̆ ⱳ ѿ

Ԋ ̆֞ Ȃᵰ ̙ 

 

 

Challenge 181 s 

Ref 127 

Chapter 8¡  
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҈  

 

Ҭ ̆ Ӟ ⱬȁⱳ Ȃᵖ

ᵥ̆ ṿ ȁ ᴺ Ȃ 

‖ ⱬ Ȃ ץ ‰

ᵝ Ȃ ⱬ ᵝ ᴇ ׂ ῏ Ȃ ԍѿ℗ ̆  
 

ׂ

ᴇ

ϩע

2ׄ
&/1.' 

 

ᶛ ̆1 ᵝ ᴪ ᵞԍ1/.фоieȂ ѿ῏

Ȃ ᶷ ᶷ ԅ̆ ῏ Ȃ ֓ ң

Ҍ ̆ᶛ ‖ ̆ ⱬȂ ̆ ‖

ⱬ ץ ⱳ Ȃ 

ⱳ ᾣץ ⌠ ᾣ ȂӞ ₮

̆ ⌠ ⱳ ̔ ᵣ ח ԍ ( Ҋ

ᵣ) ̆ ᴅγ ԍᾣ ̆↕ ⱳ 'ᴅ-ח&-גфע;ו ⌠

ṿȂ ᾣ ̆ғ ₮ ᵣ ̆ ⱬ ȁ

ȁ( ) Ȃ ᶫ ̆ Ҭȁ Ҭȁ Ҭ

Ȃ ̆ ⱬ ץ ₃ ⱳ Ȃ 

ҹ ⱳ Ȃ ѿ Ȃ ᾣ ȁҬ ȁ

ⱬ ⱴ ѿ ̆ ҹ ϧ-2ׄע Ȃ ῒⱳ ԍ ( ╠ᵌӍ )̆

Ȃ Ҍ⌠ ̆ ӈ Ҍ Ȃ

ҩ Ȃ 

ⱳ № ⱬ Ҍ Ȃ ץ)׆ ᵝ

ᵝ )ҍץᾣ ע ꜚ ╠ ( ח( ӗ ̔ 
 

׆фח2
ϧע

2ׄ
&/1/' 

 

̆ ҍ ᵥ̆ ץ ̆ ҹ ᶷ ṿ Ȃ

ⱬ ȁX ȁᵍ ȁ

̆ ץ ױ ῏ (131)Ȃ  

῀ ҩ ( Ҭ ) Ȃ׆

bױ-bᴃ о-2ׄע Ȃ 

ӊ̆ Ҍ ̆ Ӟ Ȃ ҩ ᴪ ᾢ ̙

ԍ ⱬȁⱳ ̆ ҹ Ȃ

֓ ꜚ̆ ӊҍ ̔ ӈ

Ȃ ױ ҊѿҩҺ Ȃ

Challenge 182 e 

Ref 109 , Ref 111 
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̔ ӈ ץ) ⱬ) 

 

Non statim pusillum est si quid maximo minus est.*1  

 

 

ӈ Ὲ ̔ ⱬ ϩ-2ׄע ⱳ ϧ-2ׄע ⱬ ⱳ

ṿȂ ᴋᵥ ̆ ᶛȂ ӈ ֓

Ȃ ֓ Ȃ 

ⱬ ӈ Ҭ Ȃ ӈ ⌠ԅ ѿ

̆ ‰ ᾟ№ Ҭ Ӟ ̆ ȁ ⱬ

Ȃ Ȃ 

ⱬ ׆ױ ѿᶷ ⱬȂ Ҍ ⱬ (

ῒ ҹ )Ȃ ╠ ҹ /.ϧф-kфȂ

ᵣ ׄ-ϩע ̕ ԍѿҩ ( ҍ

)Ȃ ӊӗץ Ҭ ̆(ḱ ) ᾥ 2ׄ Ἡ-עо̆ ⌠ⱬṿ 

 

ззL./.0,/;ע2Ἡ;׃ &/10' 

 

Ӟ /-2 ңᴍ(ḱ ) ᾥ Ἡ2ׄ-ע ӊ ⱬȂ 

ױ ̆ (132) Ҭ ⱬȂ ⱬ ⱬ

Ȃ ╠ ᶫ֓ Ȃҍ ⱬѿ ̆ ⱬӞ ̔Ὶ ⱬ ̆Ҍ

ҍᴋᵥ ̆ ᴋᵥ Ȃ∆ ̆ ⱬ ץ ₮

ⱬ ̕ ⱬ ҩҌ ̆ғҍ ȂӞ ̆

ṿ̆ ң Ҭ ӊ ⱬ̆

ң ң Ҭ ⱬ ԍ ⱬ̕ ᵌӍ ң

ԑᵬ ̔ⱴ ̆ ȂῬҽҩᶛ ̆ ⱬ ԍ ҍ

ᾣ ῒץ ( ῒ )Ȃ Ῥ

ⱬԅ̆ Ҍ ̆ᵰ ѿ ̙ 

↕ ῃ ̔ (132) Ҭ ⱬ( ṿ

)̆ ᴪױ ⌠ѿҩ ̔ ӈ ᵣ ̆

ץ ⱬҍ ⱬ ӈȂ  

ױ ⌠̆ ⱬ ҍ ӈ ṿ̆ ѿ

Ạ⌠Ȃ ױ ѿ ңҩ ̔ ᾢ̆ᴋᵥ ѿ ₮ҍ

ӈ ⱬ҉ Ȃῒ ̆ ѿ ₮ Ȃ ̆

Ἡ₮ ⱬ Ҭ̆ ⱬᶭ ԍ ӈ

 
1 ñҌ ֽ ӊ ԍ ̆Ḃ ῒ Ȃò (Lucius Annaeus Senecăc. 4 bce ï65)̆

ȇEpistolae 16, 100ȈȂ 

Challenge 183 e , Equation 261 

Challenge 185 d 

Challenge 184 e 

Vol VI page 37 
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Ȃ ȁ ⱬ̆ ױ ӈ Ҭ ң Ȃ ױ

ӊ ѿ №Ῥ ⌠ ҩ ҉Ȃ 

ױ ‰ ӈ ῒ Ȃ׆῏

℗῀̆ ꜚ Ȃ 
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Chapter 5 

05 ᵥ ҍ ⱬ 

 

 

Sapere aude.*1 

 Epistulae, 1, 2, 40. 

 

̆ ⱬ ᴪᴰ *2̆ ױ ⱬ Ҭ

̆ ᴰ ̆ ‰ ⱬȂ ⱴ 1905 ₮

ԅ ⱬ ѿ Ȃ ᴁф-גׄ;נ ҆ ⱬᾛ ԍᾣ

̆ᶛ ̆ ҆ ⱬҬ̆ ᵣ Ҍ נ̕ ᴁ ṿ ᵥᶭ

ӞҌ Ȃ ӊ̆҆ ⱬ Ȃҹ ⱬ ( ₮

ӈ )̆ ױ ̆ Ȃ 

ҍ ⱬ ֲפ Ȃ ᴪױ ̔ ץ ꜚ̆

̆ ᵣ ץ ᵣȂ ᴪױ ̆ ̆ᵖ ↨

Ȃ ѿ℗ ̆ ׂ Ȃ 

 

 

 

ҍ ᵣ 

 

Ҭ̆ ꜚ Ȃ ȁ ̆Ҍ ῒ

Ԋ ԍ (at rest)Ȃ ̆ ѿ ῤҌ ȁ ҹ ̕⌠

ԅᵍ≠ ӈ Ҭ̆ ԍ ꜚ̆ ҹҌ ᴋᵥ

Ҍ № ꜚ Ȃ Ҭ

ԍ Ȃ ⱬ ̆ ᴪ ױ ⌠ ӈ̔ 

 

 ᴋᵥ ᵣ ̆ ԍ Ȃ 

 

ѿ℗ ꜚ ҹ ̆ Ӈ ᵣ ᵥҌ ̙ ֲ ·

(Joseph Kittinger) ѿ ԍז̔ 1960 8 31.3 km ₮ԅ

Ȃ ӊ ̆ ᵣ ѿ№ ז̆ ⌠ ῃ ̆

Ȃ ᵝ ᴮ Ӟ ⌠ ̆Ҍ Ҍ ҉ ̆

 
1* ñ ԍ Ȃò (Horace / Quintus Horatius Flaccus, 65ï8 bce ) ᴯ ֲȂ 
2* Ҍ ȂChapter 6¡ ⱬ Chapter 7¡ ⱬ ⱬ  ԅ Ȃ 

Challenge 186 e 

Ref 128 , Ref 129 

Ref 130 



 

 

 
05 ᵥ ҍ ⱬ 

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

 

131 

˻ ̆ז 274 m/ s (988 km/ h)̆ ז Ҝ

ꜚ Ȃ ̆ ᵣ ⌠ ז̆ ꜚ Ȃ

׆̆ ₮ ̆ ԅ № ז̆ └ ᴮ ԅ̕Ӝ№ ז̆

Ȃ 

ῒז ᵣ ̆

ҍӗ 1̆ ⌠ ̔Ҍ № Ҋ Ȃ Ҍ

№ ҹ ᴍ (principle of equivalence)̆ ӈ ӊѿȂ ױ

ӊ ̆Ӟ ԅ ӈ̔ 

 

 ᵣ(rest is free fall)Ȃ 

 

ҍ ᵣѿ ̆ Ȃ 

ӈ Ҭ ҹ̔ѿҩ ҉ ᵣ

Ȃ ױ ꜚ ̆ ᶏ ȁ ᵣ

ץ ԑ֜ Ȃ ̆ ꜚ Ὶ ⱬ ῒ ꜚ̆ ғ

ᴋᵥ Ȃ ӈ ԅ ѿ Ȃ 

ꜚҍ ̆ ᵣ̆ Ӈ̔ 

 

 ꜚ ᵣ Ȃ 

 

┴ ѿ ↓ ̔ ᵣ̆ Ҍױ (not at 

rest *2)Ȃ ױ ָӇ ꜚ̙ ᵣ ̆ Ӈ (weight) ָӇ̙

ⱬ(gravity) ָӇ̙ ׆ױ ѿҩ Ȃ 

 

 

 

 

 

 

 
1* ׂ ץ Ғҙ Ȃ 
2* ̔Ҍ ₮ñrestòԋӈ̔ñ òҍñ òȂ ̆ ̆ᴡ ȁ ̆ ץ ᵣ

( ) ‰ ∞ ̆ ̕ ̆ Ả ̆ ᵝ ᵣ ῏

̆ Ȃ № ̙ ѿ ̙ ñ ᵣ ò Ҭ ñ ò̆ ̙

ԋ Ὶ ̙ ᵰ ѿ֓ ̙  

Challenge 187 s 
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ⱬҍ  
 

ӊ╠ ⱬ ⱬ Ȃ ̆ ·

(William Unruh) ̆ᾣ ѿ℗ ̆ ѿҩ ̔ 

 

 ⱬ Ҍ Ҍ Ȃ*1 

 

ѿҊ ᵌ ӈȂ ↕ ӈ Ἕ ױ ӈ Ҭ Ạ

̆ Ҍ ѿԊᴆȂ ҩ ӈ ѿ ᴪ ⌠̆

ȁ ̆ ⱬ Ҭ̆ᴪץҌ ̕ ̆

ҍ ױ ⱬ ῏Ȃ ң ̔ Ȃ ױ

׆ ѿ ̆ ҹ Ḃȁ ȁ Ȃ 

Ҍ⌠ ⱬ ⱴ ≢Ȃ ̆ ױ ץ ⱴ ̆

ױ ӈ Ҭ ȂẊ ᾣ׆ ΐ ₮̆

ҹ ק ץ Figure 62 ⱴ ⱴ╠ צ Ȃᾣ ᴃ; ע-ק

⌠ ╠ Ȃ ̆ⱴ Ӟ ⱴԅѿ֓ ̆ ᴅ;צᴃ;צ Ȃע-ק

̆ ױ ӈ Ҭ ⌠ יּ ̆⌠ ╠ ᾣ ץ

Ȃ יּ ̆ ױ ⌠*2 
 

ץ

ץ
;
צ ק

фע
&/11' 

 

‗ԍᾣ ꜚ ↓ ⱴ Ȃ ԍ ֜

ΐ̆ ̆ Ӟ Ȃ  

 
1* ӊ ᴪ ⌠̆ ⱬӞ Ҍ Ҍ Ȃ ⱬ̆ң

̕ᵖ ԍ ҉ ̆ ԅ̆ ̆

Ҍ Ȃᵰ ҹָӇ ̙ 
2* ᴅ;צᴃֽ ̆ᵖ Ҍ ᵌ Ȃ 

ⱴ Ὲ Ȃ Figure 62 

ᴅ&ᴃ';צᴃ 

@ D ᾣ 

Challenge 188 s 

Challenge 189 e 

Challenge 190 e 

Challenge 191 e 

Challenge 192 s 

Ref 131 

Chapter 4¡  

Chapter 1¡  יּ
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 ⱴ ᶏᾣ Ȃ 

 

ױ ⱴ ⱬ Ȃ 

ױ ᾣ Ȃᾣ ⱬ Ṝᴪ Ӈ ̙

ᾣ Ҋ Ȃҹԅ ѿ ᴪ ָӇ̆ ⱴѿ֓ Ȃ Figure 63 ̆

ᴰ ᵞӊ ᵣȂҊ Ҭ ᵣ ̆ ᵣ ̆

ѿ֓ └ᴪ ױфע;ׂ ѿ № *1 ҹᾣ̆ Ȃ

ᵣ ᾣ̆ ⱴ̆ ꜚᴰ Ῥ ⌠ ᾣ

Ȃ Ȃ*2 

ԍҊ ᶷ ᵣ ̆ ᴪ ꜚ̆ ҩ ץ ֟

Ȃᵖ ױ ӊ∆ ⌠̆ ױ ӈ ̆ ץ ҩ

Ҍ Ȃ ױ ₮ ̆ᾣ Ҭᴪ Ȃ ѿ

̆ᾣ ҍ Ҍ Ȃ*3 

 
1* ҍ ӈ ѿ ̆ ӊ Ҭ̆ñ òѿ Ȃ 

100%ץ *2 ̙ 

3* ᾣ ҍ ῏ ⌠ ҬῬ ȂҌ ױ ῖ ꜚⱬ

̆ᾣ ᶭ ῒ Ȃ 

̔ӊ ץ

Ȃ 

Figure 63 

 ג

(ג  фעׂ-

 ק

ᾣ 

Challenge 193 s 

Ref 132 

Vol I Chapter 9¡  

Vol IV Chapter 2¡ᾣ  
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ӊ̆  

 

 ҉ ᾣ̆ ⱬ Ȃ 

 

׆̆ Ҋ ⌠ ᾣᴪ ̆ ԍ Ȃ ̆ᾣ Ҍ

ҍ ⱬ ̆ Ҍ Ҍ Ȃ*1 ̙Ṣꜛ

₮ (133)Ȃ ױ ̆ᾣ ⱴ ΐҬ ꜚ̆ ᴇԍ

ⱬҬ ꜚ̆ᵰ ֪ץ ѿҊȂ Ὲ ₮̆ ֽҹ/,/

/.Еи-kȂ ԍ ̆ ⱬ Ⱶ סּ (gravitational Doppler effect)

̆ ׆ ̆ ѿ ᾣ Ȃ 

1911 ̆ ₮ѿ ץ̆ (Fraunhofer lines)ᵬ ̆

ᾣ Ȃ ῒֲז Ҍ ̆

̆ ҹ Ҋ ῒ ᴪ Ȃᵖ 1920 1921

̆ (Leonhard Grebe) (Albert Bachem)̆ץ ᵹ (Alfred Perot)̆

Ҥץ ԅ ⱬ Ȃ ̆ ̆

Ҭ Ȃ1960 ̆ ѿ ῖ Ҭ̆ (Pound) (Rebka)≠

(Mössbauer effect)̆ ױז ɔ ԅ ⱬ Ȃ  

ңҩ Ҍ ԍ Ȃ ӈ ̔ Ҍ

Ҍ ̆ ױ ⱴ ╠ Ҍ ȂҊ Ὲ ̔

ᶭ ҍק ⱬⱴ   צ

 

;
ץ

ץ
;
צ ק

фע
&/12' 

̆ 

 

 ⱬҬ̆ ᶭ Ȃ 

 

ӊ̆ (height makes old)Ȃᵰ ̙ 

1972 ̆ ҍ(Hafele)יּ (Keating) ҉ ԅ ̆

҉ ԅѿ ̆ Ҍ Ҍ ̆ (134)Ȃ1976 ̆

(Vessot) ҉ ԅѿ ԍ (maser̆ )

Ȃ ҉ҍ ҉ ̆Ῥ ԅ҉ Ȃ1977 ̆ ֒

(Briatore)ҍ ḱ (Leschiutta) ̆ Ȃױז

ԅ ̔ ҉ 100 m̆ 1 nsȂ

Ҭ ̆ᶛ ₃ ȁ ῒ Ȃ 

 
1* ᾣ Ӟ ῤ̆ ᴪ ᵥ ̙ Challenge 194 ny 

Challenge 195 e 

Challenge 196 s 

Challenge 197 e 

Challenge 198 e 

Ref 133 , Fig 126 

Ref 134 

Ref 135 

Ref 55 

Ref 136 

Ref 137 

Vol IV Chapter 8 Fig 77 
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֓ ԅ ̆ ̙ῒ ₮ѿ↕

̔ץ ⱬ ᴪ ᾣ ̆ ᴪ Ȃ Ҍ

Ȃ 

ӊ̆ ⱬ Ҍ Ҍ Ȃ ̆ ᵞ

ᴪ ѿ ̔ң Ȃ ӊ̆

ⱬ Ҍ ӈ ₃ᵥ ̆ ѿ֓ ӈ ₃ᵥ Ȃ׆

҉ ̆ ⱬ̆Ԋᴆӊ 4- bᴂф Ҍ ԍ ⱬ ԅ̔ 

 

bᴂф фbᴃфע bᴇф bᴈф bᴉф &/13' 

 

ױ ᴪ ₮ Ȃ 

ⱬ ҹᶭ ̆ ̙Ҍ̆Ԋ ˻ ԍ

ᾣ ѿ ̆ ̆ Ӈ Ӟ ˻

℗ ̆ Ҍ Ҍ ̆ Ӟ Ȃ ԍҌ

̆ᵰ ѿ ̙ 

̆↕ Ҍ 0 ᴁ ₮Ȃ

Ӟ ԅ ᵌẒ Ȃ ⱬ ֲ ᵌԍ ҉

̆ ѿ ≢ ԋ׆ ⌠҈ Ȃ ױ ₮ ̆ ⱬ ӊ ̆ ᴪ

Ȃ 

 

 

ⱬҍ  

 

ᵣҬ ҹ ѿҩ Ȃז ⌠ ῃ Ȃ

ῃ №ⱴ ⱬ̙Ҍ̔ № Ȃ ңҩ҉ץ

ᵣ ̆ ѿҩ ңҩ №Ȃ 

⌠ѿҩ ̆ᶏӊ ᵣ Ԋ Ӟ Ȃ

῍ Ȃѿ ⌠ ѿ ᵣ Ҋ

Ȃῒ ⱬ Ҭ̆ ᶏ ԍҳ ̆Ӟ ⌠῍ Ȃң

ҳ ⌠̆ Ҋױ Ҭ̆ ױ ᴪ Ȃ(ҹָ

Ӈ̙) Ӟ Ȃ 

Ạ ꜚ ῤ̆ ԍҬ ᵝ ֲ ᵣҌᴪ ⌠ᴋᵥ

ⱬ̆ ῒ ᴏ ⱬȂᵖ ῤ ̆ ױ ҹᴪ ῒ

ᵝ Ҍ Ȃֽ ң ῃ ҉̆ ױ ᴪḠ ᵝ

Ȃ̕ ѿ ѿ ᵞ ̆ ᴪױ Ȃ ̆

҉ ꜚ̆ Ҭ ᵝ Ȃ(ᵰ ̙) 

ⱬ Ȃ ԅ ѿ ̆ Figure 64 ̔

ᵣҬ ᵣᴪ ⌠ (squeezed)Ȃ Ӟ ̆ױ ҍ

* ̔ ̆ ӈҍ ӈ Ҭ ≢̆ғ Ҍ ԍҬ Ҭ Ȃ

Ҭ ẁ ԍ ñ ò̆ Ҍ ̆ ץ ѿ ñ( ) ⱬ ò̆ Ҭ Ҭ ̆

ҹ Όᵩ Ȃ ץ ȇ Ȉץ Ȃ׆Ҭ

˻ 

Challenge 199 e 

Challenge 200 s 

Challenge 201 e 

Challenge 202 s 

Challenge 203 e 
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ᵣ Ҍ ̆ ⱬ ѿҩ Ȃ ᵣ (tide)

Ȃᶛ ̆ Ḃ ҹ ⌠ԅ Ȃ≠ ҆ ⱬ

ѿ ̆ ױ ץ ̔ ⱬ (essence) Ȃ 

 

 

 

 

 

 

 

 

 

 

 

 

ӊ̆ ⱬ ҉ ̆ Ἕ ⱴ ȂἝ

ᵣ ⌠ ȂҤ ᴪ ⌠ ῃ ˻

ѿ ̆ ᴪ₮ Ȃ 

 

 ⱬ Ȃ 

 

ⱬȂ ᶭ ԍ Ȃ ᾣ Ҍ

̙ 

҉ ̆ ᶏ ҉ ̆Ҍ ̆ ᵬ ῤ̆Ӟ

ᵣҬ ⱬȂ ז ̆ ̆ Ҋ Ȃ

ᶏ ₮ѿҩ ̔ң ꜚ ң

ꜚ̆ Ḡ Ҍ ̕ᵖ ז̆ ₮ ̆ ז Ҭ̆

∆ Ҍᴪѿ Ȃ ᴪ ₮ ז̆ ҍ ᵌ̆

ң ᵈ ᴪ ̆ ֜ԍң Ȃ ӊ̆ ᴪ ₮

ז̆ ҬȂ 

̆ ץ ₮ ̆

Ȃ Ҍ ԍΐ ̆ ⱴ Ȃ

ֲ̆ Ҍ⌠̆ Ȃᵖ ᶭ ̔ ₃ᵥ

ⱬ Ȃ Ȃ 

 

 ⱬ Ȃ 

 

ᾣ׆ Ҍ Ҭ ₮ ӈȂ 

̔ ᵣҬ ѿ Ȃ 

ᵣӊ╠ 

ᵣӊ  

Figure 64 

Ref 138 

Vol I Chapter 6¡  
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Ŀ  

 

Wenn ein Käfer über die Oberfläche einer Kugel 

krabbelt, merkt er wahrscheinlich nicht, dass der Weg, 

den er zurücklegt, gekrümmt ist. Ich dagegen hatte das 

Glück, es zu merken.*1  

ᾙ (Eduard)ז  

 

1919 11 7 ̆ ᴿ · ҕ Ȃ ̆ᴶ ȇ

(Times)Ȉ ѿ ҹñ / / (Revolution in science / new 

theory of the universe / Newtonian ideas overthrown)ò Ὲ ԅ - ң

Ȃ ( Ҍ ѿ )̆Һ ᴁф-גׄ;נ ₮ ҆ ⱬ

̆ ̆ Ȃ ԅѿ ῃ Ȃ ҹ ᴯ

Ȃñ (Space warped)ò Ȃ ӈ ᴧ

҉ῃ Ȃ ȇ Ȉ(Time)ף ҉ ⌠

ӈ Ȃ ╠ ̆ῒז ⌠ ’Ȃֲױҹ

ᵥ ῐ ̙ 

ң ԅ ֲ ₮ ѿ Ȃ ԅ

̆ ԅѿ֓ Ȃ ₮ז ѿ

Ҭ̆ ₮̔ ᵣ ̆ ѿ ᵣ

Ȃ ӈ ̆ ᵣ Ἕ ᵝ

ҹ 1.75Ń(1.75 )̆ ҆ ⱬ ṿ ңṐȂ1919 ̆ ѿ ⌠ ̆

҆ ⱬ ruled outȂ 

ҩ ֽ̙ Ҍ Ȃ Ӟ ץ ῒ

̆ᶛ ҍ Ҍ Ȃל ѿ Ȃ ױ

Ȃ ̆ң Ҍ ױז ᾣ ע ṿ Ȃ ̆

ѿ ѿ ᵝ ᾣ ̆ ҹ Ҍ ̆ ṿ ҍ

Ҍע Ȃ ѿ ‗ ̔ ѿ ̆Ӟ ̆ ᶏᴋᵥ

ᾣ Ȃ 

ᾣ ̆ ҍ ̆ Ӈ ᵩ

Ȃԋ ҕ ԅ ⱬҊ Ҍ ȂԊ ҉̆ ₃

ȁ ץ ҩ ⌠ԅ Ȃ ⌠ԅ ᵣ

̆ Ȃ ԅ ᵣ

̆Ӟ ԅ ӈ ṿȂ ӊ̆ ᵣ ᴪ

̆ ȂFigure 65 ԅ ’Ȃ 

 

 
1* ñ ᵣ Ҍᴪ ⌠ ̆ ⌠ԅȂò 

Challenge 204 e 

Ref 139 

Ref 140 

Vol I Chapter 6¡ᾣӊ  
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̔ ԍ ҍ ̆ Ȃֲױ ҹץ

ᵣ ȂԊל ҉̆Ҍ ѿ Ҭ №≢ ₮ ҹ)ל ̙)Ȃ

ױ ⌠̆ ԍ ̆ ᶏֽץ ל ̆ ̆

ⱬ ’Ҋṕ ᴴ Ȃᵖ ԍ ғҌ ⱬ ̆ ӈ

̆ל ⱬ̆ Ҍ Ȃ ӊ̆ ѿ ӈ

ñ ò̆ ᵣ ῒ҉֟ ̆ ҩ Ȃ ᵣ

ꜚȂ  

( :test particle, / / / ) ⱴ ֽ ‗ԍ

̆Ҍ ‗ԍ Ȃ ԅҹָӇ ᵣ ץ Ҋ (

Ӟ ҹ ⱬ )Ȃ 

̆ ᵌѿ ѿ℗ ̆ ױ ῒҬ̆ Ҍ Ȃ

ᵣ ׆̆ ᶏ Ȃ ⱬȁ ȁ

̆֟ Ȃ( ᵰ ץ (aether) ̙≢ ̔ ╧ ԅ

ץ ̔ ҹץ ҍ №Ȃ*1) 

ⱬ ̆ Ӈᴋᵥⱴ ̆ ⱴ ӗ ̆Ӟ

⌠ Ȃᵖ Ҭ̆ ױ ⌠ᴋᵥ ̆ ҹ ԍ

Ҭ ⱴ ̆ ṿ Ӎῒ Ȃᵰ ѿ

̙ 

ᵰ ᴪ ̔ ⱬ ̆ ӇῒҬ ᵣᴪ ָӇ

̙( ̆Ҍ Ẋ ᵣ Ȃ) ⱬ ᴪ ᵣ 

( )̆ᵖ ᵣ ҍ ̆ └ Ҍ Ȃᶛ ̆ ᵣ

̕ ’Ҋ̆ ᵣ ‗ԍῒ ̆ ᵣ Ҍ

ԍ↨ Ȃ 

̔ᾣ ᵣ Ȃ Figure 65 

ᵣᵝ  

Ἕᵝ  

 

 

 

 

Ἕᵝ  

ᵣᵝ  

Challenge 205 s 

Challenge 206 s 

Challenge 207 ny 

Ref 141 

Vol III Chapter 3¡ ץ≢  

1* ̔ ף ñ ȁ╧ òԅץ ̆ᵖ ѿ ‛ Ȃ ñ òԅץ

̆ ᴺԅץ ̆ Ҥ Ȃ℗ ñץ Ҍ ò̆ ñץ

ҍ Ҍ №ò̆ ҉̆ ᴧ ñ ò ӂñץ òӊ Ȃ 

ñ ӈ Ȃ ӈ҉̆ץ éé ץ Ҍ ̔ ץ

Ҍ ᾣ ᴰ ̆ӞҌ ééȂᵖҌ ץ ҹҍ ׃ ᵌ қ ééò(

1920.05.05(Leiden) ) 

ñ ץ Ҍ ѿԊ ң ò( 1934ȇ ҕ Ȉ) 

ñ ӈ ԅѿҩ ׅ ԅ ץ) ) Ȃò( 1952ȇ ӈҍ ӈ

, 5Ȉ)  

ñ ׅױ ᶏץ ñץ ò ҩ ̆ᵖ ҹԅ Ȃ ҉̆ñץ òѿ

ӈ₃ Ȃ ҌῬ ׃ Ȃ Ԋ ̆ ԅҊ ò(

1952ȇ ӈҍ ӈ , 5Ȉ) 
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Figure 65 Figure 66ֽ ԅ ̆ᵖῒ ҩ Ȃ ױ

ᴪ ᵥ ҍ ץ̆ ᵥ ױ Ȃ  

∆ױ Ȃ Figure 65 ’Ҋ̆ Ԋ

ᴆ ᵝԍ ᴃ̆ ᾧԅ Ҭ

ᵣҌ Ҍ Ȃ ԍ ᴁ̆ ҹ ᾧ ̆

Ҭ ᵣ ץ 0Ȃ ̆ ҹ&ᴃ*ᴁ'

&ᴃ)bᴃ*ᴁ)bᴁ' ң ӊ bᴂ ҹץ b ;bᴂ-עȂ 

╠ӊױ ⌠̆ ⱬᶏ Ҭ 

 

bф;
bᴂф

фע
bᴃф

bᴁф

фע
ᴁф

фע
&bф)qglbф' &/14' 

 

Ҍ ԅ ѿԊ Ȃ ҉̆῏ԍ ԅ̆

ᵣ Ҋ ₮ 

 

bф;
bᴂф

фע
; /

0ׄ ג

фᴁע
bᴃф /

0ׄ ג

фᴁע

Еbᴁф

фע
ᴁф

фע
&bф)qglb ф' &/15' 

ᵣ ҈  (É Farooq Ahmad Bhat) Figure 66 

Chapter 1¡ᵥҹ  

Equation 135 
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ῒץ ӊѿ ̆ ҹ (Schwarzschild metric)*1Ȃ (137) 

ԅ ᵣ Ȃ ҍ ’ Ȃ

(ҹᵥ ̙) (137) ̆ ҹגȁ ҹח ᵣ ⱬ

ק ̆ῒ ӈҹ 
 

;ק
0ׄ

фע
ג

ח
&/16' 

 

ԍ ӈ ̆ ԅ Ⱶ ̆Ӟ‗ ԅ

ⱬ ’Ҭ ⁞ ( ԅ ᴋᵥ )Ȃ

ק ̆ҹ /,2/.Ќ̕ ṿ ̆ҹ 2,0/.иȂ ף

⌠ Ȃ Ȃ 

Ҭ̆ ῒ ᵣ ԍ (Schwarzschild radius) 
 

ᴖח ;
0ׄ ג

фע
&/17' 

 

ҹ ᴪ ̔ ҩ ̆ ԅ( ᴃ

)Ȃ ̆( ) Ả ̆₮ Ȃΐᵣ

ԅָӇӊ Ȃ ’ Ҍ ̔ ԍἝ ᵣ̆ῒ ҹ

8.8 mm̆ ԍ ̆↕ҹ 3.0 km̕ᵰ ץ ԍῒ

Ȃ Ạ (black hole)̆ ѿᴪᾙῬ Ȃ ӈ

₮̆ Ҭ ᴋᵥ ԍῒ ̆ ӊ̆ (138) ӈ

ק Ҍᴪ ԍ 1Ȃ 

ӊ̆ ╠ ⌠ ̆ ֟ Ȃ ӈ ₮

ᴇ̆ ױ ᴋᵥ -ꜚ ᴪ Ȃ ᴪ ̆

ᶛ ̆ᾣӞ ̆ᵖ ̆ ᶏ ױ ⇔ ᾣ Ӟ

̆ ԍ Ȃ Ӟᴪ ̆ᵖ Ҭ̆ ֽ

/.Еф̆ ѿ №̆ ⌠ῒ ̆ ץ Ҍ ȂҌ ׅ̆

ץ Ȃ ₃Ӎ Ҭ̆ ѿ №

Ȃ1968 ̆ᾥ (Kreuzer) ѿ ̆≠

ᵣ̆ ԅ ᴪ Ȃ   

 
1* · (Karl Schwarzschild, 1873-1916)̆ ̆ ӈ ֲӊѿȂז

ԍ 1915 12 ԅז Ὲ ̆ ₃ҩ Ȃז 42 פ̆

Ȃ ױ ׆ ӈ ₮ Ȃ ѿᵝ ̆ ᴶῗ

ῤ · (Johannes Droste)̆ Ȃ 

Challenge 208 s 

Ref 143 , Challenge 209 e 

Ref 142 

Ref 144 
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ץ ₮̆ ᴇ Ҍ Ȃ ңҩ

ѿ ̆ ױ ₮ ̔ ⱬ ̆↕ Ȃ  

ѿҊ ױ Ȃ ᴇԍ ̆ ֟ ⱬ̆ ⱬ ԍⱴ ̆ⱴ

ҍᵝ ῏Ȃ ԍᾣ ̆ ױ -ꜚ ᶏ Ȃ ӈ

╠ №ԅȂ 

ױ ᴪ ᵥ ̆ ᵥ -ꜚ ץ̆

ᴪ ָӇȂ ױ ̆Ҍ ṿҌ Ȃ ӈ

Ҭ̆ ѿҩ ҍ ѿҩ ̆ ⅎ

(diffeomorphism symmetry)̆ ױ ᵥ Ҍ Ȃ 

ꜚ̆ ױ ץ ̆ Ҍֽ ᵣ ̆ ᵣ ץ

ᴪ Ȃ ̆ ӈ ҹ ȂҌ ̆

Ȃ 1% ԍ 1%

Ȃ ᴪױ ҉ ѿ Ȃ 

 

 

ᾣ ҍ ⱬ  

 

Si morior, moror.*1 

 

 

ױ ‰ ⱬ ╠ Ȃ ԍ῏ױ ⱬ

ץ ҹң ѿ Ȃ ѿ ₮̔  

 

 ᴅ ҉ ̆ ԍѿ℗ ̔ 
 

ᴅ ע &/2.' 
 

ῒҬ ע ᾣ Ȃ 

 

ѿ ӈ ̆Ῥⱴ҉ ⱬ ԋ ̆ ⌠ ӈ

Ȃ ₃ ԋ Ȃᶛ  

 

 ԍѿ℗ ̆ Ҭ ⱬ ׃ Ҋ └ 
 

׃
ϩע

2ׄ
&/2/' 

 

ῒҬ ׄ ҆ ⱬ Ȃ 

 
1* ó (If I die, I rest.)ô ( the bird of paradise)  

Challenge 210 e 

Challenge 211 ny 

Ref 145 
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ӊ̆ Ҭ ѿҩ ⱬȂ ⱬ ᵣ ԑ ̆ ⱬ

Ȃ ᴇ ̔  

 

 ԍѿ℗ ̆ ҹ ג ̆ῒ ב Ҋ └ 
 

ב

ג

2ׄ

фע
&/20' 

 

ӊ̆ Ҍ ̆ Ҍ

ԍ Ȃ ⱬ ץ ҹ̔ 

 

 ѿ℗ ⱳ ו Ҋ └ 
 

׃
ϧע

2ׄ
&/21' 

 

ӊ̆ ѿҩ ⱳ Ȃ 

҉ ҈ ᴇ̆ғ ᶛ Ȃ ֓ ԅ

҆ ⱬȂ ױ ױ ⱬ ץ̆ ⱬ ᵥȂ ֓ ᶏ ױ

’Ҋ̆ Ԋᴆ Ȃ ╠ӊױ ⌠ ̆ ⱴ҉

҈ Ҭ ᴋ ѿ ̆ ₮ ҩ ӈ Ȃ*1 

ᶛ ̆ᵰ ⱬ Ὲ ѿ (142) ̙ 

ױ ⌠̆ᴋᵥ ᾣ ע Ὲ ԍ ӈ ̆ ⱬ

ׄ̆ ҍ҆ ⱬ ῏Ȃ ѿҩῈ ע  ׄ̆ ӈ

Ȃ Ȃ 

ӊ  ̆ ꜚ ‰ ̆

ױ ȁ ױ ץ ӊױ Ȃ׆ ̆ ᾛ ̆ ѿ

ᶛ ̔ ҩֲ ҍῒזᴋᵥֲ֜ ̆ ⌠ ⱬȁ ᵣȁ

ⱴ ꜚ ꜚ̆ ≢Ȃ ̆ Ἕ ֲȁ҉Ҋ֜ ֲ

ֲ̆ ԑ֜ ̆Ӟ ҍ ֜ױ Ȃ ӈ

’ ᶫԅ ̆Ӟᶏ ӈ ֲȂ ѿ℗

̆҆Ԋ ᾛ̆ ꜚ Ȃ*2 

 

 

 
1* ᴰ ᵬ ⇔ ̆ ӊ╠ ₃ᵝ ₮ ᵌ ̆ῒ

Ҭ ᵠ· · (Venzo de Sabbata) C. (C. Sivaram)Ȃ 
2* Ҍ ҹѿ ҹ Ẓ ̆⌠ԅ ԅȂ 

Challenge 212 e 

Challenge 213 ny 

Ref 109 

Figure 60 



 

 

 
05 ᵥ ҍ ⱬ 

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

 

143 

̔    

 

ῤ Ҋ ֲȂ 

ᵪ  

 

ױ ӈ Ҭ ⌠̆ ꜚ ꜚ ңҩԊᴆ

ꜚȂ ⱬ ’Ҭ̆ ꜚ ꜚȂ ѿ ̆ Ӟӟױ

ԍ ҹᾣ Ȃ ױ ӟ ̆ ῒ Ȃ ױ

└ ̆ῒ Ӟױ └ᾣ └ ᵣ ꜚȂ 

ⱬ ’Ҭ̆ ᵣ ᾣ Ȃ ⱬ ̆ ᵣ Ҍᴪ ᾣ

ꜚ̆ ѿ ₮ ̕ᾣӞҌῬ ӈ Ȃ ⱬ ̆ᾣҍ

ᴪ ̆ Ҍ ȂҌ ∆ ׅ ̔ ᶏ ⱬ̆ ᵣ

Ӟᴪ ᶏ ꜚ̆ ҹ (time-like 

geodesics)̕ ԍᾣ̆ ҹ ᾩ (light like geodesics) (null 

geodesics)Ȃ 

⌠̆ Ҭ Ȃ ҍ ’Ҍ ̆ᶛ

Ȃ 

ӊ̆ Ґ ҿ Ȃ ױ Ȃ ԍ ꜚᴪ

̆ Ӟ Ἕ ᵣ ȂԊ

҉̆ ױ ȂҊ ᴇ Ȃ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ᵣ ѿ℗ ̆ ῒ

ҍ ᵥ̆ Ҭ

 (photograph © Marco Fulle) 

ӗᾣ  

 

 
 

 

 ק
 ף

Figure 67 

Figure 51 

Vol I Chapter 2¡ᵥҹ  
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ᵣҊ ҹ ҉ ̆ ױ ץ ̔ ᵣ

(ӊ ᴪ )Ȃ ᵣ ꜚȂ 

ױ ⌠̆ ⱬ ⱬ Ȃ ץ ѿ Ȃ

Ҭ ᵣ ⱬ ̆ ᴪ ̆ Ӈ

ᴪ ⱬ ̕ ⱬ ̆ ᴪ ѿ ̆

ңҩ ᵣ ԑᵬ ̆ Ҍᴪ ѿҩ Ȃ ӊ̆ ⱬ ϩ-2ׄע

҆ ⱬȂ ѿ℗ ᵣ ⱬ ᴇԍ ⱬ ϩ-2ׄע Ȃҍ

̆ ⱬ ᵣ ꜚȂᵰ ̙  

ױ Ȃ Ҋ ̆ Ӈ

Ҭ Ȃ Figure 67 ̆ ₮ȁ

₮̆ ₮ȁ ₮̆ ױ Ҭ ᵌԍ ̆ Ȃ

ᴁ ̆ҹ  

 

ᴁ;עфצ¡ 7,0/.Еϧױ &/22' 

 

̆ ̆ ԅҹ ׆ Ȃ ῖ ̆

҈ Ȃ ̆ ṿ Ҍ ‗ԍ

Ȃῒ ҩ ץ ӊ╠ѿҩҕ ₮ ӈ ̆ᵖ

ᾣ ᵬҹ Ȃ ᵥ̆ ↕ ԅ ᵣҍ

῏ Ȃ ╠ ̆ ⁞ ̆ ⌠

Ȃ ̆ ᵣ ̆ғ ֓ ꜚᵬ

̆ Ӈ Ӟױ Ȃ 

ᵣ ԍ ̆↕ ᵣ ꜚ

Ȃ ῒ ̔ҹᵥᵞ ᴪ ̆ ᴪ Ȃᵰ ׆

₮ ѿ ̙ 

ӊ̆ᴋᵥ ñ ⱬ òҬ ᵣ ꜚ̆ № ҍ ӈ

Ҭ № ̔ ᶏ b Ȃ Ӟױ ץ ҹ̔ᴋᵥ

׆ A⌠ B ᵣ̆ ᶏ Ҋꜚᵬ ט   

 

;ט ױфע b
ΰ

Υ

&/23' 

 

῏ԍ ᵣ̆ ױ Ӈ ȂӞ ̆Ẓ ᵣᴪñ òȂẒ

̆ Ȃ 

Ҋ ⌠̆ ᵣ ꜚᵬ ̆ҍ ᴋᵥ Ȃ

ױ ̆ ԍ ᵣ̆ ԍ ᾣ Ҭ ᵣ̆ ӈ ҆

ⱬ Ạ Ҍ Ȃ ╠ ῃ ̆ ԋ Ҍ ̆ ӈ

̆ ҆ ⱬ ῒ Ȃ  

Challenge 214 e 

Challenge 215 ny 

Challenge 216 ny 

Challenge 217 ny 

Chapter 11¡ ‰  , Ref 146 

Chapter 5¡ Ҋ 
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ѿ℗ ᵣ Ҋ Ȃ ױ ֓ ԊȂ ᵣҊ Ҍ ‗ԍῒ

Ȃ Ἕ Ҭ ñ ò̆ ᵣ ᵥҊ Ȃ ӊ̆ ץ

ѿҩ ᵣȂ ñ ò̆ ױ ᵣ(entity of our thought)̆

ᵥ ꜚȂ Ἕѿ ̆

Ҋ Ȃ 

̆ Ҍ ᵣ Ҋ ̆ ץ (bound energy) Ҋ ҍ

ᵣ Ҋ Ȃ ҹҌ ᵣ № Ҍ Ȃ(ҹָӇ̙) ᶛ ̆

҉̆ 15 · (David Scott) Ҋԅѿ ѿ

̆ ѿױ ҊȂ №ҍ ᵣ ꜚ ῏̆  

 

 

ᾣ Ҋץ ̙ 

 

ᵥҊ ̙ᾣ ѿ ̆ ̆ῒ ꜚ ѿ Ȃ

ᾣ ҆ ⱬ ҹ Ȃᾣ ᵥҊ ̙ᾣ Ҍ Ȃ 

ᾣ Ҋ̆ ֽ ̆ӊ╠ ȂᵖᾣӞ Ȃ

ӊ╠̆ 1801 ̆ (Johann Soldner) ̆҆ ⱬ

ᵣ ᾣ Ẓ Ȃז ԅẒ ҍ ᵣ ῏ Ȃ

ᵖ 19ҕ ̆ ֲ ѿ Ȃ 

̆ᾣ ̆ ̆ ̆ᾣ Ẓ Ȃ ӈ

Ӟ ԅᾣ ᵣ Ẓ ̆ ṿ ңṐ̆ ҹ ᵣ

ԅ ⱬ Ȃ ṿҍ ӈ ѿ ̆ᾣ Ẓ

ȂԊ ̔ ҍ Ȃ ᶫ Ȃ 

ӊ̆ ⱬ Ҍ ᵣ̆ ԅȂ ӟ ӈ ̆ ӟ

ᴇ Ȃ ≢ ̆ᾣ Ȃᵰ ᾣ ҍ

̆ (144)̆ ̙ 

ӊ̆ѿ℗ ̆Ҍֽ ᵣ̆ ᵣӞ Ҋ ̆ ᵥ

( )̆Ӟ ᵥ ԑᵬ ( )Ȃ ̆ ꜚ ԅ Ȃ 

̆ ץ Ҋ ̆ҍῒ ȁ ᴋᵥ≢ ָӇ

῏̆ ץ ̆ ᵣ ԅѿҩ ̆ ױ

(space-time)Ȃ 

ױ ̔ ᵫҐ (space-time tells energy how to fall)Ȃ

ӈ №Ȃ ԅ╠ №̆ ̔ ᵫ (energy tells 

space-time how to curve)Ȃҹԅ ꜚ ̆ ױ ֓ ̆ ₮

ṿ̆ ױ ץ Ȃѿ ̆ ױ ץ ң ̔ ױ ץ

ꜚ ̆ ױ ᾢץ ₮ ̆ Ῥ׆Ҭ ₮ ꜚ Ȃᵖ

ӊ╠̆ ױ ᾙ Ȃ 

Challenge 218 s 

Challenge 219 ny 

Ref 147 

Ref 148 

Chapter 5¡ ⱬҍ  

Vol I Chapter 6¡gᾣӊ  

Chapter 6¡ᾣ  



 

 

 

05 ᵥ ҍ ⱬ 

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

 

146 

̔ ⱬ 

Wenn Sie die Antwort nicht gar zu ernst nehmen und sie 

nur als eine Art Spaß ansehen, so kann ich Ihnen das so 

erklären: Früher hat man geglaubt, wenn alle Dinge aus 

der Welt verschwinden, so bleiben noch Raum und Zeit 

übrig. Nach der Relativitätstheorie verschwinden aber 

auch Zeit und Raum mit den Dingen.*1  

 1921   

 

₃ҩ ̆ ̆ ᵟ Ȃ ̆

Ҋ ҬҌᴪ ₮ Ȃ ҍ ᵣ ᴇȂᵰ ̙ 

* *  

76 ̆ ⌠ԅѿᴍ ̆ Figure 68 Ȃѿҩ

Ȃѿ ѿ ̆ ѿ ԅҩ ̆ ∆

Ȃ ̆ ᾥ ⱬ ῀ ҬȂ ᴨ ָӇ̙ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
1* ñ ᵰҌ ֽ̆ᵬ ̆ Ӈ ᵰ ̔ ױֲ ҹ̆ ҕ ҆ ԅ̆

ׅᴪ Ȃᵖ ̆ Ԋ ѿ Ȃò 

̔ ҉ ῀

ָӇ̙ 

 

 
 

 

̆ 

1.5  Figure 68 

( ̔https://instructional-resources.physics.uiowa.edu/demos

/1g2038-einsteins-birthday-present̆ ῏ Ȃ) 

Challenge 220 s 

Challenge 221 s 

https://instructional-resources.physics.uiowa.edu/demos/1g2038-einsteins-birthday-present
https://instructional-resources.physics.uiowa.edu/demos/1g2038-einsteins-birthday-present
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* * 

ῃ ⱬ ѿ ̆ᵖ Ғ≠ Ȃ2005 ̆ ҹѿ ⱬ ԇ

ԅ Nr. 6 960 975 Ғ≠̆ ñ ễò ⱬ( patft.uspto.gov)Ȃ

ᵰ ̙ 

* * 

ҹ 9.2·1015 mȂᵰ ҩṿ ̙ 

* *  

ѿ ҉Ȃ ҉ⱴ Ҭ̆ ᴪῬ ₮ѿ֓ᵣ ̙ 

* *  

ױ ӈ Ҭ ⌠̆ ⱴ ̆ѿҩ ѿҩ ᾢѿ ̆

Ӈ╠ ᴪ Ȃ ⱬ ҬӞ ̙ ̆ Ἕ

҉ ̆ᴪ ̙ 

* *  

ⱬ ⱳ Ȃᵰ Ҍ 1.1·1035 kg/s ̙ 

* * 

Figure 62 Figure 63 ҩҌ ̔ѿҩ ̆ѿҩ Ȃѿҩ

ᵌӍҍ ῏̆ ѿҩ↕Ҍ Ȃ ֓ ᴇ ̙ 

* *  

ᵥ ᵣ ̙ 

* * 

҉ ̙ҌȂԊ ̆ ₃ҩ ⱴ

ȂҺ ᾣ ȁ Ȃ( Ȃ) 

Ҍ ҉̆ ҈ ᴪ֟ 10 6 m/s2⌠ 10 8 m/s2 ⱴ Ȃ

ᵀ ѿҊ̆ Ҭ ׆ Ҭ ⌠ ̙ Ḃѿ ̆

’Ҋ̆ ⱴ ̙ 

* *  

  

Challenge 222 s 

Challenge 223 e 

Challenge 224 s 

Challenge 225 s 

Challenge 226 s 

Challenge 227 s 

Challenge 228 s 

Challenge 229 s 

Chapter 1¡ ᶃ  
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ױ ӊ∆ ⌠ ̆ Ҭ ( ᶏ Ӟ )Ȃ

ⱬ̆ҍ ԑᵬ Ҍ Ȃ ԍ ⱬ̆ ץ ₮ѿҩ

Ȃᵖ ꜚⱬ ˻ ױ ῒҬ ̆ᶛ

҉ Ȃ 

* * 

≠ץ ᾣ ̙ ң ӊ ̆ ̆Ӟ

̆ № № ң ꜚ ̙

҉ ̆ᵖ ̆ ҍ ӈ ̆ҍ Ҍ

Ȃ ҬҌᴪ ’̆ ᴌ(weak energy condition)Ȃ -

ԅ ѿ ̙ 

* *  

ג-ב 2ׄ фע- Ȃ ѿҩ

ᵣ ץ̆ ԍῒ ⌠ ̆ᴪ ָӇ̙ 

* *  

҈ 3 ҩ ̆ ≢ԍῒ Ȃ(ѿ ) 3Ҭ

(knot)̆ ᴋᵥ Ҍᴪ Ȃ( Ӟ ԅҹָӇ

3 ᾛ ꜚ Ȃ) ӈ ҹָӇ 3+1 ̆

ԍԊ Ȃ ҩ ┴ ⌠ ױ ѿ № Ȃ 

* *  

ⱴ ԍ 1912 ҕ̆ ӈ ╠Ҍӄ̆ז ѿ ҹ Ҍ

̆ Ȃז ̆ ᾛ ᾣ ᴰ ױֲ̆ ץ ᶏ

₃ Ȃᵰ ҹָӇ Ҍ ̙  

* *  

ң ⱬ Ҭ ԑ ̙ ñ№ ò ̙ 

* *  

ң ᾣ ‖ ⱬ Ҭ ԑ ̙ 

* *  

ױ ѿ Ҭ ⌠ ꜚ̆ᶛ Ӟ ̆ ֟ ԅ

Ҭ Ȃ ӈ ҹ ꜠Ⱶ

(TDT, terrestrial dynamical time)Ȃ ễ ӈ( ҌῬ 86 400

̆ 86 400.002 )̆ ⁞ ⱴḱ ̆ ⌠ қ (UTC, 

Challenge 230 ny 

Challenge 231 ny 

Challenge 232 s 

Challenge 233 s 

Challenge 234 s 

Ref 149 

Vol I Chapter 5¡ ꜚ 

 

Vol I Appendix B  

Vol I Chapter 4¡ꜚ ҍ  

Vol V Chapter 4 
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universal time coordinate)Ȃ ҉ ₮ Ȃ Ҍ

̆ Ҭ Ȃ ̆ ꜠Ⱶ (TDB, barycentric 

dynamical time)̆ᶛ Ȃ ̆

Ҭ Ȃ ӊ̆ ≢ԅ ‼ (Greenwich Mean 

Time)̆ Ӟ ( BBC GMT)̆ ԊȂ  

* *  

̆ ֲ ‰ ȁ ̆ ᶏ ӈ

̆ ↕ Ҍ ̆ ᴪ ̆ ῃ ȂҌ ῒ

ԅ Ạ ̔ ӈ ̆ (PPN, parametrized 

post-Newtonian formalism)̆ ӈ Ȃ

ῤ̆ Ẓ Ȃ*1      146 

* *  

ҕ ℗ᵝ ȁ ⌠ ҉

̆Ӟ ӈ Ȃ ̆ ӈ Ὴ ᵣ (GPS, global positioning 

system) ῏ Ȃ ף ΐ*2 24 ̆ ױ

Ȃҹ ӈ ̙ ԍ ץ̆ ֲ̆ ᵬ

ꜚ̆ bᴁ;.̆ ױ ץ (137) Ώҹ  

 

b

bᴃ

ф

;/
0ׄ ג

фᴁע

ᴁф

фע
b

bᴃ

ф

;/
0ׄ ג

фᴁע

ᴅф

фע
&/25' 

  

 
1* ѿҊ ָӇȂ ԍ ӈ ̆ ᵣג ᵣױ

ꜚ Ώ ⱴ נ Ẓ ̔ 
 

;נ
גׄ

ᴁф
фץ(

גׄ

ᴁф
ᴅф

фע
ϩץ(

גׄ

ᴁф
ᴅϩ

ϩע
ϧץ(

ױׄ

ᴁф
ᴅϧ

ϧע
) &/24' 

 

ῒҬ ṿ φץ ӈ ̆ ғ ҹ 1Ȃ ╠ңҩ ̆ ԍ ӈ

ꜚ ( ᵌ) (ñ ò )̕ Ҍ ⱬ ᵣ ϧ̆ץ ױ

Ȃג зץ⌠ φץ ԅȂᵖ Ҭ̆ фץ⌠ ̆ ’

Ȃ ᴪ ⌠̆ ‖ Ҭ ⌠ԅ ϧץ Ȃ   

Ҭ̆ φ̆ץ ̆ ῀ ̆

╠ ֓ ҍ ӈ ṿѿ Ȃ   

2* Ḥ ̆  www.gpsworld.com Ȃ( ̔ῃ ̔ ῃ ᵝ

(GPS)ȁḇ ᵝ (GLONASS)ȁ ᵍ≠ ᵝ (Galileo)ȁҬ

(BDS)̕ IRNSS QZSS ң Ȃ) 

Ref 150 

Ref 151 

Chapter 6¡ ⱬ  
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ԍ ӊ ῏ ̆ ױ  
 

bᴃ

bᴃ

ф

; /
0ׄ ג

фᴁע

ᴅф

фע
/
0ׄ ג

фᴁע

ᴅф

фע
&/26' 

 

GPS 12 ѿ ̆ᵰ ₮ ̙ ԍֽ

3 ᴪ ѿ ᵝẒ 1Ὲ ̆ ṿ

Ȃ ̆ ⌠ԅ ̆ ׂ ̆

ῤ̆ ӈ Ȃ  

* * 

ṢꜛGPS ῃ ꜚ- (geocaching)̆ Ӟ ץ ӈ

ҹ Ȃ www.terracaching.com www.geocaching.com Ȃ( ̔Ӟ ץ

https://geocaching.cn/ ץ ҉ Һ№֣) 

* *  

ⱬ ׄᵌӍҌ Ȃ ῒ └ 1012№ӊѿץҊȂ

ᵰ ⌠ Ӈ ̙ 

* *  

ױ ҈ Ҭ̆ ѿ └ ̙ ӇẠ⌠ ̙ 

* * 

ᵰ ᵀ ₮ ᾣ ̙ 

* *  

ⱬ ѿҩ ⱬ ̆ᵖ ׂ ⌠ ⱬ Ȃ

1998 ̆ (Zhang) ῌ (Lamb)≠ X ̆10Ὲ Ҭ

⌠ ṿ 30% ȂẊ Ҭ ҍ ̆

ⱬⱴ ̙ 

* * 

ף ̆ᾣ Ẓ ᴪ ҹ ᴁ ᵣ ג Ȃ ҩ ֦

 

;_paqgl
ᴁ / бח ¡ף

ף / бח ᴁ¡
ῚҲ ;бח

0ׄ ג

фע
&/27' 

 

⌠ №ӊ ̙ӊ ᴪ ⌠ ҩ Ȃ 

Challenge 235 e 

Challenge 236 s 

Challenge 237 d 

Challenge 238 s 

Challenge 239 s 

Challenge 240 ny 

Challenge 241 e 

Figure 122 ; Challenge 242 e 

Ref 152 

Ref 153 

Ref 154 

Ref 155 
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ᵥҹ ̙ 

 

( ) № ⱬ ⱴ Ȃ ѿ ױ ₮ҩ

̔ ᵣӊ Ҋץ ̆ ҹ ⱴױ Ȃ ̆ ᵣ

҉ⱴ ꜚ ᵣ ֟ Ȃ ԍ Ȃ ̆ ᵣҬ

Ȃ 

Ȃ ̆ⱴ ᴪ ῒ҉ ᵣ֟ ѿҩ Ȃ ҩ ҍ

ᵣ Ȃ ̆ ᵣ ҍ ⱬ Ȃ

Ҭ ⌠ԅ Ȃ *1ѿ ̆ ᴋᵥẒ

Ȃז ≠ ԅ ‗ ⱬ ‗ ᵣ Ȃ(ᵰ

ז⌠ Ӈ ԋ ̙) ̆ң 10ī12 ῤѿ

Ȃ 

ң Ҍ ҹ Ȃֲױ ӊ ԍⱴ ӊ ṕ ӈ

̆ ҍⱴ ῏̆ ̆ץ ӇӞ № ⱬ

Ȃ ױ ̆ ᵍ≠ ӈ̆ ң ̆ ҩ ῃ

̆ ᵩ Ӈ Ȃ ῤ Ȃ 

ⱴ ⱬ ᴇ̆ ᶏ ױ Ҋ ̔ ῀ ̆ Ҋ ̆ Ҋ ₃

Ȃ Ӟ ⱴ ҉ ꜚ ̆ᵖ ֓̆

҉ⱴ ̆ ̆ ̆ ᵞȂӞ ԍѿ ̆

ҩֲ Ȃ ҍ ̆ ᴪ ⱴ ץ̆ ҉ ̆ ̆

ױ Ἕ ѿ ⱴ ̆ ҍⱴ ̔ ῤ̆

ױ ̆ ⌠ Ȃ 

 

 

Ҋ 

Vires acquirit eundo.  

Vergilius** 2  

 

ⱴ ᴪ ҉ ╠ ₮ ᵣȂ ̆ ᴪ ҉ ҉

₮ ̆ ҹ ѿ ҉ⱴ Ȃ ᵰ Ԋ ̆ ѿ

׆ ҉ Ҋ Ȃ ҍ № ѿ┴̆ ҌῬ ҉ⱴ Ȃ ֣ץ

ԅ(stay at rest)Ȃ ԍ ױ ֲ ̆ ױ (at rest, )

 
1* ῌ·–· ( ָ)(Roland von Eötvös̆ b. 1848 Budapest, d. 1919 Budapest)̆ Ȃז

ԅ ⱬ ̕ ῒ ז̆ ԅ Ȃ ᵹ זץ

( ָ· ῌ )Ȃ 
2* ñⱬ Ҭ Ȃò · ( )·  (Publius Vergilius Maro, b. 70 bce Andes, 

d. 19 bce Brundisium), ₮ ȇ  (Aeneid) 4, 175ȈȂ 

Challenge 243 ny 

Ref 156 

Ref 156 

Vol I Equation 17, 20 

Vol I Chapter 4¡ꜚ ҍ  
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ҹ ᵣȂ ̆ ᵞⱴ ̆ ֣ ѿᴪᾙ ̆

₯ ̆ Ҥ Ȃ 

Ῥҹñ≢ױ ⱬ Ҍ Ҍ ò Ҍ Ȃ

╠ ̆ ᴇԍ ñ ⱴ ҉ òȂ 

̙ ױ ῀ ѿ֓Ȃ ̆

҉ⱴ ̆ Ḡ Ȃ ױ ץ ⱴ ҍ ⱬ ᴇ Ȃᵖ

̆ ᴇ ֽ ѿⱴ ᵣ Ҭ Ȃ ңҩҍңҩ҉ץ

ᵣ̆ⱴ ҍ ⱬ ᴇ῏ ⌠ ԅȂ ᴋᵥ ᵣ ѿҩ

̔ ⱬҌ ⱴ ̆ Ⱶ Ȃ 

ⱬҍ ̆ῒ ΐḂ ȂҊҩ №

׃ ҆ ⱬ ӈ ѿ֓ ̆ ҍ ѿ Ȃ ᴪ׃

ѿ֓ҍ ῏ ̆ ӊ ԍ№ ᵣ ꜚҍ Ȃ ∆

ԍ ̆ ץ Ȃ ֓ ῏ ȁ №̆ῒ ⌠

Ҍ Ȃ 

 

 

̔ᾣ Ҍ ⱬ ӈ 

 

ⱬ ’Ҋ̆ ᶭ Ȃᾣ Ҍ ̆ ѿ℗ ⱬ ӊ ̆

Ȃ ץ ң ̔ѿ Ṣꜛ

̆ԋ ѿ Ȃ ⱬ Ҭ̆ ֓ Ȃ ᵣ(

ῒ ᵣ)ᴪ ̕ ‗ ԅ ᵣ ᾣ

ꜚȂ 

 

 

 

 

 

 

Challenge 244 ny 
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Chapter 6 

06 ·ᾣ · ꜚ 

 

 

ז ̆ ̆ ῃ

Ḥ ԅ Ȃ 

ᴚ · (Chaim Weizmann) 

ץ̆ ↓ ѿᴋ  

 

ӈ ӊ╠̆ ᾢױ ӈ ҆ ⱬ Ҭ ᵣ

ꜚ ̆ ҹ ң Ȃ ԍᾣ Ҍ ᵣ

̆ ᾢױ ᵥ ꜚȂ 

ⱬ ̆ ג ח Ҋ ᴆᴪ ⱬ 

 

0ׄ ג

фעח
/ &/3.' 

 

̆ ⱬҺ ҈ ’Ҋ ̔ ȁ ȁ Ȃ

Ҋ ╠ң ’̆ ѿ ’ № Ȃ ӊ̆

̆ ̆ ̆ ֓ ’Ҋ̆ ⱬ Ȃ

Һ Ȃ 

 

 

 

 

ⱬ ԍ ⱬ̆ ⱬᴪ Ȃᶛ

̆0ׄ фעח-ג ṿֽ 10ī9̆ ’Ҋ̆ ⱬׅ ץ

ᵌ̆Ӟ ҉ ҉ѿ ̆ל ╠ ѿ ῏ԍ

ῤ Ȃ 

ⱬ ᴇṿ̆ ┴̔ ץ Ҍ Ҍ ̆

ᾛ ױ ҹ ̆ " ⱬ ⱴ " ῖ Ȃ

₮̆ ѿ ̆ Ỳ ԅ ҆ ⱬ

Ȃ ֓ ̆ ױ ѿ Ȃ 

 

Ref 157 
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ᾣҍ  

 

ⱬ ᾣ ꜚȂ ≢ ̆ Ⱶᴰ ᾩ Ȃ ᾣ

Ҋ̆ ҹ ῒ ҍ҆ ⱬ ṿҌ ̆ ӈ ⌠

̆ ₮ԅ Ȃ 

ᵣ ᾣ ԅ Ȃ ⌠ᾣ ̆ ҹᴋᵥ

ᴪ ⌠ ᵣ ᾩ ᴅ  ( ̆ᾣ Ȃ(ע

Ԋ ̆ ⌠ ᵞ̆ ז ̆ ⱬ ᵌᾣ ׃ ȂҌ ₮̆

ᴪ ⱴ 1801 ҆ ⱬ ₮ ᵣ ᾣ Ȃ

ӊ̆ ᾣ Ҍ ԍ ᾣ Ȃ*1 

ױ Ȃѿ ̆ ̆

Figure 69 Ȃ ҹ ̆ῃ ѿ ᵌ Ȃѿ Ẓ  ҹ 

 

;
ᴅ

ᴇ
bᴈ

)Ü

Ü

&/3/' 

 

ῒҬ ᴅ ᾣ (ᵰ ̙)Ȃ ᵣ  

 

bф;
bᴂф

фע
; /

0ׄ ג

фᴁע
bᴃф /

0ׄ ג

фᴁע

Еbᴁф

фע
ᴁф

фע
&bф)qglb ф' &/30' 

  

 
1* Ҋ ӈ Ҭ̆ᾣ ѿ ⱬ (gravitoelectric effect)Ȃ 

ᵣ ᾣ Ȃ Figure 69 

ᾣ  

 ױ

 ס

 

ᴇ 

ᴈ 

Challenge 245 e 

Ref 158 

Chapter 5¡  

 

Chapter 6¡ ⱬ  
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ᴆ&0ׄ ג фᴁע /¡ 'Ҋ̆ף ҹѿ ̆ ⌠ 

 

bф;
bᴂф

фע
; /

0ׄ ג

фᴁע
bᴃф /)

0ׄ ג

фᴁע

/

фע
&bᴇф)bᴈф)bᴉф' &/31' 

 

( ̔ ᾣ ᾣ ̆ ⌠ ᾣ )  

 

ᴅ; /
0ׄ ג

фᴁע
ע &/32' 

 

ԅ ױ ╠ ̆ ⌠ᾣ ᵣ ᴪ⁞ Ȃ

Ӟ ץ ᶭ Ȃ ӊ̆ ᾣ ῃ ᾣ ⁞ Ȃ 

῀ף (151)̆ ѿ ̆ ױ ⌠Ẓ  

 

;
2ׄ ג

фע
/

ס
&/33' 

 

ῒҬ ס ῀ ᾣ (impact parameter)Ȃ 

 

 ӈ ᾣẒ ҆ ⱬ ңṐȂ 

 

ԍ ᾣ̆ ṿ /,53;6,3 p_bȂ ҩ ṿ

1919 Ҭ ⌠ԅ ֲ ( ᵥ Ẓ ̙)̆ ҆

ⱬ Ȃ׆ ̆ ҩ ԅ ̆ ҙᵩ Ӟ ץ

ҍῒҬȂ 

Ȃӊ╠ ң ԅȂ1912 ̆ ԍҊ ̆

̆1914 ᾥ ֒̆ ԍѿ ↨↨ ̆ ױ ( ) ᵬ

Ȃᵖ 1911 ̆ ԅѿҩ ̆ ₮ԅ ṿ̆

ṿ ѿ Ȃ ⌠ 1915 ̆ ז ԅ ӈ ̆ ⌠ Ȃ ̆

ⱳ̆ Ԏ ז ӊ╠ ң ԅ˻ 

ԍ ̆ Ẓ ҹ ̆ ҹ ױ ῷ

ᴰ ⌠ Ȃ ╠≠ ҉ ̆ῒ

№ӊ₃ӂ ῤ ԅ ӈ ȂFigure 70

ѿҩ ֦ ᶛ̔ ᶷ ԅ (155) ṿ̕ ԅ Ἕ

Ҭ ᵥ ꜚȂ ץ (VLBI, very long baseline 

interferometry) Ȃ 

  

Challenge 246 ny 

Challenge 247 ny 

Challenge 248 s 

Ref 159 

Ref 129 

Ref 160 

Vol I Chapter 6¡ᾣӊ  

 

Ref 151 , Ref 128 
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ȁ ֓ ȁ₃ҩ Ӟ ⌠ԅ

Ȃ Ẓ 3 nrad̆ ԅ̆ ̆ᵖ Ҍӄ Ȃ

Ἕ (Andrew Gould) ₮ ̆ № ᴚ ( Ώҹ Hipparcos, ῃ

) ̆ ⌠ ҩ Ȃ 

ԅ̆ᾣ ԅ Ҭ҈ ῤ Ҍ ԍ  Ȃ ̔ Ҭ

̙ 

 

 

 

 

ᵣ ᾣ Ẓ ̆ ԍ ̆ᾣ ᵣ

Ȃ ᾣ ᴪ ῃ ᾣ ⁞ Ȃ ᾣ ᵣ ⁞ ̆ Ӈ

ԍ ᵣ ̆  ԅ! *1ע

 

 ᵣᶏ Ȃ 

 

1964 ̆ (Irwin Shapiro) ԅ Һ Ȃז ₮ң Ȃѿ

‖̆ ῒ Ȃ Ḥ ̆ ױ

Ȃ ԋ ≠ ҍ Ḥ Ȃ 

 
1* ѿҩ ӟ ᵞ Ẓ ᴪ ₮ Soldnerṿ̆ ⱴ̆Ẓ ṿ ԍ ṿ

ңṐȂ ֓ ’̆ ᵣ Ȃ ᵣᴪ Ẓ ̕Ҍ

ׂ ’Ҭ̆ ᵞԍ ṿȂ 

0552+398 Ἕ ῤ ᵝ Ȃ ̔Ẓ ᵥ ῒҍ (

) ̕ ̔ ׆ ⌠ ̆Ӟ ᵣ Ἕ׆ ⌠ ̆ Ἕ Ҭ ᵝ

ԍ(0,0) Ȃ 

Figure 70 

Challenge 249 e 

Challenge 250 e 

Ref 160 

Ref 161 

Chapter 7¡  

 

Chapter 8¡ ⱬ  
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Ὲ ԍ 1968 ԅ ӈ ῤ

Ȃ Figure 71 ̆ Ӟ ԅ ῤ ̆

╠ ҹ №ӊѿ Ȃ ‖ ҬӞ ⌠ԅ ̆ ֓

̆₃Ӎ ᵝԍῒ ῤȂ 

ӊ̆ ⱬ ⌠ԅ ̕ ̆҆ ⱬ

Ȃ ₮ ₮ԅѿҩ ̔ ӈ ( ⱬ

) ҹ ᾣ ᵝ ̙ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ᶫԅ ꜚ ̆ ῒ ԍ ꜚȂ ̆

ᾢ ⱬ ԍ ̆ ҍ ҆ ⱬ Ẓ

Ȃז ⱳ ԅ ꜚ ( Figure 72 )Ȃ ӊ

̆ ₮ ꜚṿҍ ̆ ѿ┴ ז Ҭ happy Ȃ 

Ҍ Ȃ ҆ ⱬ Ҭ̆ ηϓЋлЬўנ;ϫЬΦэנ ̆ ӊ̆

פ ;ᴁф-גׄ фᴁ ꜚ Ȃ Ҍ Ȃ

Ḥ ̔Irwin Shapiro

ӊѿȂ 

 
 

 

 

 

 

 

 

 

      

(1970) 

 

 

 

 

Figure 71 ӈ Ҭ Ҭ ᵣ Ȃ Figure 72 

Challenge 251 ny 

Ref 162 

Ref 163 
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ӈ Ҭ̆ ꜚ ҹ ;פ ױфעׂ- ;ש ̆ױׇ-

ᵣ Ȃ ̆ ӊ╠ ⌠ (152) ץ ̔

פ ∆ ᴆҍ ̆ ₮ ᴃӊ ῏ ̔ 

 

bᴃ

b
;

פ

/ 0ׄ фעᴁ-ג
&/34' 

 

ꜚ ש ∆ ᴆҍ  
 

b

b
;
ש

ᴁф
&/35' 

 

֓῏ ᴋᵥ ̆ ᵥȂ ῀ף֓ ̆ ꜚ

 
 

bᴁ

bע

ф

фפ;'ᴁ*ש&фכ( &/36' 

 

ῒҬ ל כ Ҋ ₮  
 

;'ᴁ*ש&фכ /
0ׄ ג

ᴁעф
/)

фש

ᴁфעф
&/37' 

 

ҍ҆ ⱬל Ҍ ̆ᵰ ץ ѿҊȂ ױ ᴁ&'Ȃ

ң  

ᴁ;
4ׄ фע-ג

/ / /0ׄ ג
שע

ф
&/4.'

 

 

ῒҬ ̆ Ҍ Ȃ ׄ-שע 0:ג 1̆ ↕Ҍ

̕ ᵣᴪ ̆ Ȃ ꜚ ש ԍ 0 1ׄ ע̆-ג

Ȃ Ҍ ԍ҆ ⱬ̆ ӈ Ҭ ѿҩ

̆ῒ ҹ 4ׄ חф;1ᴖע-ג Ȃ 

’ ᵥ̙ (158)Ҭפ ᴄ;/-ᴁ ̆ ⌠῏ԍ ᴄ&' 

 

фᴄ
ф
)ᴄ;

גׄ

фש
)
1ׄ ג

фע
ᴄф &/4/' 

 

ӈ ḱ ̆ (conic section) 

 

Challenge 252 e 

Challenge 253 e 

Challenge 254 e 

Challenge 255 e 

Ref 128 , Ref 129 
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ᴄї&';
גׄ

фש
&/) amq' &/40' 

 

ȁ ȁ Ȃ ‗ԍ (epsilon) ṿȂ ֓

҆ ⱬ ₮Ȃ ӈ (161) ᶷ ῀ԅ ̆ Ӟ Ҍ

ԅ̕Ҍ ԍḱ ̆ Ҋ Ҍ ᵌ 

 

ᴄЕ&';
גׄ

фש
/) amq

1ׄ фגф

фעфש
&/41' 

 

҆ ⱬ ԅ ̆ ғ 

 

 ӈ Ҭ̆ףӊץ Figure 72 (rosetta orbit, 

)Ȃ 

 

Ẓ Ȃ (periastron)̆

(perihelion)̆ ᵣ Ҭ ᵣ Ȃ ᴪ Ҭ ᵣ ѿҩ  

 

4
גׄ

/&נ ф'עф
;4

גׄ

עש

ф

&/42' 

 

ῒҬ נ Ȃ ԍ ̆ῒṿҹ 21;.,0/kp_bȂ

1900 ѿ ҆ ⱬ Ȃ ₮ ҩṿ̆ ῐԅ

₃ Ȃ 

ҹԅ Ḡ ѿ ̆ ῒ Ȃ ̆

ױֲ ҹ (quadrupole) ѿҩ ̕ ԅ

Ȃ 

ױֲ̆ ԅᴚ (Icarus) ȁ ȁ

Ẓ ץ̆ ₃ҩ Ȃ ‖ Ҭ̆ Ẓ ₃

Ȃ (164) ԅ ’Ҭ ῤ ꜚȂ 

⌠̆ ԍ ⱬ ̆ ᶏ ӞҌ Ȃᵖ Ҭ̆ץ

ᶏ ҆ ̆Ӟ ῃ ץ ̆ ׅ

ᶃ Ȃ 

 

Challenge 256 e 

Challenge 257 e 

Ref 163 

Vol I Equation 54 

Chapter 6¡ ⱬ  
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· *1ԍ 1916 ⱬ ᵣ Ȃѿҩ

ᵣ̆ Ҭ ᵣ ױ ҹ ᴁ ̆ῒ ѿ Ȃ

Figure 73 ֽ̆ ԍ ӈ ҬȂ ѿ ҹ 

 

;0 / /
1ׄ ױ

ᴁעф
1 ױׄ

ᴁעф
&/43' 

 

(geodesic effect)Ȃ ⱬ №ҹ ⱬ (gravitoelectric 

field) ⱬ (gravitomagnetic field) Ȃᴰ ҆ ⱬ ԊȂ 

ꜚ ԇԅ ᵣ ̆ᶛ ̆ Ӈ ᴪ֟

꜠(geodesic precession)Ȃ ҍ Ҭ - ᵌ 

(Ҋ ⌠ -‛ ᵌԍ - ) Ȃ 

· ꜚ Ṝ̆ ₮ ᴪ

Ȃ ̆ ꜚ ҹ 0.019 Ȃ

1987 ̆ѿ ≠ ԅ ≠ױז̆ ԅ (Lunokhod)

(Apollo) ҉ ( Figure 74 )̆ ԅ

Ȃ2005 ̆≠ ѿ ת ֲ ̆

Ȃ 

ӌѿ ̆ ꜚ ᵌԍ ӈ Ҭ ꜚȂԋ

ꜚ̆ ⌠ Ẓ Ȃᵖה ̆ѿ֓ ⱬ ԑᵬ ̆

ץ ꜚҍ ꜚ ⱴȂ ץ ҌҤ Ȃ  

 
1 · · (Willem de Sitter, b. 1872 Sneek, d. 1934 Leiden)̆ ̆ ̆ Ȃ 

Ȃ 

Figure 73 

 

 

 

 

ѿ ץ  

ꜚ 

‛ - ꜚ 

Challenge 258 e 

Ref 164 

Ref 169 

Chapter 1¡ ꜚ 
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11 ( ҉)ȁң ( )ȁ 14 ( Ҋ) 15 ( Ҋ)

(lunar retroreflector)̆ ױ ҉ ᵝ ( ҉) ѿ ᾣ

(É NASA, Wikimedia, Observatoire de la C¹te dôAzur) 

Figure 74 
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1918 ̆ ≠ · (Hans Thirring) ԅң ̆ ԅң

ꜚ ̆ῒҬѿ ҍז ᵬ ·‛ (Josef Lense)῍

Ȃ ң ꜚ Figure 75 ̆ ױ ₮ ҆ ⱬ Ҭ̆

ӈ Ȃ 

ѿ ̆ ׂ ᵬ (Thirring effect)̆ ῏ ᵣ ῤ

ⱴ ҍ ≠ⱴ Ȃ ̔ Ї

ᵩᴰ └ ҏȂ ̆ ҍ҆ ⱬ Ҍ ̆ ҆ ⱬҬ̆

̆ ῒῤ ᵣ Ȃᵰ

̙  

ԋ ̆ -‡ (ThirringïLense effect)*1 ⱴ Ȃ ӈ

̔ị ҉ ̆ҌᴪҤ ԍ ῒ №

҉̆ῒ ꜚ ᴪ ꜚ̆ Ӟ (frame-

dragging)Ȃ ҹ̆ Ҭ Ἕ ᵣ̆ ᵣ

̆ ᴪ № ꜚ Ȃ ̆ Ӟᴪ ꜚ ׆̆ ꜚ

Ȃ 

-‛ Ȃ ≠ Ignazio Ciufolini

ԍ 1998 ԅ ̆ 2004 ӊ╠Ῥ Ȃ ԅң

ֲ ꜚ( Figure 76 )̆ ң ѿҩ ᵣ ѿ֓

Ȃ ≠ ᾣ ץ̆‖ ԅ ꜚȂ

ᶏ ᵞȁ ȂҌ ̆

Ḥ Ȃ   

╠ ѿҩ ԅ Ȃ 30 ⅞̆ ⱬ

B(Gravity Probe B) ԍ 2005 ῀ Ȃ ֓

ᵣ̆ Ȃ № ̆ᵖ 2009 ̆ ԅ

̆ № ҍ ӈ ṿ Ẓ 25%Ȃ 

ҍ ̆ ῒ ҬӞ ⌠ԅ Ȃ ᶃ ‖ Ȃ

‖ ₮ ↕ ‖̆ᶛ ѿ Ȃ ‖⌠

℗ ̆ ץ ֓ ᵣ ꜚ ̆ ԅ

Ȃ 

  

 
1* ᵬ Lense ThirrinğҌ ӟ ҉(Ҍ ӟ ) Hans Thirring ᵝ̆

ז Ȃ 

( ̔LenseȁThirrinğ ԅ ᵬ‛ ȁ ̆Ӟ ᵬῌ ȁ Ȃ) 

Challenge 259 e 

Ref 165 , Ref 166 

Ref 167 

Ref 168 

Ref 169 

Ref 170 
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(Thirring effect)̕  

-‛ (Thirringï

Lense effect)Ȃ 

Figure 75 

-‛  

 

҆ ⱬ  

҆ ⱬ  

 

 

 

 

 

 a 

M 

m 

ị

 

 

 

 

LAGEOS ( ᾣ ꜚⱬ , Laser Geodynamics Satellite)̔ 60 cmȁ

407 kgȁ 426ҩ  (courtesy NASA) 

Figure 76 
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ⱬ  1  

 

ȁ ȁ  ( -‛ )̆ ץ ᵬ Ⱶ

(gravitomagnetism) ΐᵣ ᶛȂ ӈ ӊ╠ 19ҕ ̆ ῗ יּ

(Holzmüller ) ῌ(Tisserand) ⱬ Ȃ ̆

ԍ Ῥ Ȃ ╠ ̆ ⱬ ᵌ ̆ ⱬ ’Ҋ ҹ

Ȃ ץ ⱬ ̆ Ȃ

ⱬ Ҍ ҩñ ò̆ ҍῒ Ẓ ᵬ ᵣ̆

ҹ ⱬ Ȃ Ӈ̆ ⱬ ָӇ ̙  

̔ ꜚⱬ Ҭ ѿҩ № ѿҩ № ̕

̆ ( *2) ⱬ Ҭ̆ ⱬ №ҹѿҩ ⱬ ѿҩ ⱬ Ȃ

ⱬ̕ב ⱬ Ӟ ҆ ⱬ̆ ױ ⱬ

ҩ ( ) ⱬ ⱬ №Ȃ ֟ ̆ ꜚ ( )֟

̕ - ֟ ⱬ ̆ ꜚ - ֟ ⱬ Ȃ ӊ̆

ⱬ Ȃ 

Ҭ №ᶭ ԍ ̕ ҍ )ץ № ) ҹ

Ȃ ⱬ֞ Ȃ ҹң ⱬ ҹ ᶫԅ ᶛ̕ Ἕ

ץ ⌠ ⱬ Ȃ ꜚⱬ Ҭ̆ ꜚ ẞ&ᴃ' ᴶῗ  

 

ẞἝ;ᴀṯ)ᴀẞἜṬױ &/44' 

 

҉ ȂῒҬ̆ ṯ ̆ Ṭ

̆ Ҍ Ȃң ‗ԍ ᴀ ṿȂ ԍ ⱬ ’̆

ҹ 

ẞἜṲױ(ṱױ;ẞἝױ &/45' 

 

̆ ṯ Ⱶ (gravito-electric field) ṱ̆Ӟ

ⱬ ̕ Ṭ Ⱶ (gravitomagnetic field) Ṳ Ȃ҉ Ҭ ⱬ ṱ ױ

 

ṱ; ;
גׄ

ᴁ
;
ẞגׄ

ᴁо
&/46' 

 

ῒҬ̆ ( ̕ל( ṱ ҆ ⱬ ̆ ᴋᵥ ᵣ֟ ̆ΐ ⱴ

̆ ⱬ ̕ ⱬ ׆ ṱ; 2 ׄ̆ῒҬ

̕ ṱ ̆ ׆ ṱ;.Ȃ 

 
1* ∆ Ȃ 
2*  ᵌ ᵞ ȁ ץ̆ ғ - № Ȃ 

Ref 171 

Ref 172 

Ref 172 , Ref 173 

Vol III Chapter 1¡  
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Ҍ ̆ ⱬ ̆ ⱬ Ӟ Ȃ ׆

⌠ ꜚ ̆ ᴪ₮ Ȃ( ױ ꜚⱬ Ҭᶏ Ȃ)Figure 77

ץ ѿ ̔ѿ ѿ ̆ ԍ

ֽץ ⱬ ҩ ’̕ ѿ ץ ꜚ̆ ᴪ ⌠

ꜚ Ӟ ⱴ̆ ᵝ Ҍֽᴪ ⌠ ⱬ ̆ ᴪ ⌠ ⱬ Ȃץ

ẚ ꜚ ᵣ̆ ᵣ ֟҉ױ ⱬ (3-)ⱴ ҹ  
 

ẚױ;ẅױ Ṳ &/47' 
 

₃Ӎ ꜚⱬ ѿ ̆ ⱬ Ṳ  ׆
 

Ṳ ẚד4/; &/5.' 
 

ῒҬ ד̆ ᶛ Ȃ Ҭ̆ ⱬ ̆ ׆

Ṳ ;.̆ ⱬ ΐ ṕ ̆ ѿ Ȃ 

ᵀ Figure 77Ҭ ̆ᴪ ᶛ ד Ҋ ₮ 
 

;ד
ׄ

фע
;5,2/.фϔk-ie &/5/' 

 

ѿҩṿȂҍ ꜚⱬ ’ѿ ̆ ⱬ ⱬ фṐ̆ע

⌠Ȃ ҩ ᶏ ⱬ Ȃҍ Ҍ ̆ ױ ⌠ ⱬ

(ҹָӇ̙)̆ ҍ ⱬ ѿ Ȃ ԍ ֓ ̆ ⱬ

⌠ 1990 ף Ȃ ӊ̆҆ ⱬ ӈ ᵌ̆ ԅ

ⱬ Ȃ 

ӊ̆ ꜠ ᵩ֥ Ⱶ Ȃ ᵥ ⱬ ̙ᾢ ֓

ȂFigure 77 ̆ ꜚ ᴪ ᵣ ῒ ꜚ ҉ ⱴ Ȃ

̆ ꜚ ׆̆ꜚ ꜚԅ ᴋᵥ ᵣȂ ⱬ

ҹ (vacuum dragging)Ȃ ԍֲױ Ҍ ҹ ̆ ᶏ ԅñ

(frame dragging)ò Ȃ 

ⱬ Ȃ Figure 77 

  ױ

 ג 
ẚ 

ᵣ 

Challenge 260 ny 

Challenge 261 ny 

Challenge 262 s 

Ref 174 

Vol III Chapter 1¡  
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Ҭ̆ѿ℗ ⱬ Ȃ ῒ ᵣᴪ֟

ⱬ ̆ᶛ Figure 75 -‛ Ȃ ԍ ꜚ Ṵ̆ ⱬ Ṳ Ẽ

̆ Ҋ ₮ 

Ṳ ; 0
Ṵ ẞ

ᴁо
&/50' 

 

ҍ ꜚⱬ ῃѿ ( ̔ ̆ ל )Ȃ ᵣ ⱬ

҈ҩҺ Ȃ 

ᾢ̆ҍ ѿ ̆ ΐ ꜚ ṽ ΐ ꜚ Ṵ

ᵣ̆ ᴪ ⌠ (torque)̆ Ṿ Ҋ ₮ 

 

Ṿ;
bṽ

bᴃ
;
/

0
ṽ Ṳ &/51' 

 

ᴀ ꜠(precession of gyroscopes) ꜠(geodesic precession)Ȃ

̔ ̆ ꜚ ҹ 0.6 ̆ ҹ 10-10ṐȂ 

ⱬ ԋҩ Ȃ ԍ ҹ Ṿ; Ἔ ṽ̆ ΐ ꜚ ׇ

ᵣ Ẽ ᵣ ̆ ᵣ ᴪ ꜚȂ׆

̆ ԍ ҹ ȁנ ҹ פ ̆  

 

Ἔ;
Ṳ

0
;

ׄ

фע
Ṵ

zẞzо
)
ׄ

фע
1&Ṵẞ'ẞ

zẞzϧ
;
ׄ

фע
0Ṵ

/&оנ ф'о-фפ
&/52' 

 

‛ Ȃ*1 ᵌԍ Ҭ ט ט ( - )̆

̆ ԍ ̆ ѿ ֽ 6Ȃ ԅ

Ԉ Ȃ ╠ ̆ ‖ Ҭ̆ Ȃ 

ⱬ ҈Ȃ ᵣᴪ ѿ ӊ╠ ꜠(precession of the 

periastron)̆ ᵌԍ Ҭ ᵣ ᵣ ̆Ҍ

ᴪ╝ ꜚȂ1974 ‖ PSR 1913+16ץ 2003

ñ ò ‖ PSR J0737-3039 ᾟ№ ԅ ѿ ȂPSR J0737-3039

ꜚ 16.9°/ ̆ ׂ ṿȂ 

ⱬ ⱬ ⅞№ ⱬ ᵌȂ ⅞№Ӟ ꜛԍ

̔ ⱬ 8№ ׆ ⌠ ̆ױ Ӈ ⱬ ᵥ ᶏ

̙ ̆ ⱬ ⱬ ̆ ץ ⱬ Ȃ 

 

 
1* ᵣ ꜚ ҹ ׇ;ф

ϧ
ג  фȂח

Challenge 263 ny 

Challenge 264 ny 

Challenge 265 s 

Ref 175 
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ⱬ  

 

Ҭ ӊѿ ⱬ Ȃ ⱬ *1

ΐ ꜚ ꜚ ⱬȂῒ ̔ ̆ᵬҹѿ ׃ ̆

ץ ꜚ ᴰ ꜚ̆ ᵌ ױ ῒῤ Ȃ 

ⱴ ԍ 1905 ԅ ⱬ ̆*2 ԍ 1916 ӈ

₮Ȃᵖ ῒז ֲ ѿ ҹז ̆ ⌠ 1937 ̆ѿֲ֓ ₮

ҍῤז · (Nathan Rosen) (῏ԍ ᵥ ᵌ ӈ ₮

ⱬ ) ז̆ ḱ ԅ ̆ Ḥ ⱬ Ȃ ̆1937

ӈ Ҭ ⱬ ȂҌ ׅ ѿ֓ ̆ 

⌠ 1950 ף ‗Ȃ 

(Jørgen Kalckar)ҍӋ ᾥ(Ole Ulfbeck)̆ ׆ ₮ ̆

ԅ ⱬ Ȃ Figure 78 ̆ѿ ᵣ ⱬᵬ

ԑ ̆ ӊױ Ȃ ᴪỮ ᵣ ꜚ ̆ ᶏ ᵣѿ

Ȃῒ ל ץ Ȃ ᵣ

̆ ⱬ ⁞ ᵣ ̆ ⌠ Ῥױ ̆ Ȃ 

̆ ҬỮ ҩ ҉ Ȃ ᵣ ̆

ѿ ᵣ ⱬ ⁞ ̆⁞ ‗ԍ⌠ ѿ ᵣ Ȃᵖ ᴰ

̔ ⁞ ‗ԍ ѿ ᵣ ⱬ ᵣ ₮ Ȃ №

̆ ᵬ ԍ Ȃ ӊ̆№ ⁞ ԍҌ

⁞ Ȃ 

̆ ᵣ ̆ῒⱴ Ӟ ‗ԍ ѿ ᵣ ⱬḤ ₮ (

)Ȃ ̆ ⱴ ԍ ⱬ ṿȂ 

̆ ᵣ ҉ Ȃ ҩ ̆

⁞ Ȃ ᵣ ӊ ץ̔ ⱬ ₮ Ȃ ױ

 
1* Ҥ ̆ñgravity waveòѿ ӈ̔ ⱬ (gravity wave)̆ץ ⱬҹ

ⱬȂҌ ӈ Ҭ̆ ҍñ ⱬ (gravitational wave)òԑ ᶏ Ȃ 

╠ӊז *2 ⱬ ̆ᶛ ̆ᵖ Ȃ 

ѿҩ ⱬ ӊ

Ҹ Ȃ 

Figure 78 

Ref 176 

Ref 177 

Ref 178 
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⌠̆ ᵣᴪᶏῒ ̆ Ҭ ᶏ (Ҍ ҍ

Ҍ ̆ ᵣҍ ӊ )Ȃ Ҭ ң № ̆ ױ

ᴪ Ҭ ̆ ̆ң Ҍ ⁞ Ȃ

ױֲ̆⌠ ⌠ԅ ᵌ ̆Ҍ ң ᵣ ̆ Ȃ 

⅞№ ⱬ ҍ ⱬ ̆ Ḃ ⱬ ȂҌ ⱬ

ҍ ⱬ ҹ ꜠Ⱶ (gravitodynamics)Ȃ (boost)⌠ѿ℗

̆ ץ ⱬב ₮ ꜚⱬ ̕ (boost)⌠ѿ℗

̆Ӟ ץ ҆ ⱬ ₮ ⱬꜚⱬ Ȃ ⌠ ↕   

 

ṱ; 2 ׄ

ṱ;
/

2

Ṳ

ᴃ
Ṳ ;.

Ṳ ; ẚ)2ד4/
ד

ׄ

ṱ

ᴃ

&/53' 

 

ױ ῒҬң↕ ̆ ң↕ ԅ ᶭ ₮ Ȃ ԅ 4

̆ ⱬꜚⱬ ҍ ᾥ ꜚⱬ ѿ ѿ Ȃ ₮ 4 ҹ

ꜚ ҍב ׂӊ ̆ ԍ ⱬ ҍ Ҍ ̆ ‗

(spin)Ȃ ԍ ⱬ  

;ב
0
ׂ &/54' 

 

ҹ /ϳ Ȃ (spin of a wave) ῖ ̆ ӈҹ ב -ׂ ̆ῒҬ

ׂ ב̆ ꜚ ̆ Ȃ ҹ 1̕ ⱬ ҹ 2Ȃ 

Ӟ ( ) ⱬ Ȃ ̆ ԍ ⱬ

̆ Ҭ ѿ 2 ̕ҍ Ҍ ̆

ҹ 1 ̔ᾣ ȁ ȁ Ȃ 

ⱬ ᾟץ ֟ ᵣⱴ ( ⱬ ᴶῗⱬ)̔ 

 

ẞἜṲױ(ṱױ;ẞἝױ &/55' 

 

Ҍ ṿ ӈӞ ̆ ᴪ ⱬ Ҭ ṿ Ȃ  

≠ ⱬꜚⱬ ̆Ҍ ₮ ⱬ ṱ ⱬ Ṳ ꜚ (Ҍ

̆ ˻)Ȃ ӊ̆ ⱬ ץ Ἕ ̔ ⱬ ץ Ȃ ѿ℗ ԍ̆

҆ ⱬ ԍ ꜚ ̆ Ҍ ᾣ ꜚȂӊ╠

ԍ Ẋ ̆ ₮ԅ Ȃ 

  

Challenge 266 ny 

Challenge 267 e 

Ref 179 
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ѿ ᵬ ̆ ⌠ ⱬ ҹ 

 

;ע
ׄ

ד
&/56' 

ԍ  

;ע
/

ї ї

&/57' 

 

ң ̆ ץ ע ̆ ѿ℗ ȂҤ

ҩ ̆ ⌠ 2016 ⱬ ҹ̆ע Ҍ Ȃ 

ᵥ ⱬ ̙ ╠ӊױ ⌠ ̆ ᵌ ̆ ױ ῤ ̆

ⱬ ( ) ꜚ ᴰ Ȃ Ἕ( ֓) ѿ ̆ ⱬ

̆ Ẓ *1Ȃ ⱬ Ẓ Ẓ Figure 79 Ȃ ױ ⌠̆

ⱬ Ҍ ̆ң Ẓ -2 ̆ ⱬ ⱬ

(graviton)̆ ҹ 2Ȃ(ѿ ט ῖ ט-0 Ҍ ̕ ט

ңҩ ֜ Ẓ Ȃᶛט0- ᾣ ̆ ҹ 1̆Ҍ ҹ 0 ̆ңҩ

Ẓ ҹ -0Ȃ)  180  181  182  183   

̆ ⱬ ꜚȂ ℗

̆Figure 79 ̆ Ẓ ҍ (corkscrew) ᵌȂ ױ

ҍ Ẓ ⱬ Ȃ ̆ ᴪױ ѿ ꜚ

( Ҍ 1 ) Ȃ 

  

 
1* ᴉ ᴰ ( ) ⱬ Ҋ צ ̔ 

;צ

/ . . .
. ᵳᵳק(/ ᵳᵴק .

. ᵳᵴק ᵳᵳק(/ .

. . . /

&/6.' 

ῒҬ̆Ẓ ңҩ№ ‗  

ᴥק ;βֿᴥ qβgl&תᴉ ᴃ) ᵜ'β &/6/'

ҍ ѿ Ȃ ֿᴥ ȁβ ȁ ᵝ ΐᵣ Ȃ ꜚ ₮ ῏

ת ҹ 

ע;ת- &/60' 

Ӟ ⱬ ᾣץ ꜚȂ ѿ Ҭ̆ Ώץ  

;צ

'ф&/)0ע Е־ ф־ о־
Е־ /)0 ᵳᵴק .

ф־ ᵳᵴק ᵳᵳק(/ .

о־ . . /

&/61'

ῒҬ ṫ ̆ל ṱ; ṫ- ᴃҍ Ṳ ; ṫȂ 

Challenge 268 e 

Ref 180 

Ref 181 

Vol III Chapter 3 

 

Vol VI page 298 
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< 10 4 Hz  > 3 Tm ᵞ  ̆  

10 4 Hz ~10 1 Hz 3 Tm ~3 Gm ᵞ  ̆ ̆ ꜚ 

10 1 Hz ~102 Hz 3 Gm ~3 Mm ᵞ  , Ҭȁ  

102 Hz ~105 Hz 3 Mm ~3 km Ҭ  ̆ ‖ ꜚ 

105 Hz ~108 Hz 3 km ~3 m  ̕ ҹ ֲ  

> 10 8 Hz < 3 m  ҹ  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ⱬ Ȃ 

ⱬ ԍ ᴰ ̕ ᵣ ꜚ ҹ ( )̕ Ҭ ҹ

ⱬ ̕ ҹԓҩ ┴ Ẓ ᵝȂ 

Table 4 

( ̔ ῐ ( ) ԅץ ѿҊ ̆ᶛ ȁ ȁ ȁ Ȃ) 

Figure 79 

ᴃЕ ᴃо ᴃф ᴃϩ ᴃϧ 

ñ)ò Ẓ  

ñò Ẓ  

Ẓ  

Ẓ  
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ⱬ ֟  

 

ᵥ֟ ⱬ ̙ ̆ ⱴ ᵣȂᵖΐᵣ ̙

Ȃ ױ ҆ ⱬ ̆ ᵣҌᴪ ⱬ Ȃ

̆ꜚ Ẽ Ȃ 

(changing quadrupole*1) ⱬ Ȃᶛ ̆ѿ ԑ

ᵣᴪ ⱬ Ȃ ̆ᴋᵥ ԍ ᵣ֞ ̆

ᴪ ⱬ Ȃ ֓ Ӟ ԍ Ҭ ᵣȂᵰ ₮Ҍ

ӊ ̙ 

̆ҍ ᴁ ꜚ ק ץ ז ԋ

ᵌ̔ 

ᴥק ;β
0ׄ

ϩע
/

ᴁ
bᵯᵯᴥז ᵝ

pcr;
0ׄ

ϩע
/

ᴁ
bᵯᵯᴥז &βᴃ ᴁ-ע' &/62' 

 

̆ҍ Ҍ ̆ ⱬ ֽ /-ᴁ⁞ Ȃ Ӟ Ȃ ̆

ṿ ̆ /,4/.ϩϩUk-q̆ ֟ ̆

ᵣҬ֟ Ȃ ̆ ╠

;ק фӖֲ./;װ-װ ₃ӍҌ ֟ ⱬ Ȃ 

ⱬ ῒ ѿ ᴪᴰ Ȃ*2 ⱳ ו ѿ Ὲ ԍңҩ

ᵣ Еױ фױ װ ҉ ԑ ’̆ ⌠ 

 

;ו
bׂ

bᴃ
;
ׄ

ϧע23
Ɫᵜᵝז
ᵭᵠᵯזⱢᵜᵝ

ᵭᵠᵯ;
10

3

ׄ

ϧע
фױЕױ
фױ(Еױ

ф

ϩװ и &/63' 

 

≠ ῏יּ 2фᴁо-יф; ̆'фױ(Еױׄ& ҹ 

 

;ו
10

3

ׄϩ

ϧע
'фױЕױ&

ф&ױЕ)ױф'

ϧװ
&/64' 

 

ⱴ ⱴ̆ Goenner Ȃף῀

ṿ̆ ױ ⌠ⱳ 200 W̆ - ⱳ ҹ 400 WȂ ֓ṿ ̆

Ȃ 

ѿ℗ ңṐ̆ᵰ ץ ѿҊȂ Ӈᵞ̆

ԅȂ  

 
1* ҩ Ȃ ⱬ ᵣ̆ Ҍ ҹ ̆ ץ

ңҩ Ȃ (ᶛ ) ̆ ץ ҍ ӊ ᵌȂ 

2* ⱬ ᾛ ӈ ⱬ Ȃҍ ꜚⱬ Ҭ ѿ ӈ ᶏ Ȃ 

Challenge 269 ny 

Challenge 270 ny 

Challenge 271 e 

Challenge 272 ny 

Ref 182 

Ref 129 

Ref 129 

Ref 174 , Vol III Equation 56 
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ԍ ⱬ ⱳ ᵞ̆ ⌠ ױ ‖ ҬȂ ‖

ᵣ̆ ҍ ̆ 10 kmȂ ̆ ױ ץ

Ȃ ‖ PSR 1913+16Ҭ̆ң ᵣ 7.8

ѿ ̆ ױ ҹ 700 Mm̆ ңṐ ֓Ȃ ԍԋ

400 km/s̆ Ȃ 

‖ ҩ ̔ ױ ₮ ῒ ↕ ‖( )̆ ץ

ҹ Ȃ ̆ ‖⌠ ̆ ῒ ꜚȂ

· (Joseph Taylor*1)יּ ᵣ ԅ╠ ‖ ⁞ Ȃ

Figure 80 ̆ ῒ 20 ױז̆ ῒ

ᵞȂ⁞ ԍ ⱬ ̆ ҍ ӈ ῃ ̆ ᴋᵥ

Ȃ(ᵰ ץ ѿҊ̆ ҍ ԋ Ȃ) ץ &ᴅ-ע'ϧ 

ӈ Ȃ ָӇ ̆ ԍ ⌠ ѿ  ⁞ 3.1 ̆

⁞ 3.5 ˻ Ҭ ̆ ҹ ױ ȁ

ȁ ⱬ ԑᵬ ȂῒҬ ‖ ҹ 59 ̆ 11ᵝ ̆

ҹ 7.8 ̆ ҹ 10ᵝ ̆ Ẓ 6ᵝ Ȃ

ֲ ҹ Ȃ  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 
1* 1993 ז̆ ᵬ Ȃ 

‖ PSR 1913+16

ҍ ⱬ

Ȃ 
1975 1990 1980 1985 1995 2000 

0 

15 

5 

10 

20 

25 

30 

Ẓ (s) 

ᴍ 
Figure 80 

Challenge 273 e 

Ref 183 

Ref 184 

Ref 183 

Ref 129 

Equation 146 
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ⱬ ̔ ҉ ң ̆

ⱬ Ȃῒᵩ Ἕᶭ ҹ̔ ≠ (Cascina)VIRGO

( )ȁ Ώ̆ץ ң

ᾣ ת (ÉINFN)Ȃ 

Figure 81 
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ⱬ ӈ ӊѿȂ 1990 ף

ץ ѿ Ȃ ̆ Figure 81 ̔ ҩ ᵣ̆

̆ѿ ҍ ѿ Ȃ Ȃ ⱬ ̆ѿ

ᴪ ⱴ̆ ѿ Ȃ 

ԍֲ ֟ ⱬ ̆ ᾢ

ⱬ ⌠ ȂԊ ̆ ᵣ ᶏ ̆Ӟ 6% ᵬץ

ҹ ⱬ ₮ ̆ № ῀ Ҭ ₮ Ȃ

▲ ̆ Ҭ ̆ ⱬ Ȃ

֟ Figure 81 Ȃ 

̆ ץ 10ī22 ̆

Ȃ 4 km ̆ ԍ №ӊѿȂ ⱳ

῏ Ḥ Ȃ₃ ̆ῃ Ғ ⱬ Ȃ

└ Ȃ 

ѿ ῃ ׂȂ ԋ Ҍ ̆ ԍ

2016 ̆ѿҩ ҹ 0.2 Ḥ ( Figure 82 ) Ὲ ̆ҍ ῃ

ѿ Ȃ Ԋᴆ ԍ 29ҩ 36ҩ ң ̆ ѿ 62ҩ

̆ 3ҩ ₮ ̆ ѿ № ץ ⱬ Ȃ

6ַ⌠ 18ַᾣ ӊ Ȃ ңҩҌ ᵝ Ḥ ̆ᶏ ҩֲ Ḥ

ԅ Ȃ ᶏ ⌠ ῀ ̆ ֲ ̆ᵞԍ 10ī21

װׅ-װ ѿ ΐ ⱬ ҽȂ ѿ Ԋᴆӊ ̆ ԅ

₃ Ԋᴆ̆Ḥ Ȃ 

ⱬ ҩ ֲ Ȃᵰ ῒ ᵞ ̙ӊ╠ѿ֓ ᵣ

₮ԅ ⱬ ̆ ԅ ⱬ Ȃ 2016

̆ ⱬ ῤ ԍᾣ Ȃ Ҭ̆

ᾣᵄ ̆↕ ⱬ ҍᾣ 1016№ӊѿ ῤץ

ᴰ Ȃ 

ҩ῏ԍ ⱬ ‗̔ ᶭ ֲ ̆

ꜚ ̆ ⱬ ᵥ ῀ ̙ ⱬ  

( ֓Ẋ ҹ Ⱶ (graviton) )Ȃ ҍ ꜚ ≢Ȃ

ⱬ ̆ Ӟ ̆ ᵥ ̙ ױ ῀

Ȃ  
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̔  

 

ⱬ ̙ ( ̔static gravitational field that oscillates in space, Ӟ

ⱬ Ȃ) 

* *  

ⱬ ᴰ ̆ᴪ ῏ ̔ ⱬ ԍᾣ ̆ Ӈ₃

Ӎץᾣ ꜚ ᵣ̆ ̆ -⅓ᴼ (Vavilov 

ïĻerenkov radiation) ⁞ ̆ ⌠ ᵞԍ ⱬ Ȃ ⌠Ȃ 

ѿ ̆ ⱬ ԍᾣ ̆ Ӈ ⱬ Ҍᴪ ꜚⱬ

ԋ Ȃ ӊ̆ ⱬ ᾣץ ᴰ Ȃ( ᾣ Ӟ  (Ȃץ

* * 

⌠ ⱬ ̆ 10ī21 ̆ ҈ ңҩ

⌠(É LIGO/Physical Review Letters) 

Figure 82 
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ⱬ ѿҩ Ȃץ (Hannover) GEO600 ҹᶛ̆

ᶏ 600 ԅ 2 Ȃ 

* *  

ᵌԍᾣ ⱬ ̙ң ⱬ ᴪ ԑ ̙ 

* *  

ӥ ̆ ԅ ⱬ Ȃ ꜛ

ԍ ῃ ̙ ԅѿ֓ ̆ῒ₃ֲזӍ Ҍᴪ Ȃ ’ҍԋ

ҕ Ȃ ָӇ̙ 

* *  

ⱬ ꜚ ̙ ̆ (Bonnor)ҍ (Piper) ₮ Ȃ ѿ

ҹָӇ Ȃ 

* *  

ҍ ⱬ ҩ῏ ≢̔ ̆ Ȃ ̔֜ 2

( ⱬ ) ץ ̆ ҹ Ҭ ҍῒ

ᵣ ῏̕ ל ‗ԍῒ Ȃ 

 

 

̔ ҍ  

 

ӊ̆ ̔ 
 

¥ ԍ҆ ⱬ̆ ᵣᴪ Ẓ ᾣ ̕ 

¥ ԍ҆ ⱬ̆ᾣ ᵣ ̕ 

¥ ԍ҆ ⱬ̆ Ҍ ̕ 

¥ ԍ҆ ⱬ̆ ᵣᴪ ῒ ̕ 

¥ ԍ҆ ⱬ̆ ᾣץ ᴰ ⱬ Ȃ 
 

ѿ℗ ԅ ֓ ̆ ῤ ԅ ṿ Ȃ ⱬ Ҭ

̆ᾟ№ ԅ ӈ Ȃѿ℗ Ӟ ԅⱬҍⱳ

Ȃ 
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Chapter 7 

07 ҍ ꜚ 

 

 

ⱬ Ҭ̆ ꜚᶭ Ȃ ѿ ̆ᾢ ‰

Ȃ ԋ׆ױ ̆ ҈ Ȃ ԅ ̆Ῥ ҍ

ꜚӊ ῏ Ȃ 

 

 

ԋ   

 

ѿ Ȃ ױ ̆ ԅ

(extrinsic curvature)Ȃᵖ ԍ ҉ ԋ (ᶛ ҉ ) ̆

Ȃ ӊ̆ ̆ᵖ Ὺ (intrinsic 

curvature) Ȃ 

ῤ ҩ ̆ Ӟ ⌠ Ȃ ̆ ῤ

Ӟ Ȃ ȁ ȁ *1 ῤ Ȃ ױ ӈ

̆ ױ ῤ ̆ ҹ ᴋᵥ Ἕ ҉ ̔ῒ

ȁ ꜚ ⅞ ῒ ҉ Ȃ  

Ӈ̆ Ӈ ῤ ҉ ץ 2*̙ Figure 83

̆ ҍ ₃ ῏ Ȃ

̆ ṿ ѿ ̆ ץ ṿ ₃ ṿ ̆ ῤ

Ȃ ӊ̆ ץ ῒ ℗Ҋѿҩ ̆ ̆

ȂᴋᵥҌ ԋ ̆ ῤ Ȃ

ñ ò↕ҍ ῏Ȃ ῤ ̆ Ȃ 

̔ѿ ῤ ̙ (torus̆ ) ῤ ̙ 

ԋ ̔ ң ̆ ѿ Ḡ ȁ ԑ ԑ

Ȃᶛ (cylinder)҉̆ Ḡ ̆ ῤ ҹ ̕ ԑ

̆ῤ ҹ ̆ ̕ ̆ῤ ҹ ̆

(saddle)Ȃ ӊ̆ ױ ꜚҬ ⌠ └̕ ↕ └ ̕

ᴪ ꜚ ҬȂᵰ ץ Figure 83 Figure 85

ѿ Ȃ ̆ ץ ῤ Ȃ 

 
1* Ȃᵰ ̙ 
2* ̆ ҩ Ӟ ױ ᵥ № Ȃ ҩ

֓∆ ԅ ӈ ֲ ⌠Ȃ 

( ̔ ȁ ȁ ̆ ̆ ץ ȁ ȁⱴ⁞

ᵬ└ Ȃ ֓̆ ᴪ ȁ ȁ ᵣᴪȂ) 

Challenge 279 e 

Challenge 280 s 
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ῤ ҈ ⌠҈ Ȃ ҉̆҈ ῤ

ԍ /6.£̆ ԍ ↕ ԍ Ȃ 

הױ Ӈ Ȃ ᾢ ̔ ӈ̆

ҹ נ ̆ῤ ҹ фȂנ-/;א ̆ ҹ Ȃ ԍ ҉ ̆

ᴁȁ ȁ׀ ӊ־ ῏ Ҋ 

 

0;׀ ᴁ/
א

4
ᴁф) װ ;־ ᴁф /

א

/0
ᴁф) &/65' 

 

ῒҬ Ȃ ᾛ ױ Ҋңץ ӈԋ ҉ѿ ῤ

Ӟ̆א ҹ (Gaussian curvature)̔ 

 

4jgk;א
ᵭὪї

/
׀

0 ᴁ

/

ᴁф
0jgk/;א

ᵭὪї
/

־

ᴁф
/

ᴁф
&/66' 

 

֓ ᴋᵥᾣ ҉ ҩ ῤ Ȃ*1  189 

ׂ ̆ Ҭ ף ῤ ̆ ῒ Ȃ Ҭ

҉ ѿ ̆Ӟ ⌠ῤ Ȃ ץ ῤ ԍ

ӈȂ  

 
ײ *1 ᵣᵣ ҹײ׀;ײכᴁ

ײ̆ ῒ&ײ /' ñ ò ҹφה ᴁᵩ׀φײ; Ӗ ױ ץ

ҹ 

jgk'0(ײ&1;א
ᵭὪї

/
φכ

φ׀ ᴁφ

/

ᴁф
jgkײ1;א

ᵭὪї
/

φה

׀φײ ᴁφ Е

/

ᴁф
&/67' 

VermeilȂ φ׀ Ȃ 

ԋ

ȁ

Ȃ 

Figure 83 

 נ
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̆ ̆ ץ ( )̆Ӟ ץ

̆ ҉ №̕ Ӟ ̆ῒ ҉ ᴪ Ȃῒ

̆ Ҍ ҈ ῤ ѿ ΐ ԋ ̆ᵰ ץ ѿ

ѿҊ̆ ҩ Ạ⌠ ѿ Ȃ 

ԍᴋᵥ ̆ ҩ ҉̆ Ȃ

Figure 84 ̆ ῏ · (Leonhard Euler) 18ҕ Ȃᵰ ץ

ȁ֠≠· ᴋᵥῒ ᵣ ѿ Ȃ(188) ӈ

א ҉ ҩү ṛ ӝ Ȃ ̆ Ҍ ῤ

̆ Ӟ Ȃ 

ῤ Ȃ ╠ ̆ ̆ Ҍᴪ

ṿȂᶛ ѿ ̆Ҍ ȁ ̆ ῤ Ȃ ҹ ῤ

ҹ ̆ ץ ̆Ῥ ῒ҉ᴋᵥѿ ̆ ҹ Ȃ

ѿ ↓ ̆ ῏ Ȃ ԍ ׆)

) ( )̆ ῒ҉ ̆↕ ↨ ̆

ץ ̆ ȁ ᵣ ≢ Ḃ Ȃ₮ԍ

̆ ѿ ῒҬ ӊ ̆ Ặῤ ᴪ

Ҋ Ȃ 

(circular hyperboloid, ) (hyperbolic paraboloid, )Ӟ

↨ ̆ ҉ ң Ȃ ֓ (flat)└ ̙  

ӊ̆ ԋ ӊῤ Ȃ ױ

ῤ ẢẢ̆ Ӈ ѿ ῤ Ȃ ҹ ԍ ֲ̆

ῤ ≢ ῐ ̆Ҍ ԋ ҉ץ Ȃ 

 

̆ ԑ Ȃ 

Figure 84 ԑ  
 

 ҉

ѿ  
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҈   

 

҈ ῤ ֓Ȃ ᾢ̆ Ҍ ̆ ҹ ױ

ҍ Ȃᵖ ҈ ѿ Ἕ ҉ѿ

̆Ғ ԍῤ Ȃ ̆ Ṣꜛԋױ ҈ Ȃ 

҈ Ҭ̆ѿ ᴋ ԋ ᶭ

Ȃᾢ ’Ȃ ԍ ᴋ ̆↕

(isotropic)Ȃ ԍ ̆ ץ ҩ

̆ ᴁҍ ־ ᵣ ӊכ ῏ ҹ 

 

2ᴁф;־ /
א

1
ᴁф) װ ;כ

2

1
ᴁо /

א

3
ᴁф) &/7.' 

 

ῒҬ א Ȃ  

 

1jgk;א
ᵭὪї

/
־

2ᴁф
/

ᴁф
;4jgk

ᵭὪї

ᴁ 2-־

ᴁо
;4jgk

ᵭὪї

ᴁϓёηϓвв
ᴁо

&/7/' 

 

ῒҬ ӈԅ ◐ / / (excess radius) ᴁϓёηϓвв;ᴁ 2-־ Ȃ ̔ 

 

 ԍ҈ ̆ ΈṐ ץ Ȃ 

(ԋ )

ҹ ҈

ῤ

ȁ

Ȃ 

Figure 85 

<  ;  

:  
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ᴇԍ ▼ ̆ ԍ ’ Ȃ ѿ ̆ᴋ ѿ

ᴋ ӈ ₮ Ȃ 

ԋ ̆҈ ̆ᶭ Ȃѿ

ӊ ̆ ѿ ѿҩ Ȃ(ҹָӇ̙)

ӊ̆ ҩ ӈѿҩ (ellipsoid)Ȃ ̆ Ἕ ᴋ

҈ ѿ ̆ ҈ҩҺ ҈ҩ ֜ ҉ Һ Ȃ*1 

ױ ҈ ṿ ̙ 1827 ̆ *2 ԅז ᵟ

҈ ҈ҩ ӊ Ҍ Ȃ ױ ׂ ̆ ҹ ȁג ҹ ᴁ

ᵣ ҉̆҈ ῤ ҍ Ẓ Ҋ ₮ 

 

; &) ) ' лЬўΦЋϫϿϓ־;אлЬўΦЋϫϿϓ־
גׄ

ᴁоעф
&/70' 

 

ῖ ₃ᵥ Ȃ ԍ K ’̆ ѿҩ · ᴿ*3

₮ ̕ ѿҩ ѿҩ ҕ ז̆ ₮ ױ

ҍא ᵣ ⱬ ῏Ȃ ԍ ҉ ῖ ̆ Ẓ

/.Еϩp_bȂ Ҍ ⌠ Ӈ Ẓ ̆Ԋ ҉Ӟ ⌠Ȃ ᶏ ׂ̆≠

ᾣ ̆Ӟ ᴋᵥẒ Ȃ‗ ᶛ

ԅȂ ғ ӞҌἝ ׂױ ̔ ҍ ⱬ Ȃ 

 

 
1* Ҍ ҈ҩ ṿҌ ̆ ҹ ױ ѿ ֟ ↨ ⌠ ᵣ Ȃא

῍ץ ҈ҩ ҈ Ҭ( ) Ȃᶏ ῀ ᴥצᵝ ᴥח ᵝ̆

ץ ҈ҩ ҹח; חᴥ ,א0 βחᵜᵝ bcrח-bcrצȂ 

2* · ·  (Carl-Friedrich Gauß/ Carl Friedrich Gauss, b. 1777 Braunschweig, d. 1855 

Göttingen) · ҉ Ȃז ̆ ᵬ₮ ҂ (

www.mathworld.wolfram.com/Heptadecagon.html)̆ץז ҹ ̆ ӊ ҉Ȃ

ȁ ȁ ȁף ȁ №₃ᵥ ף № Ҭ ԅ זץ Ȃ ῒ

Ҭ̆ז ₮ԅ ̆ ԅ ₃ᵥȂז ԅ Ȃ 

Ҍ ̆ ҹ ᵬ̆ ̆Ӟ ̆ ῒ ̔pauca sed 

matura( )Ȃ ̆ ѿᵝ ז̆ ₮ҩ₃ ╠ Ҋԅ

Ȃ ֓ ץ www.uni-goettingen.de Ȃ 

3*  · ᴿ(Johann Lambert,  1728ï1777)̆ (Swiss) ȁ Ȃז

̆ᶛ ˊ ̕ ₃ ᾣ Ӟזץ Ȃ   
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Notre tête est ronde pour permettre à la pensée de 

changer de direction.*1  

· ֒ 

 

ҩ ̆ Ȃ ᾢ̆ᶏ

ꜚ ῀ᾣ ҹע Ȃ ғ ԍ 4 ̆ ̔ ױ ѿ

̆ ṿ Ҭ 4- 4-ᵣ ץ ₮ 4-ᵣ

ӈ̕ ױ ѿ Ҍ ҉ 3- ᵣ 3-ᵣ ӈ ñ ò ץ̆

ѿ ҉ 2- 2- ӈ ñγ ò Ȃ Ӈ ѿ

Ҍ ̙ 

ꜛԍ Ȃ ᾢױ ӈ Ȃ Figure 85

̆ א ԅ ᵥ (diverge) (converge)Ȃ 

҉ ̆ ҈ Ḡ Ҍꜚ ҉

Ȃ ̆ Ȃ ң ᵝԍ Ҭ̆

ױ ᴂ ̆ ҹ 

 

bфᴂ

bװф
; (ᴂא &/71' 

 

ῒҬ װ ̕ א ̆Ӟ Ȃ

Ҭ̆ (ӗץᾣ (ע װ ῏ Ȃ ץ № ҍ

ӊ  

bфᴂ

bф
; (ᴂאфע &/72' 

 

ⱴ ӈ˻ Ҭ̆ Ҋ Ȃ ӊ̆

Ҭ ̆ Ҭ ҹң Ҋ ⱴ Ȃῒ

ױ ⌠ ⱴ ̔ Ȃ ӊ̆ ҍ

҉ ѿ Ȃ 

  

 
1* ñ ӊ ץ ̆ ҹ ץ Ȃò · ֒(Francis Picabia, b. 1879 Paris, d. 

1953 Paris)̆ Һӈ Һӈ Ȃ  
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̆ ‗ԍ ̆ ℗ ̆ ‗ԍ ңҩ

ȂFigure 86 ̆ ᶭ ̔

╠ № ̆ Ȃ 

ӈ א ҩ ̆ ץ ҹӊ ⱴ ( ҩ

̙)Ȃ ̆ ѿ ̆ ץ ᾧ Ȃ Ҭ

҈ҩ ֜ ̆ Ӈ ҈ҩ (sectional curvature)ӊ ҍ

῏( )Ȃᵰ ↨ ₮ ӈ ̙ 

ԑ ֜ 'оЕ&אфо'ȁ&אЕф'ȁ&א ӈ ҈ҩ ӊ ҍӊ╠ ӈ

῏Ȃ ָӇ῏ ̙  

̔ ̆ ᵝ ̆↕₃ᵥ ץ

Ҍ ’Ҋ ῒ҉ ꜚȂ 

ӊ̆ ҩ ̆ ᵥ Ȃ

Ҋ ꜚ Ȃ ( -) ̆ѿ ױ ԍῒҬ

ᵣ̆↕ѿ ᵥ Ȃ ԍ ױ ԍ ῤ̆

ױ ñῤ ò ̆ ̆ Ȃ 

ҹֲױҌ ̆ ӈ ᵌ Ȃѿ ̆

̆ ׂӞ Ȃ ̆

ᵣ̆ ꜛ ױ ӈ Ȃ 

 

 

 

ԅ Ȃ Figure 86 

ᾢ 

 

Challenge 289 ny , Ref 188 

Challenge 290 ny 

Challenge 291 ny 

Challenge 292 e 

Ref 189 
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ӈ ̔ ҍ ꜚ 

 

ӈ №ң №Ȃѿ ̆ᴋᵥ ᵣ ꜚ̆

ꜚȂԋ ̆ ԍѿ℗ ̆ѿ ( ҈ҩ (proper)

ӊ ) ԍ ̆Ώᵬ 

 

;'оЕ&א('фо&א('Еф&א
6 ׄ

ϩע
'ї&ל &/73' 

 

ῒҬ 'ї&ל (proper energy density)ȂҊ 1ȁ2ȁ3҈ҩ

֜ ӈ Ȃ ӈ ῃ Ȃ 

ױ Ȃ (195) ԅ

Ȃ ⌠ ᶷ 0 ץ ⱬ 2ע 2ׄϳ Ȃ 

῀ ג ф̆ע-'ї&לכ; ӊ╠ ӈ ̆ ⌠ѿ ᴇ

Ȃ ԍ ᵣ כ ̆־ ױ ⌠ 

 

ᴁφᵳᵞᵠᵮᵮ;ᴁ 2-־ ;
ׄ

фע1
ג &/74' 

 

ӊ̆ ӈ ̆ ԍ ҩ ̆ ῤ ₮Ȃ*1
197 

̆ ң Ҭ ҹ Ȃ ױ

⌠̆ ᵣ ̆ ᵣ ̆ ԍ ᵣ ң

Ṑ̆ ҹ Ȃ  

Ȃ ῒ ң ̆ ꜚ̆ Ӟ ӊ Ȃ

ӊ̆ ױ ⌠̆ Ȃ 

ѿ ̆ ҩ ֲ ̔ ӈ Ȃᵰ

ᶫ ̙ Ҭ̆ ֽ ᵣ ӈ̆ῒ ֽ

ᵣ ӈȂ Ҭ̆ ӈ ӊ Ȃ 

(195)Ҭ₮ ҍ ῏Ȃᵖֲױ ᶏ ҍ ῏

Ȃԍ Ԋ ԅ̆(195) ѿҩ ҩ ̆ ҹ

(Einsteinôs field equations)̆ӊ ׃ Ȃ ӊ╠̆ ױ ӈ

Ȃ ױ ץ ӈ ҹ ̆ ῀Һ Ȃ 

  

 
1* ѿҩ ᴇ Ὲ ̆ ԍ ̆ ־ Ҋ ₮ 

2ᴁф;־ /)
/

7
ᴁфח &/75' 

ῒҬ ח ׃ (Ricci scalar)Ȃ 

Challenge 293 e 

Challenge 294 ny 

Ref 190 
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҆ ⱬ  

ѿ ⱬȂ 

ᵪ   

 

ԍᵞ ȁ ’̆ (temporal curvatures) їּ&א 'v ̔

ץ ӈҹ ҩ ₱ ԋ Ȃ ӊ̆ ױ  Ώץ
 

їּ&א 'v;
ф

&ᴇv'ф
&/76' 

 

’Ҭ ᵌ̆₱ ⱬלȂԊ ҉̆ᵞ ױ 

פץ ;'ї&ל ὪÖ̆עф̆ע ױ ⌠ 
 

uּ&א 'v;. װ ;'їо&א('їф&א('їЕ&א ; ф ;2 ׄ &/77' 

 

ӊ̆ ԍᵞ ̆ ל̆ ׆ Ȃ ̆҆ ⱬ

ӈ ᵞ ᵞ Ȃᵰ ӊ ῏ (195)

ᵌҊ ӊ╠ ⌠ ̆ ᵣ ᶭ ᵝ ̙  

 
 

 
 

ᵣ ℗ ̙1915 ̆ · (Karl Schwarzschild)

₮ԅ ז̆ ѿ ₮ԅ Ȃ זץ ԅ ҩ Ȃ 

Ҭ̆ῒ ᾝҹ  

 

bᴂф; /
0ׄ ג

ᴁעф
фbᴃфע /

0ׄ ג

ᴁעф

Е

bᴁф ᴁф&bф)qglbф' &0..' 

 

ҹ 
 

ᵭא ᵭא; ;
ׄ

фע
ג

ᴁо
̆ א ;)0

ׄ

фע
ג

ᴁо

ᵯא ᵯא; ;)
ׄ

фע
ג

ᴁо
̆ ;ᵯᵭא 0

ׄ

фע
ג

ᴁо

&0./' 

 

ῒҬ /-ᴁо῏ ҹ ῍ ̆ ױ ҆ ⱬ Ҭ Ȃ

фעׄ- ⱬ Ȃ ╠ ṿ ӈ ₮Ȃ

̆ Ἕ Ҭ ѿ ȂҌ₮ ̆ Ȃ 

 

Challenge 295 e 

Chapter 5¡ ⱬҍ  

Challenge 297 ny 

Challenge 298 ny 

Ref 188 

Vol I chapter 6¡ , Ref 188 

Equation 137 

Challenge 296 ny 
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̔  

Il faut suivre sa pente, surtout si elle monte.*1  

· (André Gide)  

 

ѿ ̆ Ҋץ 1 Ȃѿ ᶷȁ

Ҋץ 2 Ȃ ⌠ ̙ ῤ ̆ ̙ 

* *  

҉ ̙ 

 

 

҈ ̔ 2  

 

Jeder Straßenjunge in unserem mathematischen 

Göttingen versteht mehr von vierdimensionaler 

Geometrie als Einstein. Aber trotzdem hat Einstein die 

Sache gemacht, und nicht die großen Mathematiker.  

· ᴿ (David Hilbert)*3  

 

ԅ̆ Ῥױ ѿ ױ ֜

ȂҌ Ὲ ̆ ֓Ὲ ӌ ֲ Ȃ ׆ ҩ Ҭ

⌠ (ᶛ )̆ Ὲ ԅ№ױ Ȃ 

╠ӊױ ⌠̆ 2- ȁ3- ȁ4- Ȃ ӈ ׃

׆ 3 Ȃ3- ԅ 3-ᵣ 3-ᵣ Ȃῒ

(Ricci tensor) ᴥח ᵝ *4Ȃ Ẓ ̆ ԅ Ҋ

Ԑ ᵥ ῒ Ȃ ℗ ̆ ᴥח ᵝ Ԑᵣ

( ) ԋ Ԑᵣץ Ȃ Ҭ̆ Ҋ Ԑ ԍ ⱬ

̆ᵖῒᵣ Ҍ ȂFigure 86 ̆ ⱬҌᴪ Ԑ ᵣ Ȃ ӊ̆

ל ӈ ̆ Ҭ ᵌ қ *5Ȃ 

 

 
1* ñֲ (inclination) ꜚ̆ ῒ ҉Ȃò 
2* ∆ ῒᵩ Ȃ 

3* ñ ױ ₃ᵥȂ ̆ Ạԅ ᵬ̆ Ҍ

֓ Ȃò 
4* - (Gregorio Ricci-Curbastro, b. 1853 Lugo, d. 1925 Bologna)̆ Ȃז

№ (absolute differential calculus)ӊ ̆Ӟ ҹñ №òȂ↓ - (Tullio Levi-Civita)

ז Ȃ 
5
* ̔ ; Е

ʜγ

ʜ

ᵯʜ
; ф Е

ʜγ

ʜ

ᵯʜ
;

ʜ

ᵳʜ
)

ʜ

ᵴʜ
)

ʜ

ᵴʜ
Е
ʜγ

ʜ

ᵯʜ
  Ȃ 

̔ ₃ҩ ̆ ∆ Ҍ ȇ ӟ҈ ( , ԍᾛ

)Ȉȇ ӈ (ḡᾛ )ȈȂ 

Challenge 299 e 

Challenge 300 e 

Ref 191 
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̔   

 

ѿ ῃ ᵖ Ҍ ӈ ̔ ₮ 4-ᵣ 4-

ᵣ Ȃ ̆ (Ricci scalar)ח  
 

;ח ;א0
0

ᴁγᵰᵭᵱᵜᵯᵰᵭᵠ
ф

&0.0' 

 

Ӟ ץ (contraction, ѿ ᵬ)׆ ₮Ȃ ԍԋ

̆ ̔  

ח;ח צ; ח &0.1' 

 

ԅ ҉ Ȃ Ҋ Ԑ Ҭ̆ Ԑ ᵣ

̆ Ҭ Ȃ ҍᶭ Ȃ 

 
 

  
 

̆ ᴥח ᵝ ᶃ ̆ ӊ

(Einstein tensor) ׄᴥ ᵝ̆ ῒ( ) ӈ   
 

ׄᴥ ;βᴥח ᵝ

/

0
ᴥצ βח &0.2' 

 

Ҍ ῒ ӈȂ їׄї ҍ 0 ֜ ӊ ̆

ӊ ̔ 

їׄї;א&Еф')א&фо')א&оЕ' &0.3' 

 

ᵌ ̆ ԍ ҩ ר̆ ᾝׄu ᵤҍ ר ֜ ӊ ( ⁞

)Ȃᶛ  

ЕׄЕ;א&їф')א&їо' 'фо&א &0.4' 

 

̆ ҍ ≢ ԍ ̔

Ї ғ ֢ Ȃң ԅ ̆

ԅѿҩӞ ԅ ѿҩȂ( ñ òҍñ ↓ ò ָӇ̙) 

̆ ҩ № Ȃ ҹ ̆

ԅѿҩ Ȃ ҩ ̆ᶏ ӊҍ

Ȃ 

 

Challenge 301 ny 

Challenge 302 d 
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ꜚ Ŀ Ŀ  

 

̆ҹԅ ⱬ̆ ꜚ Ḃᴋᵥץ̆ꜚ ӊ

֜ Ȃ ױ ⌠̆ Ҭ̆ꜚ ҍ ѿ ₮ ̕ Ҋ ₮ ᵥ

ҹѿ ꜚ ҍ ꜚȂ 

ᾢ̆ ױ ᵬ י̆ ױ ӈ -ꜚ

Ẕ;ױẙ;&ױ*עױẚ' ӈ Ȃ י̆ Ҍ ҩ ̆ ꜚ

№ ̆ ꜚ (density)̆ ҩᶭ (field)̆

ҹ  ᴃ*ᴇ'Ȃ&י;י

ԍ -ꜚ י ҉ ̆ ҩ ץ

ҩ bṫ҉̆ ӈԅ -ꜚ bẔȂ ӊ̆י

Ҋ῏ ӈ  

bẔ;יbṫ &0.5' 

 

Ẋ ῒ bṫ Ȃ ԍ -ꜚ ңҩ ᶛ ̆

י Ȃ ̆ ױ 4- 4- Ȃ -ꜚ ץ Ҋ ⅞

№̔ 

 

;י

ᴆ Еט фט оט
Еט ᴃЕЕ ᴃЕф ᴃЕо
фט ᴃфЕ ᴃфф ᴃфо
оט ᴃоЕ ᴃоф ᴃоо

;
꜠

꜠ ꜠
&0.6' 

 

ῒҬ їїי; 3- ̆ ט 3- ̆ᴃ 3- Ȃ ҹ י ꜠( )

(energy ï momentum (density) tensor)Ȃ ңҩ ̔ ̆ ҹ Ȃ 

י ꜚ ̕ י ҹ ̆ Ώᵬ 

 

ᴥיᵜᵝ;.  ҿ י ּᴥ
ᵜᵝ ;. &0.7' 

 

ԅѿҩ Ȃ ҩᵣ Ҭ ̆ ῒ

Ȃ -ꜚ ̆ ᴋᵥҌ ᵝ ȁ ȁ ⱴ ױ

ԑ֜ ̙  Challenge 303 ny 
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ꜚ ԅ ȁꜚ ȁ Ҭ № Ȃᶛ ̆ ױ ꜚ

ᵣ -ꜚ Ȃ ԍ ҹ ȁ ҹ -ȁ4״ ҹ ẙ ᵣ̆  

 

ᴄ'״(ᵜᵝ;&їי
ᵜᴄᵝ ᵜᵝצ״ &0/.' 

 

ῒҬ̆ ї ꜚ Ҭ *1̆ Ȃ ̆ ȁ їȁɰ״

Ȃ     211 

̆ ԍ ̆ ױ ״ ῏ ̆Ӟ

῏Ҋץ  

 

'&״;״ &0/0' 

 

῏ ѿ ̆ Ҍ Ȃ ԍ № ῒ

ԑᵬ Ȃ ’ ̆ *2 ̆ ꜚ Ҋ

₮ 

;ᵜᵝי їᴄ
ᵜᴄᵝ &0/1' 

 

ᵰ ῒҍ ᵣ ’ ≢ ̙ 

ᵰ ץ ѿҊ̆ -ꜚ ┴ ᵝ ҉ Ȃ ҩ ҍ҉

₮ ѿ Ȃᵖ ҩ ӊ╠̆ ̆ ױ

Ⱶ (gravitational energy)ȂԊ ̆ ⱬ ѿ ӈȂѿ ̆ ⱬ

῏ Ȃ ֓ ’Ҋ̆ ȁ ꜚ ̆ ױ ץ

їׄї№ № ӈҹ ⱬ Ȃ ̆ ⱬ ᵌ ӈ̆ғ

ԍ ױ Ȃ*3 

 

 

 

 
1* ꜚ Ҭ̆  

;ᵜᵝי

їע
ф . . .

. ״ . .

. . ״ .

. . . ״

&0//' 

 

2* ӈ ̆ᵖ ԍ ̆ ᵌ Ȃ 

3* ᵌ ԅ ҹ Ȃᵰ ҹ ̙ 

Challenge 304 ny 

Challenge 305 ny 

Challenge 306 s 
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[ ӈ ] ԅ ֲ Ȃ 

1935 ̆ ѿ  

 

ᵰḤ ̙ ט 50 Ȃ 

ѿᵝ " " ῒ"Ẽ 

Ἕ"  

 

Ḥ ҉ ̆ ԍ҆ Ԛ ̆

ѿᵝ῏ ֲ ҍꜚᵬ ҉ Ȃ 

ᴿ ·  

 

ԅ ӈ ̆Ӟ ԅ Ȃ ֓

ץ ׆̆₮ ⱬ ₮ Ȃԋ ׆ ᴿ ꜚᵬ ₮ ̆

Ῥ Ȃᾢ ҈ ̔ ҍ ӊ ῏ ⌠ѿ Ȃ*1 

Ҋ ₮( ԋ ԅׄᴥ )β 
 

ׄᴥ ;β ᴥי ᵝ

ᴥח ᵝ

/

0
ᴥצ βח ᴥצ ;β ᴥי ᵝ

&0/2' 

 

ҹ Ⱶ (gravitational coupling constant)̆ ҹ 
 

;6 ¡ϩעׄ ;0,//.ϩо-L &0/3' 
 

 
1* ԅ ₮ ̆ῒҬ ׂҌῬ ҹ ̆ᵖ ױ Ạѿ Ȃ 

- ӎ (general relativity) ̔ѿ℗ ᴇȂ ̆ᵖ ָӇ ῤ Ȃ 

- ӎ (general covariance) ̔ ץ Ȃ ץ ̆

҆ ⱬ̆ᵖ ’Ҋ̆ ῀ ñ ò ̆ Ạ₮ ᵖҌ Ȃ

ҍ ԑᵬ Ȃ 

- (minimal coupling) ̔ ⱬ ӈ Ȃ

ׂ ̆ ֽΐ ӈȂ    

- (equivalence) ̔ⱴ ҍ ⱬ Ҍ №Ȃ ԅ ₃ᵥ ̆

ⱬ ҹ Ȃ   

- (Machôs principle)̔ ԍҍ ῒ № ԑᵬ Ȃ ̆ᵖֲױ

ӈ Ҭ ῃ Ȃ ᵥ̆ ӈ ӈȂ  

- Ⱶ ғ ҅(identity of gravitational and inertial mass)̔ ѿ׆ ӈ

Ҭ̆ ӈ Ҭ ᵬֲפ⌠ Ȃ ӈҬȂ  

- (correspondence principle)̔ ҩ ȁ ѿ ̆ ҹ ᾢ╠

Ȃᶛ ӈ ̆ ҹ҆ ⱬ ӈ Ȃ 

Ref 193 

Chapter 4¡ ӈ  

Chapter 7¡ ᴿ ꜚᵬ  

Vol III Chapter 9¡ ԑᵬ  

Chapter 8¡  
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ῒṿ ( 0 ץ ⱬ ϩ-2ׄע )̆ ԅ ⱬ ̆ ԅ

ҹҌ Ȃ ̆ ԍ ᵣ -Ȃῒṿ ᵞ̆Ҍ

̆ ╠ ṿ  

 

/.ϧф-L - .,3lH-kо;.,3lN_ &0/4' 

 

╠ ̆ ṿ ╠ ̆ᵖ ҩҌ

Ȃ 

ӊ̆ ⌠ ̆ ̆ѿ ԍ -ꜚ

Ȃ ӊ̔ -꜠ װ Ⱶᵲҿ ᶡ Ї ᵫ Ȃ 

 

 

Ῥ ҆ ⱬ 
 

̆ ӈ ץ Ȃ ע;їїי̆
ф ̆ ῒ י

№ ҹ Ȃ≠ ӈ̆ ᴥצ ;β ᵜβ )ᴥק  βҬפ її̆ק'ф-0ע&;  
 

ф ;2ׄ װ
bфᴇ

bᴃф
; &0/5' 

 

ױ ԅ̆ ҹ ץ ̔ ҹ ױ ᵣ ҹ ג ᵣ

ⱴ ҹ 

ׄ;נ
ג

ᴁф
&0/6' 

 

ҩҍ ᵣ ױ ῏ ṿȂ ᵍ≠ ₮ ̆ ᵣ ץ ⱴ

Ҋ ̆ҍῒ ȁ ȁ ῏Ȃ ӈ Ҭ̆ ⱬӞ ѿ ֹ Ȃ*1

ᵣҍ ᵣ ῏ ԍ ҹ ̆ ҉ ᵣӞ ץ

ꜚ̆ҍ ῏Ȃ219220221222 

 

 
1* ӈ Ὶ ҆ ⱬ Ȃ׆ ӈ̆ ױ ⱴ ᴥסҍ

ӊ ῏Ҋץ ̔ 

ᴥφס;γח ᵠᵟᴅᴥ
ᵞᴅᵟ &0/7' 

ח ̆ ױ ѿҩ ̆ᶏ ;ס Ȃ  

ᴥφס; ᵠ ᵜ ;γח ᵠᵟ
ᵜ ᴅᵞᴅᵟ &00.' 

 

; ᵜ
ᵜ ;γח ᵜᵟ

ᵜ ᴅᵞᴅᵟ;γח ᴅδᵞᴅᵟ; &γי ᴅδᵞᴅᵟ '0-י &00/' 

῀ ᴥיᵝ; ᴅᴥᴅβ̆ ױ ⌠ 

;2 ׄ &000' 

Challenge 307 ny 

Ref 192 

Equation 262 
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ױ ׃ Һ Ȃ ᾢ̆ ѿ℗ ꜚ

(reversible)ȁ (differentiable)ȁ” (deterministic)Ȃ ̆ ȁ ҍ

ꜚ ΐ ֓ ̆ ֽ ԍ ꜚ̆ῒ ꜚ Ҍ ̆ ҹ

ᴪ ₮ѿ֓ ⱬ Ȃ 

̆ ױ ̆ ҹ ̆↕ ҹ̔ 

 

;ח י &001' 

 

Ӟ ԅ ▼ ҍ ῤ ῏ Ȃ  

Ҭצ ̔ ⱴ ҌῬ Ȃ ᶏ ҹ

Ȃ ̆ ∆ ᴆȂ ѿҩҒ

№̆ ҌẠ Ȃ  

̆ ӈ ױ ԅ (214) ѿᶷ̆ Ҍ ᶫ

ѿᶷ Ȃז ָӇ ̙ 

ױ ֓ ῤ ̙ ̆ Ạ Ҍ Ạ ԅ̕

Ԋ ₃̔ ӥ ↓₮ Ḃ

Ȃ ῀ ׅ Ȃᶛ ̆ ץ ѿ ̕

1923 ᴿᾥ (Birkhoff) ̔ᴋᵥ ҹ ̆ Ḃ ᵣ

ԍ ꜚ (ᶛ )֞Ҍᶛ Ȃ 

Ӟ ᶃ └ᵬ ̆ ҉ Ҍ ᵬ ̆ ױ

ֲ ᵥ ̆ ῀ ᵥ Ȃҹԅ ֓ ̆

̆ Ҍ ᵌȂ*1 

ⱬ ѿ Ȃ ⱬ ֽ̆

ᵌ Ȃ ̆ ң↓ ̆ ӊ֟ ( )Ȃ

ѿ ׂׅ ̆ ҹ ӈ ᶫ Ȃ  

ѿ ױֲ̔ ֽ ̆ ̔" -ꜚ ֟ "Ȃ

ῒ ֞ ̆ ֟ ѿ -ꜚ Ȃ Ḃᴪ ̔

ΐ ӈ̆ ֓ ( )̆ ҍ╠

- └ Ȃ 

 

 

 
1* ɒ ̆ ץ www.photon.at/~werner/black-earthȂ 

Challenge 308 e 

Challenge 309 ny 

Challenge 310 ny 

Ref 194 
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ᴿ ꜚᵬ ̔ ᵥ ̙  

 

ҍ Ҭ̆ ᴿ ⌠ѿ ̆ ₃ ῤ ԅ

ᵬȂ ᴿ ̆ Ҭ ӈ ץ ꜠ᵲ (least action 

principle, ñ ꜚᵬ ò) Ȃ 

ᴿ ѿ℗ ꜚ ᶏꜚᵬ ̆Ӟ ̆ѿ℗ ꜚᶏ Ȃ ᴿ

ҹ ꜚ̆ҹ ̆ ̆ ҹῒ ꜚ

Ȃ ̆ Ҍ ̆ ≢ ̆ ѿ℗

╠ Ḡ Ҍ Ȃ  

ⱬ ꜚ ‗ Ȃᴋᵥҍ ῏

ח Ȃ ̆ ᴇ ҍ ӈ ̆ Ȃ

ҹ̆ Ҋꜚᵬ ט ̔ 

 

;ט
ϩע

/4ׄ
ח& 0'bכ &002' 

 

ᵣ ᾝ bכ ΐᵣ ̆ Ȃ ( ᴿ

ᵬ ₃ ⱴ) ᵬҹѿ ₮ ̆ № Ҍ ꜚᵬ Ȃ ױ

⌠̆ Ҭ ṿ ̆ᵖᵌӍ Ҍ Ȃ  

ױ ץ ᴿ ꜚᵬ Ҭ ⱴ ̆ Ό ̔ ᴿ ꜚᵬ

ץ ₮ ̆ ӊ֞ Ȃ ң Ὲ ᴇ Ȃ ̆ ᴿ ꜚᵬ

̆ ⱴ҉ңṐ ̆ ѿ №Ȃꜚᵬ ₮̆

ꜚ ̆ᶏ ҩ № Ȃ  

̆ ⱬᵬҹѿҩ ṿ̆₮ ꜚᵬ (224)ҬȂ ̆

Ẓ Ӟ Ȃ ԅ ↨ Ȃᵰ ᴿ ꜚᵬ

ⱬ ̙ 

ꜚ̆ ԅ ᴿ ꜚᵬ ̆ ∆ ᴆȂ

ԅѿҩҒ ̆ᵖ ҩ ױ Ȃ ӈ ꜚᵬ

ῒ ᴇ ֞ Ȃ  

ӊ̆ñ ᵥ ꜚ̙ò ѿ ̆ꜚᵬ ₮ ̔ ᶏ

Ȃ ñ ᵣ ᵥ ꜚ̙ò ѿ ̆ ӈ ҍ ӈ

ѿ ̔ ᵣ ᶏ ꜚȂ  

 

 

ӈ    

 

Һ ̆ ⅎ Ғ (diffeomorphism invariance) ӎ

(general covariance)Ȃ׆ ҉ ̆ ꜚ ҍ ῏Ȃ ℗

Challenge 311 ny 

Ref 128 
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̆ ȁ ȁ ꜚ̆ ᴋ № ҊҌ Ȃ №

Ҍ ᴿ ꜚᵬ ̔ ꜚҍ ῏Ȃ 

₮ (scale symmetry)̆ ӗץѿҩ῍

ṿ ̆ Ҍ Ȃ1993 ̆ (Torre) (Anderson) ԅ №

₄ ֽ ң Ȃ 

ԅ № Ҍ ̆ - ӈ ̆ ҩ ῃ

Ȃ ԅ ∆ ᴆ̆ ῒ ׅ̆

Ȃ ֓ ֲ ᴪҹ ῖ ᶫ Ȃ  

ӊ̆ ӈ Ҭ ȁ ȁ ꜚӞ

ȁ ȁ ȁ ἝҌ Ȃ ̆ ▲ ꜚӞ -ꜚ

ꜚ Ȃ ̆ ᴿ ꜚᵬ ̆ ᶏ Ҭ ꜚӞ

Ꞌ ̔ ꜚᵬ Ȃ  

ӊ̆ ῀ԅ ꜚ̆ᵖ ӈ Ҍ ױ ꜚ

Ȃ ꜚ ῝ Ȃ 

 

 

ӈ Ҭ   

 

ӈ № Ҍ ֲ Ȃ ױ ⌠̆ ᾛ ױ ױ

ѿҩ ῤ Ȃ ╠ ̆ ӈ ӈ ΐᵣᵝ Ȃ

ᵝ ̆ Ӈ ̙ ῀ ̔ҍ ѿ ̆

̆ ӈȂ ̆ ץ ӈ

̔ ᵣ ᵣ ᵣ Ȃ*1   225226 

ӈ ̆ ῒ ’Ȃ ӊ̆

ӈ ̆ ̆ ֽ ӈȂ ӈ

Ҭ ѿ Ȃ Ҍ ᵥ ӈ ԍ ȁ ԍ

ҩ ( Ҍ ’Ҋ) Ҭ Ȃ 

 

 
1* ӈ (Arnowitt)ȁ (Deser)ȁ (Misner) ₮̆ ҹ ADM

Ȃῒ ≠ uצ ᵥ̆ Ҋ № ӈ̔ 

;ױ
фע

10ׄ
uצ ᵥּu ᵥ uצ ᵤּv ᵥb־

ᴝᴖ

&003' 

ῒҬ ɔט ҹ ח ̆ ԍ ᵝ ̆b־ ᾝȂ

ғ № Ҭ̆↕ ץ ח Ȃ ̆ ԍ  

uצ ;v 'ᴁф-/&ה(ᴁ-ץ(/ ᵤᵥ &004' 

↕ ג ׄ-фעץ; Ȃ 

Challenge 312 ny 

Ref 195 

Ref 196 

Ref 197 

Ref 198 

Figure 124 
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ⱬ ҍ  

 

῀ ̆ ⱬ Ȃ ̆

ҹ ̆ⱬ ӈ̆ ╠ ṿ /.ϧф-kф ’Ȃ ҉̆

- ῏ ҹ 

0ׄ фעח;ג /
1
фח &005' 

 

ҍ ῏ ⱬֽ Ȃ ̆ⱬ

ԍ ȂҊ ױ Һӈ ̆ ₮ ⱬ ₮

Ȃ ̆ⱬ ΐᵣ ṿ̆ Ῥ ῀ѿ

̆╠ ₮ ѿ ̆≠ ԅ ⱬ Ȃ 

ֲ ̆ ᴪ ׆ ⱬ ӈ

Ȃ≠ ӓ (Raychaudhuri equation) Ȃῒ ̆ ѿᴪ

(torsion, *1)̆ ᴪ ӓ Ȃ Ҍ ᵬ ̆҉

ׅ Ȃ ׅ ҩ Ȃ  

 

 

ⱬ ⱬ ̙  

 

ᵍ≠ Ҭ̆ ⱬ ҹ ᵣ ꜚ Ȃ ᵍ≠ Ҭ̆ ױ

ⱬל ⱬ̆ ⱬᴪ ꜚȂⱬ ԑᵬ ᵣ ꜚ қ Ȃ

↨↨ױ ⌠̆ ңҩ ᵣ ⱬ ԑ ̆ ױ ԍ ᵣ Ȃᶛ ̆

̆ ҹ ñ òȂ ԍᴋᵥ ᵣ ԍ

(rest, ) ̆ ñץ ⱬ ᵣ ꜚò ѿ Ȃ

҉̆ ñ ò̆ ױ ץ ̆ ñ ò

ꜚ̆ғ Ȃ ꜚ ᵣ̆ ᴪ ⌠ ԑᵬ

̙ 

ץױ ѿ ҩ Ȃñ ԑᵬ (interaction)ò ӈ ̔

№ӊ ҍ ᵣ Ȃ ⱬ ̆ ᵣ ץ ̆ ѿҩ ᵣ

̆ Ἕ ָӇҌѿ ̆ ז ץ ҹ ⱬ ԑᵬ Ȃ 

ԑᵬ ᴰ Ȃ ױ ⌠̆ ץ ⱬ ᵌ ᴰ

Ȃ ⱬ Ӟ ѿ Ȃ ץ ᶏ ̆ ⱬӞ ѿ ᵌ

ԑᵬ Ȃ 

  

 
1*  ̔ Ҋ̆ ҉ѿ ҍ ѿ ̆ ⅓ ̕ҍ ң ̆ ⅓

̕ ԍ ℗ ̆ ̕ ҍ℗ ⅓ה ̕ ԍ׆℗ ̆ Ӏ

̕Һ ҍ ɼ (ⱴ )ҍ℗ ( ) ῏̆ ̆

℗׆ ̕ל ҍ ῏̆ ̆ ℗  Ȃל

Challenge 313 s 

Ref 199 

Ref 128 , Ref 129 

Chapter 4¡ ⱬ 
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׆ ̆Ҍ № ̔ ѿ ץ -ꜚ Ẕ;ױẙ Ȃ

ῒ ᴂ -ꜚ ̆  

 

bẔ

bᴂ
ױ;

bẙ

bᴂ
ױ; ẉᴥ

bẙᵜ

bᴂ
)
bẉᴥ

bᴂ
ẙᵜ ẉᴥױ;

bẙᵜ

bᴂ
) ᵝᵟ

ᵜ ẙᵝẙᵟ ;. &006' 

 

ῒҬ ẉ ᵝ ̕ ᵝᵟ
ᵜ (metric connection)̆ Ῥ

Ȃᵰ ץ ̆ ᴋ -ꜚ Ȃ ̆ ꜚ -ꜚ

Ȃ ӊ̆ ⱬȂ ױ ץ ̆ (228)Ҭ ԋ ( )

ⱬ̆ᵖ ץ ᴋ ҕ ҹ Ȃ ӊ̆ Ӟ ңҩ ԑ

ᵣ ᴋᵥ ̔ ץ ⱬ ԑᵬ Ȃ  

Ῥ ᾣ ҹȂᾣ Ҭ ꜚȂ ӈ҉ ̆

ᵣȂ ̆ ױ ᵣ ԍ (rest, )̆ ױ ץ ̆

(rest)Ȃ ˻ ױ ᾣҌ ⱴ *1Ȃ ױ ⌠̆ᾣ ⱬẒ

ⱴ ̆ ҹ ᶏ ’Ҋ̆ᾣ ҬӞ Ȃ ԍ

̆ᾣ ᵣ ᵌӍᴪ⁞ ̆ᵖ ᾣ ᴰ Ȃ ӊ̆ ⱬ

ñ ꜚòᾣȂ  

҉̆ ̆ ױ Һץ ⱬ ѿ ԑᵬ ̆

ᵣ ῀ ̆ Ẓ ᾣ Ȃ ̆₮ԍѿ℗ ̆ ⱬ ѿ ԑᵬ Ȃ 

 

 

ᵥ   

 

ӈ ₮̔ ᵣ Ҋ Ȃ ꜚ ̆ ֓

Ȃ *2Ȃ ᾢֲ̆ױ ̆ñ ò

ῒ׆ ԋ ӈҬ Ȃ ԍ ҉ ̆

ᴥצᵝ ̆ ӈԅ ӊ ̔ 

 

bᴂф;bᴇᴥbᴇᵜ;ᴥצ &βᴇ'bᴇᵜbᴇᵝ &007' 

 

 

 

 
1* (ᾣ ׃῀ ⁞ ) ᶛȂҤ ̆ Ҭ ᾣҌ Ῥ Ȃ ֓

ӊ ̆ᾣׅץ ᾣ ᴰ Ȃ ҩ ⁞ ԅȂ ҍ ֞ Ȃ῏ԍᾣẒ

̆ ῒ Ȃ 

2* ҹ ֲ‰ ̆∆ ץ Ȃ 

Challenge 314 ny 

Challenge 315 ny 

Challenge 316 ny 

Ref 200 

Vol III Chapter 4¡  
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ӟ ̔ ̆ ԍᶭ ҹ ᴏ ᴂ ᴇᵜ&ᴂ'̆

ғֽ Ҋ ( bᴂ .)̆ Ҭ ( )

(geodesic) ( ңԊᴆ *1)̔ 

 

b

bᴂ
ᴥצᵟ

bᴇᵟ

bᴂ
;
/

0

βצᵞ

ᴇᴥ

bᴇᵝ

bᴂ

bᴇᵞ

bᴂ
&01.' 

 

ѿ℗ ᵣ *2Ȃӊ╠ ̆ פ Ҭ

̆ ῒ∆ ԍ Ȃ ̆ (230) ԅף ӈ

ᵣ bфᴇ-bᴃф; ᵣ bфᴇ-bᴃф;.Ȃ231232233 

Ҍ ‗ԍ ᵣ ̆ Ӟ Ҋ Ȃ ӊ̆

Ҍҍ ̆ Ӟ Ȃ ̆ ה № ̆ ᶏ

Ӟ ץ ѿ Ȃᵰ ₮ ̙ 

ҹԅ ̆ ױ ᾟ̔ᾣ ᾣ ȂӞ ѿҩ

ᴏ ᴄ̆ᶏ  

bфᴇᵜ

bᴄф
) ᵝᵞ

ᵜ bᴇ
ᵝ

bᴄ

bᴇᵞ

bᴄ
;. &012' 

ᴆҹ 

ᴥצᵝ

bᴇᵜ

bᴄ

bᴇᵝ

bᴄ
;. &013' 

 

⌠ ֓ ӈ̆Figure 65 └ ָӇ ̙ 

 

 
ױ *1 ̆ Ҭ̆ ̕ᵖ ӈ Ҭ̆

Ȃ ң ’Ҋ̆ ױ Ҭñ ò Ȃ 

2* Ώᵬ 

bфᴇᵜ

bᴂф
) ᵝᵞ

ᵜbᴇ
ᵝ

bᴂ

bᴇᵞ

bᴂ
;. &01/' 

ῒҬ̆ ᴆ   

ᴥצᵝ

bᴇᵜ

bᴂ

bᴇᵝ

bᴂ
;/ &010' 

℗ ᵝ ̆ ғ bᴂ .Ȃ҉ ₮ Ҋ ₮ 

ᵝᵞ
ᵜ ;

נ
עס
;
/

0
&ᵜᵟצ δβצ )γ δγצᵝ βδצ 'γ &011' 

ҹ ԑ ᾫ (Christoffel symbol) (metric connection)Ȃ 

Challenge 317 ny 

Challenge 318 ny 

Challenge 319 ny 

Ref 201 
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ᾙ1  

 

ӥ ׃ ȂẠҩ ̆

ᵰ ⌠ қ ̆ Ҍ ԅȂ 

ӊ╠ ̆ Ȃ 4 Ҭ̆ ҩ ( ҹ ח )

ױ Ҭᴋᵥ ԋ Ȃ 4 Ҭ̆ ңҩ 4-

ӈ̆ ᵬ Ẕ ẕȂ Ẕҍ ẕ ף Ȃ ₃ ӈȂ 

-ᾫ (Riemann-Christoffel curvature tensor)ח ӈҹ̔ ᾛ

Ҋץױ Ẕҍ ẕ ҹ ־  'Ẕ*ẕ&א

 

;'Ẕ*ẕ&א
ẔẕẔẕח

'ф&Ẕ*ẕ־
;

ᴥח ᵝᵞδ״
ᵜᴀᵝ״ᵞᴀᵟ

צ צ צ צ ᴀ״ᴀ״
&014' 

 

ᶛ̆ῒҬ Ҁ ף*ע*ס*נ ׆ 0 ⌠ 3̆ Ӟ ̕ ₮ ң ̆

ף Ȃ ח̆ (rank)ҹ 4 Ȃ ῤ ̕ צ

̆Ҍֽֽ Ȃ ̆ ῏ ̆

ᶏ *2 ח ῒ ₮ Ȃ*3  237238 

Ҍ ⌠ ӈȂ ѿ Ȃ

ױ ⱬȂ ╠ ̆ ⱬ ̔ ң ץ ̆

ꜚ̆ ӊױ ᴪ Ȃ ӊ̆ ⱬ

ⱴ ( )Ȃ 

ח ԅ ⱴ Ȃ ̆ ⱴ Ẇ ң Ẉ

ẙ (ҹָӇ̙) ⱴȂ ̆ Ӟױ ץ ח ӈҹ ֓ ӊ (

ӈ) ᶛ ̔ 

 

 
1* ҹ ֲ‰ ̆∆ ץ Ȃ 

2* ·  (Bernhard Riemann, b. 1826 Breselenz, d. 1866 Selasca)̆ Ȃ ᴧ ̆

₃ᵥ ⱳּב Ȃ 
3* ╠ ȁ ȁᾣ ᴰ ̆ Ȃ

צ Ȃ ױ ̆ ѿҩ ג ̆ ᴥצ  β

ҩ ̆ Ȃ ҹ (Riemannian manifold)Ȃ

ӈ ( ҩ )Ȃ ≢ ̆ ױ  

ᴥצ ;β/-צᵜᵝ װ ᵝצ
ᵜ ;ᴥצᵝ; ᵝ

ᵜ &015' 

ҍ ᵥ῏ ̙ ҩ ӥ Ҭ ֽ̕ᵬԅ ̆῏ Ҋ 

ח ᵝᵞᵟ
ᵜ ; ᵝᵟ

ᵜ

ᴇγ
ᵝᵞ
ᵜ

ᴇδ
) ᵠᵞ

ᵜ
ᵝᵟ
ᵠ

ᵡᵟ
ᵜ

ᵝᵞ
ᵡ &016' 

ԋ Ȃ ̆Ӟ ץ Ȃ ₮ԅѿҩ ᵌ῏ Ȃ 

Challenge 320 e 

Challenge 321 e 

Challenge 322 ny 
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Ẇ;חẙẙẈ ҿ ᵝᵞᵟח;ᵜס
ᵜ ᴄᵝᴄᵞףᵟ &017' 

 

№ ṕ Ȃ ԍ ԅ῏ԍῤ Ḥ ̆

ױ ₮ ̆ ח ѿҩ Ҭҹ ̆ Ӈ Ȃ

׆ ԋ ӈҬ ₮Ȃ*1  240 

ӈ ѿ ח ҊȂ ԍ ᵣ ̆ ᴥצᵝ ӈ

Ҭ ᵜβ ₮Ȃ ῒ Ҭ̆ ױ  
 

ᴥצ ;β ᵜ )β
/

1
ᴥח ᵞᵝᴇδ

ᵞᴇᵟ)ה&ᴇо'

;
/

0
&ᵞ ᴥδצ 'βᴇᵞᴇᵟ)ה&ᴇо'

&02/' 

 

ῒҬ ה Ȃ ̆ ԅ Ẓ Ȃ

ח ҩ ̆ ҩ ҉ 44=256ҩ№ ̆ ̆ῒ *2

⁞⌠ԅ 20ҩȂ Ҭ ̆ 10ҩȂ ױ

№ ̆ ץ ӈ̆    242243 
 

βחᵞ;ח ᵝᴥ ᵞ
ᵜ &022' 

 

ῒ№ ̆ҍ № ѿ ̆ ṕ Ȃ βחᵞ ח ᵝγ ᵟ
ᵜ ṿҍ

῏̆ᴥח ᵝγ ↕δҌ Ȃ 

ᵰ ԍ ᴥח ᵝγ δח
ᵜβᵞᵟ;26ױф-ᴁи ̙ 

 

 
1* ԋ ӈӞ ẘ (geodesic deviation) ӈȂ ҍ ѿ ӈ ᴇ Ҍ ̆

̆ Ȃ ҈ ח̆ ῀ ח Ȃңҩ

ҹ ᴄ ᴅ ̆ ꜚ ᴆѿ ̆ ᴆ ҹᴆ) ᴆȂ  

ẛ; фחẙẚẛ) &02.' 

╠ץױ ⌠ ҹ̆ ꜛԍԅ Ẓ Ȃ ӊ╠

Ҭ ̆ᵖ ҉ ̆ ҉̆ ѿ ̆

ᴪ ₮ҍ Ҍ Ȃҹ ̙ 

2* ᵣ ӈ ̆ ֓ ̆ ѿ֓ ̔ 

ᴥח ᵝᵞ;δγח ᵟᵜᵝ̆ ᴥח ᵝᵞ;δ βח ᵜᵞ;δ ᴥח ᵝᵟᵞ &020' 

֓῏ Ӟ № ԅȂҊ ↕῏ Ӟ  

ᴥח ᵝᵞ)δᴥח ᵟᵝ)γᴥח ᵞᵟ;β. &021' 

̆ Ҭ ‰ Ȃח ץ Ҍ ̆ ῒ Е
ф
ᵜβ ᵞᵟγחᵟ

ᵠχ ᴥחᵝᵠᵡ̆

ҍῒ Ẽ ӗ ̆חח -‛ Ҍ Ȃ 

Challenge 323 ny 

Challenge 326 e  

Challenge 327 ny 

Challenge 324 s  

Challenge 325 ny 

Ref 202 

Vol I Figure 187 
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̔ ӈ  

 

̆ ѿױ "ᾢ 10" "11"ֲ ̔

ң ╠ 70ҩ ᵝ ̆ ⌠

⁞ (8× 10ϖ10 m/s2)̆ ѿ ҹ"ᾢ (Pioneer anomaly)"Ȃ

῀ ̆ ⁞ ֓ ⱬ Ẓ ̆

ԍ ᵬ Ȃ 

̆ Ҍ ῏ Ȃ ֟ 2.5

ֽ̆ 80 ╠ Ҍ ץ ⌠ ṿȂ

ԅ Ҍ ̆ ‗Ȃ 

* *  

₮ ԍ ⱳ ⱬ̆ӂ ӈ Ȃ ԅ ץ ̆

ῒ ̙ 

ױ ӈ Һ ̆ ȁ ᴶῗ ȁ ᴇ ̆

Ӟ ԍ ᵣᵝ Ȃ ᵌԍ ӈ ̙ ╠̆

ԅ № ⱳȂ 

ӈ ԍ ᵣ ̆ ҹ ӈ ԅ

Ȃᾥּי (Kröner) ԅ Ȃ 

֓ ᵣ(ῒҬ ) ᵣ(ᾣᴰ ׃ )ҬӞ ԅΐ

ñ ò ̆ῒҬ ᵌԍ Ȃ

╠ Ȃ  

⌠₃ ╠̆ Ҭ ԅҍ ӈ Ȃ ҩ ֲ

ױ ӊ Ȃ 

* *  

ⱬ ѿ ҍӊԈ ⱬ ̙ ӈ Һ Ԉ Ҭ̆

- ⱬ ̆ᶛ ῌ (Brans) ᾥ(Dicke) ₮

ῒ Ȃ 

- ѿ (112)̆ Ӈ Ӟ ѿҩ ⱬȂ

ꜚ ѿ Ȃ ̆ - ᴇԍ

ӈ ̆ ҹ ᾛ ᶏױֲ (Jacobson) Ȃ

’ֽ ΐ ( Ἕ ѿ ) ᴪ₮ Ȃ

ӊ̆ - Ҭ̆Ҍ ѿ℗ ꜚ ѿ (

’̆ ҹ - ӈ ӈ )̆ Ӈ ⱬ Ҍᴪ₮

̆ ӞҌ ᴇԍ ӈ Ȃ ֽ̆ Ҍ ץ

ӈ ̔ № ῃ - Ȃ 

 

Ref 203 

Ref 204 

Ref 118 

Ref 205 

Chapter 1¡ ᾣ ≢ 

Vol VI page 281 
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* *  

ӈ ѿ ҈ҩ ῀ ̆

ױ ᵝ Ȃ ᶏ ᾣ ̆ ᾣ׆ѿ ⌠

ң Ȃ 

ᵰ ѿҊ ѿҩ Һ ̙ ᵥ⁞ ֓

̙ 

 

 

 

̔   

 

ӈ ԅ ȁ ȁ ꜚȂ ױ ₮̔ 
 

ץ ¥ ⱬ ₮Ȃ 

¥ ᵣ ӈ ꜚȂ 
 

⌠ ╠ҹ ῃ Ȃ 

 

 

 

 

 

 

Challenge 328 s 
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Chapter 8 

08ᵥץ ̔ Ҭ ꜚ 

 

 

Zwei Dinge erfüllen das Gemüt mit immer neuer und 

zunehmender Bewunderung und Ehrfurcht, je öfter und 

anhaltender sich das Nachdenken damit beschäftigt: der 

bestirnte Himmel über mir und das moralische Gesetz in 

mir.*1 

ᴚ ꜜ ·  

 

Ҭ̆ ң ⌠ԓ ̆ῒҬ ȂҹָӇ

̙ ҹ ҕ ̆ ҍ ҍ ῏Ȃ ̆

ҹԅ ץ ҹ ԊȂᵖֽֽ̆ñ ױ ⌠ ò Ӈ

ҩ Ԋ ̆ Ԋ ѿ℗ Ԋ Ҽ̔ ѿԊ ₃Ӎ ף

̆ ҩ Ȃ 

 

 

ӊ  

ᾥ≠ "̔

῍ ̆ ̆ Ȃ" 

Ӌ (Aetius), Opinions. 

 

ױ ⌠ ᵣ̆Һ ҍ ױ ȁғ ֦

֓Ȃ ױ ױ ⌠₃ ᾣ Ȃ ᵀ ̆ ױ ̆ 400 ᾣ

ѿ Ȃ ַ Ҭ ѿ Ȃ 

₃Ӎ ᵣ Ȃ ѿ ᵣ

י Ԑ̆ Figure 91 Ȃ 1755 ̔ Ἕ ѿ

ѿ ҩ Ȃ ̆ ᵣ Ԑץ ȁ ᴶ ԐȂ

ᴶ Ԑ ױ Ȃῒ ᵣ ̔ (novae)̆

̆₮ ̕ (supernovae)̆ ᶏ₮

Ӟ ץ ⌠Ȃ 

 
1* ñ ңԊ̆ ӊ ̆אל ӊ ӄ̆↕ ҍ ⱴ ȁ ȁᾟ ̆ ̔ ҉ӊ ̆

Ҭӊ Ȃò ᴚפ ꜜ Ŀ (Immanuel Kant, 1724-1804)̆ (Enlightenment) Ȃ

ꜚ ԅ ᴰ ̆ ԅ ף ̆ ԅ ҍ ‰Ȃ  

Ref 206 

Ref 207 

Ref 208 
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ᵣ ῒ Ӟ ≢Ȃᶛ ̆ ̆ῒҬ ̆

ң ԑ ̆ᶛ Ȃ ױ ꜚ̆ ץ

ױ Ȃᵰ ῒ ̙ 

ץ ⌠ ᵣ̆ Ӟ ȁ ױ 

Һ ӊѿȂ 

  

ѿ ף ̆ ԅ₃ ҍ Ȃ ῃ

Ȃ ҹ  (© Axel Mellinger, from Ref 209) 

Figure 87 

ҍ ױ Ẋ Ἕ(courtesy NASA) Figure 88 

̔Ẋ (false color image)Ҍ ᴺ (pseudo color image)Ȃ 

Challenge 329 ny 
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Ҍ ̙ Ȃ Ȃ ᾢ̆ ױ (

(galaxy)ѿ ñ (Milky Way)ò ) ̆ ῒ ̆

̆ Ӈ ῒ № ‗ ԅ ̕ Ҭ ῒ

̆ 1011ҩ̆ ԋ ҕ ȂFigure 91ȁFigure 92 Figure 93 ԅ

ѿ֓ᶛ Ȃ ѿ ԅ ᵥñ ֙ò ̔ҍῒ Ȃ  

 

ֲ A 

 
Ԑ 

X-1 

Ҭ ⌠  1 30 MeVӊ  X Ẋ Ἕ (courtesy NASA) Figure 89 

ѿ Ẋ Ἕ̆ ԅ ױ ̕ ҩ

ף ̆ Ҭ ̕ ⱴԅ Ἕ(courtesy Thomas Jarret/IPAC/Caltech) 

Figure 90 

ῷ  

 

 

 
י  

 

  

ⱬ  
 

ֲ  

634  Ẽ  

Ẽ  

569   

№ Ԑ 

№ Ԑ 

-י  

 

 - 

 

&  

Ҭ  

 

ᴶԐ 

 
-  
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ҹ ױ ᵝ Ӈ ̙ ױֲ~

Ӟ ѿ Ȃֲױ ̆ Ҍֽ Ҭ ѿ Ӳ ̆ ғ

1011 ԑ Ȃ Ӟ ҈ ̔ Figure 88

̆ ҩ ̆Ҭ € Ȃ ҹ 10҆ᾣ ̆

2ַ⌠ 2.5ַ ѿ ( ̙) Ȃ ̔ ץ

̆ӞҌ Ҭ ԅ 20⌠ 25 Ȃ 

ױֲ ץ Ȃ ≠ ῒ ‖ ̔

ױֲ̆ ץ Ҭ ⱴ ̆ ҹ ‖ ⱴ ꜚ̆ᶏῒ ᾣ⌠

Ȃ ₃ ̆ Ȃ ׅ

ҬȂ ╠ᵀ ̆ ױ ҹ 1042 ᾥ 5Ĭ1011ҩ Ȃ 

 

 

ᵥ ̙ 

 

ᶃ Ἕ Ȃ ֓

̆ᶛ Figure 96 ̆ᵝԍ ≠ (Paranal) Ȃ ֓ ⱬ

ֲפ ҹ Ȃ ҉̆ ̆

Figure 97 Ȃ ף ҩ Ἕ̆Figure 87 Figure 

90 ₮ԅѿ֓ ᶛȂwww.chromoscope.net ҩ ̆ ꜚᾣ ̆

℗ ̆ Ҽӊ ̆ ṿ ѿ Ȃ  

 

  

י ԐM31 

(Andromeda nebula M31)̆ 

ױ ӊѿ(Ӟ

(Messier object listing)Ҭ

31ҩ)(NASA). 

Figure 91 
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Ref 210 

Ref 211 






































































































































































































































































































