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Ȃΐᵣ ̆ӥҬ ԅ ȁ ‰ ȁ ӈ ץ

׆ץ ₮Ȃ҈ ԑᵬ ȁ҈ף ץ ҈
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̔ ꜚ, ӏ, , ,  

, (vol.I) 

ᶏ ᾣ, , ,ԅ ֲҍ (vol.III) 

 

ҏ 1/˂ 
̔  ₮  

,  

֙, , , ,  

, , ,

֟ҙ 
(vol.III and vol.III) 

( ‼ )   

ҏ c/˂ 
̔ ⱴ ,

ᾥ, ᵣ, ץ,

, ,

 
(vol.V) 

῝ Ⱶ  

ҏ 1/4G 
̔  

 ,

, ,

 
(vol.I) 

ӎ   

ҏ c4/4G 
̔ ,

ғ ꜚ

,

ץ ,

, (vol.II) 

῝ Ⱶ   

̔ Ҭ

 
(vol.V) 

ҏ 1/4G˂  

ҏ c 

꜠ ҅  

ҏ  c4/4G˂  
̔ ҅⅓ ꜚ, ,֣

, ҍ , ѿ ӏ(vol.VI) 

̔ 

꜠ᵲ (least action principle)

‰ ꜚ 

   ╠ ̔ 

ⱴ ꜠ (motion limit) 

‰  

G 

└ 

 

ꜚ 

 ˂e k 
└ 

 

ꜚ 

c  
└ 

 

ꜚ 

ӎ   

̔ᾣ  

   

E0 = mc2 

(vol.II) 

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

d. 1938 Leningrad) ₮Ȃ ᵣ׆ ꜚ ̆ ԅ ף ҩ

Ȃ ף ѿ ꜚ ̆ ⌠ ‰ Ȃ ⱬ G └

ꜚ̆ ꜚ ↕ ᾣ c ₮̆ ꜚ №≢ ( ) ᾥ ȁ˂ e

ῗ k ₮Ȃ 
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ҍ  381 Å  381 Å ̓͂ԍ ѿ ҍ  382 
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Å  386 Å 387 

388  Е Ї  

390   

390  Еᵫҿ ꜠К 

 

392   

393 A ҍ ₃ᵥ 

  ҍ  

   

  ⱳ  

   Å    Å    

   

  Һ  

   

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ѿ̔ 

 

ҍ ԍ ̆ 

ԍ ꜚ ӊ ᴪ ̔ 

ҍ ץ №̆ 

ҍ ӊ ₃Ӎ ≢̆ 

̆ 

ץ ̆ 

ԑᵬ ᴪ ̆ 

ԍ ̆ 

ꜚẠ₮ Ȃ 



 

 

 

׆.01 ѿ 

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

 

17 

 

Chapter 1 

׆.01 ѿ  

 

 

ѿ℗̆ ȁ ȁ ̔ѿ℗ ꜚȂ ѿ

̆ ̆Ӟ ᾣ ꜚ Ȃ ꜚ

Ȃ ҍᾣ ԍ ꜚȂ *1Ӟ ꜚ

̔ ֟ Ȃ ֲ ⇔ ⱬӞ ԍ Ҭ№ ȁ ȁ

ꜚȂ₄ ̆ ѿ℗ ̆ ѿ ̙  

ѿ ҅(unified)ғ ‼(precise) ѿ℗ ꜚ̙ ᵥ ̙

ֲҍ ̆ᾣҍ ̆ѿ℗ ꜚԊ № ̙ ꜚ ָ

Ӈ̙ ֓ Ύ Һ Ȃ  

‰ ꜚ ̆⅞₮ԅ (physics) Ȃ₃ ̆ ױ

ԅ ῏ԍ ꜚ ‰ Ȃ ױ ׂ ̔ Ḥ Ҭ ᵥᴰ ̆

̆ ҹᵥ ̆ ₀ ̆ ᵥץ ̆Ҍ ҽȂ≠ ῏ԍ

ꜚ ̔ ױ ֲᵣ ̕ └ױ ֟ ̆ Ḥȁ ̕

Ḡױ ȁ ≠ ̕ ҉ ῀ ȁ Ȃ ̆ ꜠ (the 

science of motion)̆ѿ ѿ ̆῏ԍ ꜚ ӂ Ȃ 

҉ҩ ֲ̆ ѿ℗ ⌠ ꜚȂ ץ

ҹ ҊΈ Ȃ 

 

1. ӊ ꜚ ԍ҈ ̆ ץ ꜠ᵲ Ȃ꜠ᵲ (action)

ԅѿҩ Ҭ ԅ Ȃ ꜚᵬ ₮̔ ꜠ᶕ (motion 

minimizes change)Ȃ ꜚ ̆ ̆

ҍ ̆ Ҍ Ȃ 
 

2. ѿҩҌ ̆ ᾣ ע̆ Ҍ ԅ ӎ

(special relativity)Ȃ ҍ ᴇ̆ Ҍ Ȃ 
 

3. ѿҩҌ ꜚ ̆ ᾥⱬ ϩ-2ׄע ̆ Ҍ ⱬ ԅ

ӎ (general relativity)̆ ӊױ ᴪ ѿ Ȃ ᵣҊ ̆

ғ ᴪ ꜚ̆ Ҍ Ȃ 
 

4. Ȃ ‗ ԅ ╠ ⌠ Ȃ 
  

 
1*   page 16 ԅ Ҭ ῒ ȁ ῒ ѿ ̆ Ҋ

(courtesy NASA)Ȃ 

Ref. 1 , Ref. 3 

Ref. 2 

Page 30 

Ref. 2 

Ref. 2 
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5. Ҭ ѿҩҌ ṿ̆ ꜚᵬ Ἡ̆ Ҍ ṿ ԅ

(quantum theory)Ȃ ȁ Ȃ 
 

6. Ҭ ҍ Ȃ (fermions) ̔Έ

ᾥȁ҈ ȁ҈ Ҭ ץ ױ Ȃ (bosons)

̔ᾣ ȁ҈ ׃ ῇ Ȃ ̆2012 ԅ

̆ 1964 ԅȂ ᴪ ꜚ̆ ғ ץ ԑ

Ȃ ֓ ԑᵬ ȁ ԑᵬ ԑᵬ Ȃ ֓

↕̆ⱴ҉ ȁ ȁ ץ ѿ ̆ ԅ

‼ (standard model of particle physics)Ȃ ‰ ԅ ȁ

ץ̆ ᵣῤױ Ȃ 

 

Έ ̆ Ӑ (millennium description of physics)̆ ԅῈᾝ 2000

῏ԍ ꜚ ѿ℗Ȃ(ῒ ̆ 2012 ̆ᵖ Ҍ Ȃ) ֓

ԅֲ ȁꜚ ȁ ȁ ᵣȁᾣȁ ȁ ȁ ꜚȂ Έҩ

ꜚ ‰̆ Ḃ ׂ̆ ҍ ȁ ҍ ӊ Ӟ Ȃ

ҹ ̆ ₃ ҉҆ Ҍ ᴯ Ȃ 

ׅ̆ ѿ֓ ׆ Έҩ Ҭ ₮ Ȃᶛ Ȃ

Ҭ (fine structure constant)̆ ҩ ̆

Ώҹ ̆ῒ ṿҹ ;/-/15,.13777/17&1/'Ȃ ṿ Ҍ ̆ Ӈ

ᴪҌ Ȃ ᶛ ̆ҹָӇᴪ Ҏ ԑᵬ ȁ ԑ ȁ

Ҏ Ҏү ̙ ָӇ̙ҹָӇ ‰

̙ Έ ҍ╠ ԓ ָӇ῏ ̙ 

ѿҩ Ȃ ױ Ҍ

ָӇȂ ױ Ҭ ̆ ױ Ҍ ᵥ҉׆

Έ Ҭ֟ ̆Ҍ ױ ҍ ֓ Ҍ ̆ ץ Ҋ ῤ

ҬҌᴪ ҩ Ȃ ҉̆ ’ Ҍ Ӈ ԅ̔

ҍ ꜚ Ȃ 

̆ ҹָӇᴪ ꜚ ̙ ӊ̆ ‰ғ

ⱳ̆ᵖ Ҍ Ȃ ̆ ӞȂ 2000 ץ ̆ ֓ ⌠

ꜚ ̆ ԅѿ Ȃ ױ ֓ ҹ

(millennium issues)Ȃ 

 

 

 

 

 

 

Ref. 4 

Ref. 4 
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 ԋ ץ  

‼ Е  

;/-/15,.14&/' ᵞ ṿ 

u  я ᵞ ṿ ṿ 

в ѿ ṿҊ ṿ 

У Έױ ᾥ ṿ 

Ͽ Έױ ṿ 

юױ  W ṿ 

 ϰ ṿױ

Еф*Ео*фо ҈ ᾥ ṿ 

 ᾥ CP ᵝ ṿ 

Еф*Ео*фо ҈ Ҭ ṿ 

*Е*ф ҈ Ҭ CP ᵝ ṿ 

1 ף 2 ץ ѿף  

H*N*A   

‼  

ҬҌ ת*Ἡ*ע ᾥ ᵝ  

1)/  

QM&1*/' ⱴ ̆ ȁᵝ ȁ ȁꜚ  

 ₱  

Q&ײ' ῃ ̆  

 ̆ ≢ ̔ 

S&/' ̆ ȁ ȁ  

QS&0' ԑᵬ ȁ Ҍ  

QS&1' ԑᵬ ῒ CP  

  

ל ;. ꜚᵬ  

ל ;  бЄbᴃב
‰  

ӎ Ὴ  

. ⌠ ̆ ҹ  

/,0&/'/.фиk ̆ ñ ò( ҩ ӈ ) 

bc; ϩ-&6ע 'ׄ 

.,3lH-k1 

⌠ ȁ ṿ  

 

 

̔ ‰ ӈ ̕ ̆Ӟ ԍ ꜚ

ѿ ѿ ↓ Ȃ 

 

Table 1 
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 ԋ ץ  

&3 2'/.зЌ Ҭ ( ӈ )̆ 

Ҭ  

bk  

./,ע*ї&/*µץ
Ќї' Ҭ 1090ҩ ∆ ᴆ( ֓ ᴆ ӈ )̆ 

№ ץ̆  

ӎ  

ׄ*ע  ӈ ҬҌ ᾥ ᵝ  

P Qо ⌠  

ׄ  ȁ ȁ  

ל ;. ӈ ꜚᵬ  

ל ;  EPbᴃב
ӈ  

 

 

ᴍ ԅ ӈ ῤ Ȃ

̆ ԅ 2000 ̆ ꜚ ӊ Ȃ ҩ↓ ̆ᵖ Ҍ

Ȃ Ҭ ѿ Ȃ ѿ ֓

̆Ӟ Ύ Һ ᴋⱵȂ ̆ ױ ץ ̆ѿ ῏ԍ ꜚ ̆ ѿ

Ҭ ӊ Ȃ 

 
 

 
 

ױ ѿ ̔ ;/-/15,.14&/'̆ Ӟ

ץ ԋ ₃ҩῒ ̆ ῒҬ ѿҩȂ ӊ̆

Ҭ Ȃ 

ױֲ ᴪ ѿ֓ ̆ ȁ ѿ ꜚ Ȃᾢ

ԅ ֓ ̆ ױ ѿ ̆ ⌠ ̆ ֣ ѿ ӊ

Ȃ 

 

 ̧ ֲ Ҍ ̆ ҹ ̆ Ȃᵖ

Ȃ ᾢ̆ Ȃῒ ̆ Ḃ ̆Ӟ ԅ

ѿ℗Ȃ ҈̆ Ḃ ԅ ѿ℗̆ Ḃ ̆ӞҌ

Ȃ Ҭ ̆

⅞ ҙȂ ֽֽ ꜚ ̔

ӈ ⱴץ Ȃ 
 

 ̧ ֲ ҹ̆ ԍ Ҍ Ҍ ̆ Ҍ
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Ȃ ̆ ֓ Ҭ̆ ңҩ ⌠ԅ Ҍױ Ȃ

̆ Ȃ 
 

 ̧ ֲ֓ ̆ Ҍ Ȃᵖ׆ Ҭ ױ ̆

Ȃ ̔ ױ ѿ℗Ԋ Ȃ ̆ ױ ҩ

ֲ ԅѿ ñ̓ ò̆ ѿ ῏ԍ Ȃ

Ӟ ѿ ̆ ԍ ̆ ױ ֓ ױ ῃ

‰ ꜚ Ȃ ҹ ױ ѿ ̆ ץ ױ

Ȃ ғ̆ ֲפ ῐ ̆ ᵝ

ᴪ Ȃ 
 

 ̧ ֲ֓ ̆ ѿ ̆ ғҌ ⱳ̆ ҹ

Ȃ ҈ҩ Ȃ ᾢ̆ ╠ Ҍ

ԍ ̆ ѿ ᴪ Ȃῒ ̆

Ȃ ҈̆ Ḃ ̆Ӟ Ҍ ѿ Ȃ

҉̆ Ḇᶏ ױ ₃ ̆Ԋ

Ȃ 
 

 ̧ ֲ֓ ҹ̆ ‗̆

̆ ̆ Ӈ ӈȂ ׂ̆

⌠ ‗̆ ғ ҍ ӈ

̆ Ҍ ῀ Ȃ ‗ᾙ Ӟ

ᴆĺĺҌ ᴪ ꜛȂ 
 

 ̧ ֲ֓ ̆ ̆ ѿ Ỹ ӊ Ȃ ԍ Һӈ

̆ ױ ῃ Ҍԇץ ᴪȂ ̆ Ҍ

ѿҩ Ȃ 
 

 ̧ ֲ֓ ҹ̆ ̆ Ἕ ѿ ̆

Ȃᴋᵥ ᴪ∞ Ȃ ҉̆ ѿҩ ѿ

ӥ Ҍᴪ ֲ Ȃ ̆ ̆ ᴪ ᶃ ᴰ Ȃ 
 

 ̧ ֲ֓ ̆ ᴪ ⱬ ׆̆ ̆

ӊ̆ ᴪ ֲ Ȃ ֲ ̆ ѿ

ȂԊ ҉̆ ̆ ָӇ

ԊȂ ̆ ѿ ᶃ ᴰ Ȃ 
 

 ̧ ֲ֓ ̆ ֲ ҹץ ⌠ԅ ̆ᵖ

̆ ₮ ̆ ⱳȂ Ȃ ֲ֓

ӎ ΐ ̆ ֲ֓ ҹױז ԅ ̆ ֲ֓ ҹ Ẓ

̆ ֓Ẓ └ԅױז Ȃ ױ ᾧ ֓ Ȃ 
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֓ ̆ױ Ҍ ’Ҋ̆ ױ

₮ ѿ ̔ ñ ꜚӊ òȂ( Ύ╠Έ ̆ ᴪױ Ȃ)

ױ Ȃ ̆ ѿ ꜚ Ȃ ѿ

ѿҩ ̆ ѿ ѿ ̆ᴋᵥ ̆ ץ

‗Ȃ 
 

 

 
 

20ҕ Ȃף ױ ԅ ̆

ѿ ȁ Ȃ ױ ᴪ ֓ ̆ᵖ ױ ᴺԅȂ

ӊ̆ ⱬԍ ̆ ᶫᶏ ̆ ԅ₃

̆ ׅ ⌠ Ȃ ₮ ԅָӇ ̙ 

20ҕ ̆ ⱳ ̆ ԅ ѿ(unification)Ḥ

ȂץҊ ѿ֓Һ ᶛ ץ̆ ױ ѿ֓ ̔ 

 

 ̧ ñ ѿ Ȃò 

 ̧ ñ ѿ ⌠ Ȃò( Ŀ ) 

 ̧ ñ ѿ ̆ᶏӊ ԑᵬ Ȃò( Ŀיּ ) 

 ̧ ñ ѿ ‰ Ȃò( Ŀ ᴿ ) 

 ̧ ñ ѿ Ὲ Ȃò( Ŀ ᴿ ) 

 ̧ ñ ѿ Ȃò(Ḡ Ŀ ᾥ) 

 ̧ ñ ѿ Ȃò( Ŀ ) 

 ̧ ñ ѿ ⱬ Ȃò( ᴿ Ŀ ) 

 ̧ ñ ѿ Ȃò( Ŀ ) 

 ̧ ñ ѿ Ȃò( Ŀ  (יּ

 ̧ ñ ѿҍ ᾥ ᵝ ῏Ȃò 

 ̧ ñ ѿ ̆ ‗ Ȃò( Ŀ ) 

 ̧ ñ ѿ ֲȂò 

 ̧ ñ ѿ ῒ ȁ ȁ ᴇṿȂò 

 

֓Ḥ ₮ѿ ̔ ᾢ̆ѿ֓ ( ҉ Ҍ ҉ ֲ֓) ԅ

ױז ̕ ז̆ ѿ ֲ ᶭ ̆

Ȃ Ḥ ᴿ ױז̔֓ Ҍ Ҍ Ҭ

҉҆ ֲ ԅ₃ Ȃ ΐ ҹ ѿ ғ ̔

ԅ ȂԊ ҉̆҉ Ḥ ץ ᵬ ѿ Ḥ

’Ȃ ױ Ҋ ᴪ ̆ ֓Ḥ ѿ Ḥ ѿ Ȃ 
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ֲ  

 

Figure 1Ҭ ᵣ ̆ ԍ ꜚ Ȃ ѿ

‰ ҉̆ ῀ԅ ⌠ ꜚ ̆ ֓ └ԅ ꜚ(ῖ

ⱬ)ȁ ꜚ(ӈ )ȁ ꜚ( )̕ῬҊѿ ‰ ҉̆

ꜚ ңң ̆ └ԅ̔ ꜚ(ӈ )ȁ ꜚ(

)ȁ ꜚ( ⱬ )Ȃ 

▼Ҋѿҩ ꜚ ̔ ғ ꜚ Ȃ ⌠ ѿҩ

̆ ꜚ ‰ ԅȂ 

Figure 1 Ȃ ᾢ̆ ꜚ ̔ ԅѿ℗

ꜚȂῒ ̆ ӈ ȁ ⱬ ̆ ᴪ Ȃ

̆ ȁ ȁ ԑᵬ ѿ ̆ ₮ ԅȂ

̔ ҈ҩ ץ ѿ ׆└ ѿ Ҭ ₮ ̔

ꜚ ̆ ꜚ ̆ ꜚ ȂӞ ̔ 

 

׆  Ἡ̆ ἩὪ .̆ ץ ₮ ӈ Ȃ 

׆  ׄ̆ ׄ Ὢ .̆ ץ ₮ Ȃ 

׆  ע̆ Ὢע-/ .̆ ץ ₮ ⱬ Ȃ 

 

ԅ ̆ҍ ֲ ̆ ̔

ⱵЇ הװ ₴ ‼ Ȃ ֓ ԅ20ҕ 21ҕ

Ҭ ₮ ѿ ȂҌ ̆ ֓ ₮ԅѿ ↓ ̆

Ҍ ҩ Ȃ  

₮ ⱬ ̔ ̆ ꜚ

Ȃ ׆ױ ̆ ױ

ꜚ ( Ҍ )Ȃ ѿ ̆ ҉ № ᴋᵥҬ ̆

ꜚ Ӟ Ҋ №Ȃᶛ ̆ ӊ

ᴋᵥҬ ̆↕ ῖ ⱬӊ Ӟ ᴪ₮ ̕

ӈ ӊ Ҭ ̆ Ӈ ֓ Ӟ ᴪ₮ ꜚ

ӊ Ȃ  

̆ ꜚ ѿ ‰ ӊ Ҍ Ҭ ῒ

Ȃ≠ Figure 1̆ ̔ 

 

 ӊ╠Ҍ Ҭ Ҭ Ȃ 

 

ҩ ⱬ Ȃ ꜚ Ҭ̆ ױ ԅ̆҆ԊḴ ̆

қ Ȃᶛ ̆ Ҍ ⱬ ̆ӞҌ ӈ

(doubly special relativity)Ȃ 
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≢ ̆Figure 1̆׆ ҉ ̆ ױ ԅȂ ̆

Ҍ ԍ Ẋ ⌠ Ȃ 

 

ױ  ‰ Ҭⱴ῀ ׄ̆

ӈ Ҭⱴ῀ Ἡ  Ȃפ

 

ӊ̆ ȁ ѿ ꜚ Ҍ ԅȂ 

 

 

Е ᵫ └ ꜠  

 

ױ ꜚ̆ ῒ Ȃҹԅ ѿ ̆ ױ

⌠ѿ ̆ ‗ ↓ Ҭ ₮ ӊ Ȃ 

҈ Ȃ ᾢ̆ ױ ⱬ ̆ ԋ ᴪ ָ

Ӈ̆ ₮ᴋᵥ Ȃ ̆ ױ ֓

̆ ╠ ѿ ץ̆ Ҭ ҩ ӊ

̆ Ȃ ӊ ȁ ‗ӊԊȁ ῒ ף

̆ ױ ⌠ԅ Ȃ ̆ ױ ₮ ̆ ₮ѿ ↓

̆ ױ ӊ Ȃ 

ӊ̆ ױ ҈ ₮̔ ȁ

ȁ Ȃ׆ѿҩ ⌠Ҋѿҩ ̆ ױ Ҋ ╠ Ȃ 

 

1. ᾢ ף Ȃ20ҕ ₮ԅ ꜚ Ҍ Ȃ ֓Ҍ

̆ ᾣ ꜚᵬ ̆ ҹ ᾫ ᵣȂҌ ᾥ ᵝᶏ ꜚ ץ

Ȃ ̆ ֓Ҍ Ӟ ṿ̆ ԍѿ℗ ꜚȂ 
 

2. ҍ ӈ Ȃ ױ ̆ ᾥ Ҋ̆ ȁ

Ҍ ̕ ̆ ғ ױ ҍᾝ

̆ Ҍ ꜚ ѿҩ ѿ Ȃ 
 

3. ӈ ̆ױ ῍ № Ȃ 
 

4. ȁ ץ ⱬ ̆ ױ ῍ №

ȁ ȁѿ ȁҌ ̔ (strands)Ȃ 
 

ױ .5 ̆ ̆ ױ Ȃ ױ ѿҩ

Ȃ ꜚ̆ ѿץ

Ȃ ץ ѿҩ ҈ Ҭ ꜚ Ȃ 
 

⌠ ̆ ױ ӊ ╠ № ̆ ₮ѿᴍ῏ԍ Ȃ
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ᴍ ᶏ ױ ╠ ̆ Ҍ ῀ Ȃ 

ᴪױ .6 ѿ ̆ ԅ ᵥ׆ ₮ ȁע

ꜚᵬ Ἡȁ ⱬ ϩ-2ׄע ץ  Ȃ ױ ԅ ᵥ׆

₮ ȁ ȁ Ȃ 
 

ױ .7 ̆ ֟ ԅ҈ҩ ȁ ȁ ȁ

ȁ Ȃ ױ ̆

Ȃ ̆ ץ Ӟ ԍ Ȃ 
 

ױ .8 ̆ ̆ ғ ױ Ạ ΐ ̆ҍ

ױ ⌠ ԑᵬ ȁ ԑᵬ ȁ ԑᵬ ῃѿ Ȃ

ӊ̆҈ ԑᵬ ĺĺץ ױ ĺĺ ѿץ

׆ ₮Ȃ ױ Ҍ ῒ ԑᵬ Ȃ 
 

ױ .9 ̆ ֟ ԅ ̆ ҹ҈№ױ

̆ף ғΐ ⌠ ȂҌ ῒ Ȃ ̆ ױ

ԅ ‰ Ȃ 
 

ױ .10 ̆ ҩ ᶏ ױ ‗ Ҭ ̆ ғ

₮ ҍ Ȃ ≢ ̆ ᶏ ױ

ῒ Ȃ ױ ץ ₮ѿᴍ ᶫ Ȃ

₃ ̆ ֓ Ȃ 
 

11. ꜚ ֜ Ȃ ꜚ Ҍ ᾧ ̔ ҹ ױ

ῤ ҩ ̆ ᵣҬ ѿ №̆ ץ ⌠ ꜚȂ 

 

ӊ ̆ ױ ꜚ Ȃ ѿ ≢ ῳ Ȃ

ᵖ ̔ ₃Ӎ ῤ ׅ ̆ Ԉ Ȃ Ҋ

ѿ℗ ҍ ̆ᵖ₃Ӎ ̆ ѿᵝ Ҍ

Ȃ ᶏ ῳ ⱴ ֲ῀ Ȃ 

 

Es ist fast unmöglich, die Fackel der Wahrheit durch ein 

Gedränge zu tragen, ohne jemandem den Bart zu sengen.*1  

≠  

 

 

 
1* ñ ӊ ᴧ̆῀ץ Ҍ ֲז ̆ ӊ ӞȂò Ŀᾥ Ŀ≠ (Georg 

Christoph Lichtenberg, b. 1742 Ober-Ramstadt, d. 1799 Gºttingen)̆ Ȃ 
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Chapter 2 

02.  

 

 

20ҕ ₮ԅ ꜚ Ҍ Ȃ ֓Ҍ ̆ ᾣ ꜚᵬ

̆ ӈԅ ᾥ ᵝȂ ᾥ ᵝ Ҍ ӊ ץ ̆ ңҩ ̔

ᾢ̆ ᶏױ ꜚ ץ ̕ῒ ̆ ֓Ҍ ṿȂԊ ҉̆ ᾥ ᵝ⅞

ԅѿ℗ Ȃ 

ף ѿ Һ ̔ ̆ᴪ ┼ԋ

꜠ (nature limits the possibilities of motion)Ȃ ֓ └ ԅ ӈ ȁ ӈ

ȁ Ȃ ױ ᴪ ⌠̆ └ԅ ꜚ Ȃ ꜚ

ᶏ ױ ₮ѿ֓ ֲ Ȃ ֓ ҍ ױ ׂҹ ԅ Ȃ 

 

 

 

 

ᴪ҉̆ ҈ ң Ȃ‰ ѿ֓

Ȃ ֓ Ҍֽ ꜛԍ ≢ֲ ̆ ױ

Ӟ Ȃ 

 

 

ѿ ץ ̔ᵍ≠  

 

ꜚ ᵍ≠ Ȃ ѿ ̔ 

 

 ꜚᶏ (Motion minimizes change)Ȃ 

 

Ҭ ꜚᵬ ל Ȃ ℗ ̆ ꜚ לҍי ӊך

ṿ ̆ ӊ̆ ꜚ ᵲ (least action principle)̆ Ώ  

 

ל ;.̆ ῚҲ ל ; י& bᴃ'ך &/' 

 

ѿ ‗ ԅ ױ ⱬ ̆ ԅҹָӇ

ֲ̆ Ȃ ̆ Ȃ ̔ 
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 (Nature is maximally efficient)Ȃ 

 

̆ ꜚ ȁ ȁ ȂԊ ҉̆ ꜚ

Ꞌ ҩ ף Ҭ̆ ԍѿ℗ ̆ ⱴ

ѿ֓ Ȃ 

 

 

ѿ ץ ̔ ӈ  

 

׆ ᵍ≠ ⌠ ӈ ̆ ץ ѿ └ ꜚ

Ȃ ѿ ֠ ᾥĿқĿᴶῗ ̔ 

 

 Ҭ ѿҩ  Ȃע

 

ԍѿ℗ ѿ℗ ̆ ᴅ ᾣ ע └̔ 

 

ᴅ ϔk-q./.,1;ע &0' 

 

ӈ ԍ ѿ Ȃѿ֓ Ԋ ҹ Ҋ

ԅ Ȃ ԍ҅⅓ *1̆ ᴅ ԍ ԍᾣ ע̕ ≢ ₮̆ ѿ

Ȃ ׂ ᴋᵥᶛ ’Ȃ(Ҍ ѿ

ҊȂ) 

ѿҩҒ ̔ ѿ℗ Ȃᵖ

̆ᴋᵥ ̆ ғ ꜚ Ȃ 

ע ⌠̕ΐᵣ ̆ ⱬ

⌠Ȃ ᵞԍ  Ȃע

̆ Ҭ ӊ№̆ ӈ ᾢ

ȂֲױӞ ԅҍӊ Ẋ ̆ ҹ ץ ԍ ע̆ Ӟ

ᾣ () ̆ (tachyon)̆ ̆ Ẋ ֟ ҍ

‖ ̆ Ҍ Ȃ 

ᶏ ױ ̆ ҹ

ԑ֢ Ȃ ‗ԍ ̆֟ ԅѿ

↓ ̔ ȁ ȁ ᴇȁⱴ Ȃ

 
1* ѿҩ (physical system) Ҭ ѿҩ - ̆ҍ ԑ

ᵬ ̆ῒᵝ Ȃ ̆ ҉ ᴰ Ȃ ӈ

Ἕȁ₃ᵥ ȁҌ ӊ Ȃ 
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̆ ᴪ֟ ӈ (principle of maximum ageing)̕ Ӟ

ѿ ̆ ᵞ ’Ҋ ₮ ꜚᵬ Ȃ ғ̆

̆ ӈѿҩ ѿ℗ ѿ℗ ┴ ᵣ̕ ῃ

̆ Ҍ ԍ ԑᵬ ‰̆ Ҍ ҩ

ԅȂ 

ӈ └ԅ ̆ Ȃ

ⱴ נ Ҍװ └ ⱴ̆ ҹ ң Ҍ ԑ

Ȃ ’ ̆ ԍ ̆ ױ  
 

װ
фע

נ
&1' 

 

ѿ └ ᾣ ע ̕ ԍ ⱴ ᵝ ף

Ȃ ̆ └ Ҭ ⱴ ñҌ ῏ ò 

 

ËװËנ фע &2' 

 

ᵰ ץ ѿ№ ׆̆ - Ҍ ₮ ѿ῏ Ȃ҉ץ ֓

‰ Ȃ 

 

 

ѿ ץ ̔  

 

ᵍ≠ ̆ ץ Ŀ ₮ ѿ ῏ԍ ꜚ

̔ 

 

 Ҭ ѿҩ ꜚᵬ ἩȂ 

 

ԍ ̆ꜚᵬ ל ̔ 

 

ל Ἡ;/,//.оϩHq &3' 

 

ᾥ Ἡ ⌠ ꜚᵬ ṿ̆Ӟ ⌠ ꜚ Ȃ

ꜚᵬ └ ̆ Ȃ ׂ ᴋᵥ

ᶛ ’Ȃ(Ҍ ѿҊȂ) 

ѿ ԅ ῃ ῤ Ȃ ױ ῒ ҹ꜠ᵲ (principle of 

non-zero action)̆ ץ ᾧҍ ꜚᵬ Ȃ 

ꜚᵬ Ἡ ѿҩҌ ̔ ԍѿ℗ ̆ ṿ Ȃ ̆ᴋ

ᵥ ѿҩ Ȃ 
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⌠ꜚᵬ ᾣ׆̆ ⌠ 1/2 Ȃ ℗

̆ Ҭ ҩ ̆ ᴪ ⌠ꜚᵬ Ȃ 

ꜚᵬ Ҍ Ȃ ᵬꜚ׆ ӈל ; י& ₮ᴃף'ך

̆ ₮ ┴ ᴃ ᴃ) ᴃ ң ӊ ̆ ᶏ Ҍ ̆

⌠ ꜚᵬ ҹ ἩȂ ԍꜚᵬ ̆ ץ ѿҩ

ң ӊ ̆ῒ ѿҩ Ȃ*1 ꜚᵬ ᵣ ԅ

Ȃ 

̆ ᾣ ȁ ̆ ꜚᵬ Ҍ

ᴪ ԍ Ἡ ҩṿȂ ꜚᵬ ȁ ȁ ᾣ ȁ ץ

֓ ᴋ Ҭ ⌠ԅ Ȃҍӊ Ẋ ̆ ҹ ᴋ ̆

Ӟ ῀ ̔ᶛ ̆ ҍ Ԉ ̆ ץ ᵬ

Ҭᴋ ꜚᵬ ṿ Ȃ ҩ ᶛҬ̆

Ȃ Ӟ ץ Ȃ 

ꜚᵬ ץ ₮Ҍ ῏ ȁ ȁ ȁ ȁ

Ҭ ₮ ȁ Ḥ ץ̆ Ȃ ױ

ꜚᵬ ̆ Ȃ ꜚᵬ ̆ Ҭ̆

ȁ ᵬȁ ҈ҩ ԑ №̕ ᵅ

(Hilbert space) Ȃ ̆ ꜚᵬ Ӟ - יּ₣-

(EBK ) Ȃ 

׆ ӊ∆ֲ̆ױ ꜚᵬ Ȃ

̆ ғҍӊ ֓ ῃ ᴇ̆ Ḥ

Ȃ 

ױ ̆ ꜚᵬ ̆ ӈѿҩꜚᵬ ᵝȂ

Ҍ ꜚᵬ ̆ Ҍ ꜚᵬ ‰̔ ̆ꜚᵬ

Ҍ ҩ ԅȂ 

ԍᴋᵥ ̆ ҉ ᴅ ע ꜚᵬ ҉ ל ף״ Ῥף̆עױ ꜚ

ᵬ Ἡ̆ ᴋ ң ӊ ̆ ᵝ ף ѿҩ ̔  
 

ף
Ἡ

עױ
&4' 

 

ӊ̆ ⱬҌ ᵬ ̆ Ҭ ( ) ҹԅ ᵝ Ҋ Ȃ

ҩ ᵝ ԍ ̆Ӟ ԍ Ȃ ̆₮ԍ

̆ ҩ ԍ Ҍ Ȃ 

 

 
1* ԍ ֓ ҉ ᵌ ̆ ₮ ̆ ⌠ ҩ

ȂҌ Ȃ 
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ꜚᵬ ̆῏ԍᵝ ף ꜚ ״ Ҍ ῏ ̔ 
 

ף ״
Ἡ

0
&5' 

 

ѿ῏ Ȃ҉ץ ֓ ӥ҉ Ȃ 

 

 

ѿ ץ ̔ ꜚⱬ  

 

ꜚⱬ Ӟ ץ ѿ ῏ԍ ꜚ ̔ 

 

 Ҭ ѿҩ ṿ  Ȃת
 

ҹ̔ 
 

ט фо./1,/;ת אׇ- &6' 

 

ט ⌠ ῗ ת └Ȃ ׂ ᴋᵥᶛ ’(Ҍ ѿҊ)Ȃ

ѿ ׂ ̕≠ Ŀ (Leo Szilard) Ȃ ꜚⱬ

ῤ ׆ץ ѿ῏ ץ ꜚᵬ ₮ Ȃ 

ҩҌ ̔ Ȃ ̆ᴋᵥ

Ȃ 

ҩ ⌠ Ȃ ӊ̆

⌠ Ȃ ̆ ҹ ᶫ └ҍꜚᵬ ᶫ

Ȃ 

ױ ῒ ѿ ̆ Ӟ ץ ҹ י  U 

Ҍ ῏ ̔ 

/

י
ך

ת

0
&7' 

 

ѿ῏ ₮̆ ῒז ֲ ӊ ԅ Ȃ 

 

 

ѿ ץ ̔ ӈ  

 

ѿ ᴰ ӈ ̆ ץ ΐ ȂҌ ̆

֓ Ҍᶭ ԍ ̕ ӈ ̆ ̕

ѿ ԇץ Ȃ 

̆ ѿ ῏ԍ ꜚ ҆׆ ⱬ⌠ ӈ
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̔ 

 

 Ҭ ⱬṿ ⱳ ṿȂ 

 

ԍѿ℗ ѿ℗ ̆ⱬ ׃ ⱳ ו ⌠ Ҋ └̔ 

 

׃
ϩע

2ׄ
;1,./.ϩоL ҙ ו

ϧע

2ׄ
;7,//.ϧЕU &/.' 

 

ׂ ᴋᵥᶛ ’(Ҍ ѿҊ)Ȃ ֓ Ҭ ԅᾣ ע̆ Ӟ

ԅ ⱬ ׄ̆ ҹ῏ԍ ⱬ Ȃ ӈ ӊ

╠̆ ᾢױ ѿҊ ֓ Ȃ 

֓ ṿ Ȃ ⱳ ԍ 1 ῤ 50ҩ ҹ

Ȃ ῤװ ⱴ ⱬṿ̆ ԍѿҩ ҹ װ ΐ

Ȃ 

ⱬ ꜚ ̕ⱳ Ȃ ԍꜚ ̆ ⱬץ ⱳ

ꜚ ѿҩ Ȃⱬ ⱳ ̆ Ἕ ѿ ̆ ԅ

Ȃ ̕ⱬ ꜚ ̕ⱳ Ȃ

̆ ѿ ̆ⱬӞ ѿҩ Ȃ ѿҩ

Ȃ ̆ ѿ ῏ԍ ⱬ ῒ Ȃ 

ⱬ ⱳ ̆ ԍᴋᵥ (Ӟ ῒ ѿ ҉

ץ )̆ ᴋᵥ Ҭ̆ ԍᴋᵥ ̆ꜚ

Ҍᴪ ṿȂΐᵣ ̔ 

 

 ⌠ⱬ Ȃ ⌠ⱳ Ȃ 

 

ῒ ’Ҭ̆ ⌠ ṿ Ҥ ԍ ṿȂ 

ⱬ ⱳ ṿ Ҍ ̔ ױ ѿ℗ ѿ℗ ԑᵬ Ȃ

̆ᴋᵥ ̆ ғ ᵝԍ ԍ ӈꜚ ҉

ῒ Ȃ 

ⱬ ṿ ԍ ῒץ ̆ ñ ò ӈҹ ץ  Ȃ

ѿ ᾣ ῒ ῤ ̆ ⌠ԅⱳ Ȃ 

ҹ ̆ױ ԍῒ 0ׄ фע-ױ ᵣȂ ҹ ӈ

̆ ῤ ᴋᵥḤ ᾣ ⌠ ҕ ̆ ñ òȂ

Ҭ̆ Ҍ ғҌ ̕ ’Ҭ̆ñ ò ñ ò ң

ҩ ӈ Ȃ 

ⱬṿ ԍ ῒץ ̆Ӟ ԍ ⱬⱴ ӗץῒ

Ȃ ̆ⱬ ̆ ᴋᵥ Ҍ (
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) ( Ạ (hoop conjecture) )ȂԊ ҉̆ Ҭ ץ

ף ҹⱬ ̔ ױ ᴇ Ȃ 

̆ ⱬ Ҭ ⌠ ̆ ֓

ȁ ȁ Ȃ ñ ⱬò( ᵬ҉ ӈ)̆ ԑᵬ

ԑᵬ ̆ ׆ ҩ Ȃ 

ᵖ ̆ ₮ ⱬ ̙ ̆ Ҍ Ȃᶛ

̆ ᴶῗ ⱬ Ȃ ױ ᴪ ҹ̆ ץ ѿ ᴶῗ

(boost)̆ᶏ ѿҩ Ҭ 3-ⱬ ׃ ҹ ѿ Ҭᴋ ⱬ ׃ Ȃ

ᵖ ̆ Ҭ̆Ҍ ᴶῗ 3-ⱬȂ

Ҭ̆ 3-ⱬ Ҍᴪ ⱬ( ꜚ Ҭ 3-ⱬ)Ȃ 

⌠ѿҩⱴ Ӟ ꜛԍ ⱬ ̆ ҹ ԍ ⱴ ᴪ̆נ

נ-фע ₮ ̆ ғ ᵣ ΐױ װ 2ׄ  фȂע-ױ

Ԋ ҉̆ ⌠ ̆↕ᴋᵥ

ⱬ ⱳ Ȃѿ℗ᵿ Ẋ ԅ ̆ ֓ ҉

Ҍ ̔ ӈ Ҭ Ҍ Ȃ  

ᵰ ̆ ᵰ ӊ ̕Ҍ ̆ Ӟ ⱬ ҍⱳ

̆Ҍᴪ₮ ױ ⌠ ᴋᵥ Ҭ̆ ̆

ҕ ̆֞ ᵣ ҬȂⱬҍⱳ Ҍ ̕

֓ Ӟ ѿ֓ Ȃ 

ӈ ҹ ⱬ ̕Ԋ ҉̆ᵌӍ ӈ

ҕ80 ̆ ֲ Ȃ 

 

 

ӈ 1 

 

ҹԅ ⱬ ⱳ ҹ ѿ ̆ ױ ̆ ӈ

ץ ⱬ ₮̆ ӈ Ȃ 

ⱬ ⱳ ⌠Ȃ Ҭ ̆

└ԅ Ȃñ (horizon)ò ҩ ҍ Ҭ

(horizon) ̆ Ӟ └ԅ ױ ⌠ Ȃ ̆ ӈ

Ҭ̆ Ҍ Ȃ ҉̆ ӈ Ҭ̆ ױ ץ

ӈҹ ԅ ⱬ ̕ ̆ ѿ ԋ ̆ ғ

(Ҍ )Ȃ  

ҍ ⱬ(ⱳ ) ̆ᶏ ױ ץ ₮ Ȃ ᾢ̆

Ȃ Ҍ ̆ ҹѿ ᵈ

Ȃ ױ ѿ ח ̆־ Ȃ 

 
1* ∆ Ȃ 
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̆↕ ׂ ‖ ב Ȃ ѿ

‖ ̆ꜚ b״-bᴃ;׃ Ҋ ₮̔ 
 

;׃
ׂ

ב
&//' 

 

̆ ῀ף ⱬ̕≠ ־ ח̆ ץ ҉ Ώҹ 
 

ϩע

2ׄ
;
ׂ

־
фח2

/

ב
&/0' 

 

ῒҬ ױ ῀ԅ ⱬ ҹ )ח ) фȂח2

ṿ ־ׂ- ᵝ Ȃ 

Ⱶ נ Ҍ ח Ȃ ’Ҋ̆ԋ ῏ ҹ

Ȃחф-0ע;נ ̔ 

ׂ;
2ׄ

/

/

фנ
־

ב
&/1' 

 

ӈ ̆ ̆ ⱴ ӗ בנ ⌠ ф-0ע └Ȃ ⌠

῏ ̔ 

ׂ;
фע

6ׄ
־נ &/2' 

 

↕ ῗ (horizon relation) ԅ҈ Ȃѿ ̆ Ȃԋ ̆

ҍ Ȃ ҈̆ ҍ ⱬ Ȃ ҈ ӈ

Ȃ(ױ ⌠̆ ԍ ̆↨

ȁ ץ ῤ Ȃ) 

҉ ῏ №̆ ῏ ᵬ̔ 
 

ׂ;
фע

6ׄ
־נ &/3' 

 

ץ ̆ ҍ ӊ ῏ ץ ѿ ̆ Ҍ ↕

*1 Ȃ 

 
1* ῏ (15) ҹֲ ̆ ԍῒҬ Ҍ Ȃ ԍ

Ḥ̆ ӞҌ Ȃ ҹ (heat)̆ ז Ȃ

̆ ῏ (15) ̆ ҍ Ȃ ῀ ( ꜚᵬ )̆

ץ ҹñ ò̆טῒ ⱬ ץ ҹñ ò̕י ̆῏ ץ (15) Ώҹ ;ז

Ȃטי ̆ Ҍ ῏ (15) Ȃ ѿ ҹԅ ҹҍ ⱬ

ӊ ῏ Ȃ  
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(Jacobson) ѿ Ҭ ₮ԅѿ↕ ̆ ԅѿ

̔ ԍѿ℗ ѿ℗ ̆ ҍ ̆ ғ ᶛ

̆ Ӈ ӈ ӊ Ȃҹԅ ₮ҍ ӈ ̆ ױ

῏ (15) ⌠ѿ ѿ Ȃ 

ᶏ Ȃ ῀ѿ ᾝ b ֟ (boost)

(Killing vector field)ת(ΐ )Ȃ ῏ (15) ҹ̔ 
 
 

ׂ; ᴥי βתᵜb ᵝ &/4' 

 
 

ῒҬ ᴥי ᵝ -꜠ (energy-momentum tensor)Ȃ ᴋ ᴋ ҉

Ȃ Һ ̆≠ (₃ᵥ )ӓ (Raychaudhuri 

equation)̆ ῏ (15) Ώҹ̔ 
 
 

фע;־נ ᴥח βתᵜb ᵝ &/5' 

 
 

ῒҬ ᴥח ᵝ (Ricci tensor)Ȃ 

ң ̆ ױ - ῏ (15) ԅ̔ 
 
 

ᴥי βתᵜb ᵝ;
ϩע

6 ׄ
ᴥח βתᵜb ᵝ &/6' 

 
 

̆ ↕ ̆ ( -ꜚ ҹ )̆

Ҋ ᴆ ̔ 

ᴥי ;β
ϩע

6ׄ
ᴥח ᵝ

/

0
(ח ᴥצᵝ &/7' 

 

ῒҬ ѿҩ № ̆ῒṿҌ Ȃ ӈ ̆

ῒҬ ȂҌ ̆ ҩ ṿׅ Ȃ 

̆ Ȃ ̆ ᵝ

ᴋᵥ Ԋᴆ Ȃ ѿ ̆ ℗ ⌠ѿҩץ ⱴ

̆ӊ╠ ̔ҍⱴ נ ̆ ҹ נф-0ע ̆ᴪ₮

Ȃ ̆ ԍ ץ ᴋᵥ ᵝ ᴋᵥᵝ ̆ ҩ

Ȃ  
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ԍ Ҭ ҩԊᴆ ѿҩ ̆ ץ ҩԊᴆ

ⱬ(ⱳ )Ȃ ̆ ҩ ⱬ(ⱳ )ҩ Ȃ 

ӊ̆ ӈ ̆ ԍ

ⱬ ⱳ Ȃ ץ ױ ץ ӊҹ ⱬ Ȃ ӊ̆

ⱬ ⱳ Ȃ ⱬ ӈ ᴇ Ȃ 

Ḃѿ ̆ ף ӈ ⱬ̆ ԍ Ȃ

1969 (Sakharov) ₮Ȃ ̆ᵖ ⱴԅҌ

└ ᴆȂ Ҭ ⱬ ץ ₮ ⱬ ̆ Ҍ

(Ҍ Ἡ)Ȃ 

 

 

҆ ⱬ 

 

ⱬ ԍ ṿ ’Ҋ̆҆ ⱬ ⱬ Ȃ ѿҩ ᴆ

2ׄ נג ф̆ע ԋҩ ᴆ ᴅ ғע װנ фȂע ױ ӊ ԍΐᵣ

Ȃ 

ѿ ̆ Ҭ ᵣ ג ץ Ạח ꜚ̆ⱴ ҹ Ȃנ ҩ

̆ ҹ ̆ח0;װ ѿҩ Ȃ ҩ ᴅ ԍ ע̆ ↕ ᴅф

ҍ חנ0;װנ ₮ ̆ ҍ 2ׄ נג ₮

Ȃ ңҩ ᴆ ф̆ῒҬח-גׄץ;נ ץ ѿҩ ṿ Ȃ ѿ

Ҋ̆ᶛ ᶏ ⌠ ṿ̆  Ȃ/;ץ

ⱬҍ ԍ ṿ̆ ⱬҍ Ȃ ӊ̆

ⱬ └ ҆ ⱬ Ȃ ᴪ ₮ ҆ ⱬ ῒ Ȃ 

 

 

ӈ Ҭ   

 

ף ῒ ѿ ̆ ӈ Ӟ └ Ȃѿװ

̆ ᵣ ̆ ̔ 

 

װ
2ׄ ױ

фע
&0.' 

 

( ѿ℗ ῀ῒҬ ᵣ )̆ ҩ Ȃ ҩ

ҍⱬ ῃ ᴇȂ( (hoop conjecture)Ӟ ҹ Ȃ) Ҭ

Ҍ ҩ Ҋ Ȃ ╠̆ ⌠ ҩ

ׅ̆ Ȃ῏ԍ ҩ ̆ӊ ᴪ Ȃ 
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ӈ ԍ װ ׂ ̆ ѿҩ ñҌ

῏ ò̔  

ׂ

װ

ϩע

2ׄ
&0/' 

 

╠ ̆ ↕῏ Ȃᶛ ̆

₮ גׄ о;2,70327.725&/'q̕ע- ̆ ׂ ԍῒ

(ӗץ ᶛ ) ̆ ᵞ ȂñҌ ῏ ò(21) ҌἝ

Ҭ Ҍ ῏ ҹֲ ȂԊ ҉̆ (ɒ ≠ ‖ )

ᴪ ӈ ҍῒ Ԉ № Ȃ ױ Ҍ ҩҌ

Ӟ Ȃ 

 

 

 

ⱬ  

 

ⱬ ӈ Ȃ ҉̆ ⱬ(ӗץ 0 )₮ ҬȂ

ᵬ ̆ ⱬ ⱴ ԅȂҍᴋᵥ ᵣ

ѿ ̆ ѿҩ ̆ ҩ ṿҍ ⱴ ṿ

Ȃ ̆ ҍᴋᵥ ѿ ̆ ╠ ⱬ Ȃ

ңҩṿ ԅ׆ ᵣ⌠ Ȃ ҉̆ ԍ ᵣ( ᵝ )̆ ңҩ

Ȃ 

҉̆ ҹ Ἕ ᵣ ̔ ѿҩ

(deformation-energy constant)̆ ҩ ԍ ⱴ ҉ ⱬȂ ⱬ ԅ

Ȃ ⱬ ṿ ̆ Ȃ 

ױ ҉ Ҍ ̔ ᵣ ̆ ֓

Ȃ Ӈ ָӇ ̙ ױ ѿҩ Ȃ ѿ

̔ Ҍ ԍ ᵣ̆ ᴨᾢ Ȃ 

Ҋ ̆ ױ ⌠ ╠ҹ ̆

₮ ѿ Ȃ 
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ᾫ   

 

Ҭ ⱬ̆ ᴇԍ ӈ Ȃ ̆ ף ѿ №

ץ ꜚ ̔ 

 

꜠ᵲ Ґ ̔ ל Ἡ

꜠Ⱶ Ґ ̔ ט ת

ӎ ҏ ̔ ᴅ ע

ӎ Ⱶҏ ̔ ׃
ϩע

2ׄ

&00' 

 

֓(ḱ ) ᾥ (Planck limit) ѿ℗ ̆

̆Ӟ ѿ℗ Ȃ ̆ ȁ ꜚⱬ ȁ ӈ ӈ

̆Ӟ ץ ᵬ Ҍ ῏ Ȃ ҉̆Ҍ ῏

(4, 7, 9, 21)ҍ (22)ῃ ᴇȂ 

ױ ⌠̆ (22) Ҍ ̆ ↕ ԑ

Ȃᶛ ̆ Ҍ ץ ⱬ ̕ ̆ⱳ ӞҌ Ȃ

̆ Ҭ ↕ ꜚ Ȃ 

↕ ̆ ץ ⌠ ̆ ̔ 
 

Е ᴃ
2ׄ Ἡ

ϧע
;/,//.ϩоq &01'

ӝ Е ᴃף
2ׄ Ἡ

ϩע
;1,3/.зϔkq &02'

ꜘ Е נ
зע

2ׄ Ἡ
;0,6/.ϧЕk-qф &03'

Е 0
ϧע

0ׄ Ἡ
;3,6/.ϩо-q &04'

 

 

֓ ԍ Ȃ ԑ֜ ̆ ̔ 
 

Е ף
2ׄ Ἡ

оע
;1,0/.оϧk &05'

Е ־
2ׄ Ἡ

оע
;/,./.иЌkф &06'

ᵩ Е כ &2ׄ Ἡעо¡ 'о-ф;1,2/.Еїϩkо &07'

Е א
оע

2ׄ Ἡ
;/,./.иЌ-kф &1.'

Е
ϧע

/4ׄфἩ
;1,0/.Ќϧie-kо &1/'
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ȁꜚᵬȁ ꜚ ȁ ȁⱳ ȁⱬ ⌠ └Ȃ ֓ ṿ ׄ

ҹ 2ׄ ׆̆ ᾥṿ ⌠ Ȃ ֓ ṿ ᵣ(nature 

unit)Ȃ ҉̆ ’ ṿ 2 ῀ ӈҬ̆ ӈѿ℗

ᾥṿȂ Ҋ ῤ Ҭ̆ ױ ֓ ṿ ҹḷ ᾫ ᵣ(corrected 

Planck unit) ḷ ᾫ (corrected Planck limit)̆ Ẋ ṿ 2

ῤȂ ̔ 

 

 ҩ ᵝ ḱ ᾥ ᵝ̆ ṿȂ  

 

֓ ԍ ̆ ṿ Ӟ Ҍ Ȃ ѿ↕ ₮

ѿ ↓ ῏ Ȃ ῏ԍ ⱬ ԅ

(ῒ ҹ ᾥṿ) Ȃ ⱬ ̕ ñ ò

̆ ̆ ԅᴋᵥ Ȃ ῏

ԍ Ҭ̆ Ӟ ₮ Ȃ 

ῤ Ҭ̆ ױ ᾥ ҹ ᾫ / ᾫ (Planck 

scales)Ȃ ױ ᴪ ̆ ᾥ Ҋ̆ ҍ ױ

’Ҍ Ȃ 

 

 

Die Frage ¿ber die G¿ltigkeit der Voraussetzungen der Geometrie im Unendlichkleinen hªngt 

zusammen mit der Frage nach dem innern Grunde der Massverhªltnisse des Raumes. Bei dieser 

Frage, welche wohl noch zur Lehre vom Raume gerechnet werden darf, kommt die obige 

Bemerkung zur Anwendung, dass bei einer discreten Mannigfaltigkeit das Princip der 

Massverhªltnisse schon in dem Begriffe dieser Mannigfaltigkeit enthalten ist, bei einer stetigen 

aber anders woher hinzukommen muss. Es muss also entweder das dem Raume zu Grunde 

liegende Wirkliche eine discrete Mannigfaltigkeit bilden, oder der Grund der Massverhªltnisse 

ausserhalb, in darauf wirkenden bindenden Krªften, gesucht werden.*1  
Bernhard Riemann, 1854, Über die Hypothesen, welche der 

Geometrie zu Grunde liegen.  

 
1* ñ Ҋ̆₃ᵥ Ẋ ̆ҍ ῏ Ҍ №Ȃ ԍ

( ׅ ῀ )̆ ╠ ̔ Ҭ̆ ῏ ԍ

̕ ̆ Ȃ ̆ ᶭ ̆ Ӈ ̆

Ӈῒ ῏ ӊ ԍᵬ ԍῒ҉ ⱬȂòȇ ₃ᵥ ӊẊ (¦ber die Hypothesen, 

welche der Geometrie zu Grunde liegen)Ȉ 

ᴿ Ŀ ӊѿȂ 45 ̆ ᾥ Ŀ ᾥ ̔

ᵝ└ ԍ ⱬᵬ ̔ ñ ⱬòȂ 
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Ŀ Ŀ  

 

(22)Ҭ῏ԍꜚᵬ ȁ ȁ ⱬ ↕ ֲפ Ȃ ̆

↕ Ȃ₃ ̆ѿ ↕ ̔ױ

̕ ῒ ѿ Ȃ 

̆ ᴰץ ̆ ҈ ᵩ ̆ Ҍ

Ȃ ҳ ӊ ̆ Ҍ ˻*1 ⌠2000̆ ׅ

Ẓ ̔ ѿ Ȃ ᵩ

ᴰ Ȃ ̆ Ả Ȃ  

̆ ԅ ҍ ȂԊ ҉̆

ҹ ̔ ӈ ȁ ӈ ȁ ⱬ ҍ ̆ Ҍ

ԍ Ҍ ӊ҉Ȃ  

Ҍץ ֲ Ȃ Ҍױ ̔ ȁ

ӂ ̆ ѿ ⌠ ̆ ӊ Ȃ ױ

̆ ױ ᵥ Ȃ 

 

 

Ŀ Ŀ  

Ҍ ↕ ֲ˻ 

emmm é Ҍ ̆ ҩ ↕ ԅȂ  

Ꞌӓ· ᾥ *2 

 

ױ ⌠̆ (22) ԅ ҍ

Ȃ׆ ֓ Ҭ ץ ₮̆ ֓ ҍ ѿ

ĺĺ ң ◓ ̆ ֓ ḂҌ Ȃ ӊ̆

ѿ Ȃ ѿ ῏ ̔

̆ ԅ ᵣ ῃ Ȃ ҍ ֽ ᴆ

Ҋ ᵌ ֽ̆ ꜚᵬ ȁᵞ ȁ ᵬ ⱬ ῤ Ȃ ӈ

ҍ ̆ ῒ ԅ ѿ Ȃ 

ⱬ ̆ ᴋᵥ Ҍ ԍ

Ȃ Ȃ ᵠ ԅ ѿ Ȃ ̆

ԍḱ ᾥ ȂҌ ԍ ╠

ⱬ̆ ⌠ Ȃ (ɒ Ẽ

)̆ ҹ ױ ᶫ Ȃ 

 
1* ̆ page 86 Ӟז̆ ΏҊ Ȃ 

2* ꞋӓĿᾥ (Groucho Marx, b. 1890New York City, d. 1977 Los Angeles),)̆ ▲ Ȃ 
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֓ Ҭ Ȃ (22) ₮

Ȃ ̆ ױ ⱴץ Ȃ 

ׂ ᾥ ԍ ( )̕ ѿ

֓ ֽ ԍ ȂָӇ ̙ ױ ̔ Ҭ

ֽ └̆ ѿҩ ԍᴋᵥ װ ̆ Ḃױ ӊ

ҹ Ȃΐᵣ ̆ ԍ ̆↕ҹ ̔ 
 

ԓ Е װ
Ἡ

עױ
&10' 

 

ԍ ̆ ױ ₮ֽ ԍ( real) ȁ ҍꜚ ̔ 

 

& ' ҏ Е ױ
Ἡע

2ׄ
/,//.ϔie .,4./.ЕЌEcT-aф

& ' ҏ Е ׂ
Ἡעϧ

2ׄ
7,6/.ϔH .,4./.ЕЌEcT

& ' ꜠ ҏ Е ״
Ἡעо

2ׄ
1,0iek-q .,4./.ЕЌEcT-a

&11' 

 

֓ ḱ ᾫ (Planck mass)ȁ ᾫ (Planck energy)ȁ

ᾫ꜠ (Planck momentum)Ȃ (Andrei Sakharov)ԍ 1968 ֓ (

ṿ )̆ ױ ׂ Ҭ Ȃ

֓ ṿȂ 

 

 

̔ѿҩ ӈ 

 

ῒ ̆ ֓ ҉ ҈ ӊ Ȃ Ҭ ѿ֓ ̔ ᾣ

ꜚ ȁꜚᵬ ᵞԍꜚᵬ ȁ ⱬ ԍⱬ Ȃ 

ӈ ̆ױ Ҭ ֜ ᾣ ꜚ̕ ↕

̆ ֜ ꜚᵬ ץ ꜚᵬ Ҋ Ȃ ֓ ꜚ

̆ ԅⱬ Ȃ 

ӊ̆ (virtual particle)ῃ ԅ └Ȃ 

 



 

 

 

02.  

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 

̔ ᾥ  

 

ḱ ᾥ (corrected Planck limits)ԅ Ȃ Ӈ ̆ Ҍ⌠

Ȃ ᴪ ױֲ ᶛ̆֟ ᵿ Ȃ 

** 

ꜚᵬ Ἡӌ ӊҊ ᴪֲפ ̆ ҹ ꜚ ᵝҍꜚᵬ ᵝ

̕ ғ Ҭ ҹ . ҹ Ἡ-0 Ȃ ꜚᵬ Ἡ

ꜚ Ȃᵖ ꜚ ꜚ ̆ ԍ №Ȃ

ԍ Ἡ̆ῒ ⌠ ꜚ Ӟ Ҍᴪ ԍ ἩȂ 

** 

̆ⱳ ҉ └ Ȃ ₮

bױ bᴃ¡ оע 2ׄ¡ ̆ 20ҕ ҬᵌӍ Ȃ 

** 

≠ ᵬҹױ ̆ ѿ ҊȂ ӈ ԍ

ⱬ ׃ ϩע 2ׄ¡ ̆ ̆ ԍ ̆ῒṿҹ

bױ bᴃϳ 1ע; 2ׄϳ Ȃ ԍ Ҭ ꜚᵬ ל ̆ῒṿҹ ἩȂ ԍ

ף ץ ҹ 

;фף
ל

bױ bᴃ¡
&12' 

 

ױ ץ ₮̆ ꜚᵬ ̆ Ȃ

̆ ӈ ᶏ ױ ₮ ̔ Ҭ ȂӞ

̆ ᾥ Ҋ̆ñ ò ѿ Ȃ 

** 

̆ ᴪ ₮ ҉ ̔ 
 

י
Ἡעϧ

2ׄ фת
;.,5//.офI &13' 

 

ҹḱ ᾥ Ἡעϧ 2ׄ¡ Ȃ ṿ

ᾥ Ҋ ̆ ᴪ ṿ Ȃ ̆ ╠

ҩ ṿ Ȃ ᾥ ⌠ ҩ

̆ᵖ⌠ ╠ҹ ̆ ֲ Ȃ 

** 
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ⱬ ԑᵬ ̆ Ӈ ⱬ Ӈᴪֽ ⱬ‗ ̙Ԋ ̆

ⱬ ’Ҋ̆ῒ ԑᵬ ץ Ҍ ȂӞ ̆ ѿ

ⱬȂ 

** 

ӌѿ ̆ᵌӍ ≠ץ ̆ᶏ ᵣ ⱴ ҍ ӗ ̆

ⱬ Ȃᵖ ԅ ’ Ȃ 

** 

ѿ ᵣӊ ⱬ̆ Ҍᴪ ⱬ ȂҹָӇ ̙ ᾢ̆ ױ ג ӊ

Ҍ ԍ ױ ӊ Ȃ≠ ¡ᴁфגױׄ;׃ ̆ῒҬ ᴁ( ᵌ)

ңҩ ₮̆ ᴁ;0ׄ ¡фע'ױ(ג& ̆ ױ ⌠ 

 

׃
ϩע

2ׄ

ױג

ф'ױ(ג&
&14' 

 

ṿҌᴪ ԍⱬ Ȃ ̆ ᶏ ңҩ ԑ ̆ ҆ ⱬ

ᵌҊ̆ӞҌ ⱬ Ȃ ӊ̆ ᵣ ⱬҌ Ȃ 

** 

ⱬᴪᶏ Ȃ ῒ Ҭ̆Ҍ Ḥֲפץ Ȃ

̆Ẋ ᵟ ᵣ̆ ӊ ⌠ Ȃ ԍҌ

̆ ⱬᴪ ԍ ȂԊ ҉̆ ԍѿҩ ҹ ג

( ӈ )ҹ ף ῒ̆ױ ⱬҹ 

 

;׃
גױׄ

фף / 0ׄ ג
фעף

&15' 

 

ҩ ).;ף ᵝ ) ԍ Ȃᵖ ᶏ ᵣ̆ῒ ӞҌ

ԍ ⱬ Ȃ ᶏ ֓ ᵣ⌠ ̆ ױ

̔ Ȃᵖ ԍ ̆֟ ⱬᴪ ԍ Ȃ ҉̆

ԍ ṿ̆ פ фd;ף &ρ )ᵎ '
ʜγ Ὢ фd ᵎ

ʜγ ̆ Ὢױ .̆ ᴪᶏ

ⱬ 'ף*ױ&׃ ԍ Ȃ ӊ̆ ̆ ῤ ⱴ ̆

ⱬ( )̆ᴪ ⱬ Ҍᴪ Ȃ ӊ̆ ԍ ̆

(37) Ҍᴪ ԍ ϩע 2ׄ¡ Ȃ ⌠ ̆ ױ ץ ⌠

ⱬ Ҭ̆ ⱬҌ Ȃ  



 

 

 

02.  

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

 

43 

 

** 

ⱳ ̆ └ԅ ᵝ ῤ ᴋᵥ ᴰ Ȃӌѿ ̆

ᵌӍ ңҩ ₮ ṿ 12¡ ̆ ױ ⱳ ṿ

10¡ ṐȂᵖ ᴪ ѿҩ ̆ ᴪ ңҩ ӊ

№ ῒ ₮Ȃ 

** 

ѿҩ ⌠ ᾥⱳ ̆ ԍ Ȃᵖ Ḃ

̆ⱳ Ӟ ⌠̆Ҍᴪ Ȃ 

** 

ⱬ ̆ ⱬ- (stress-energy tensor)ᴋᵥ №̆ Ҍᴪ

Ȃ (≢ )ᴋᵥ Ҭ ̆ ᴋᵥ

҉ ᴋᵥ № №̆ Ҍᴪ ⱬ Ȃ ̆ ⱬ ԍᴋᵥ

ⱬ ᴋᵥ№ Ȃ ԍ ⱬȁ ⱬȁ ⱬ̕ ԍ

Ȃⱬ ñ (real)ò ñ (fictious)ò Ҍ ̕ ױ ᵍ≠ 3-

ⱬ ӈ 4-ⱬӞҌ Ȃ ҉̆4-ⱬ 0№ ⱳ Ȃ 

** 

ⱳ ԍ ҩ ̆ᴪ Ȃ ץ № ᴿ ᵿ (Olbersô 

paradox)̔ ̆ ҹ Ҭ ᾣ ᾣ ѿ҉ Ȃ 

** 

ҍ ⱬ Ҍ Ȃ (Andrei Sakharov) 1967 ₮̆

ⱬ Ȃז ̆ ҬẠ ↕

(regularizing)̆ᴪ ῀ѿ֓ ̆ῒҬ ᵞ ̆ ӈ

- ᴿ ꜚᵬ Ȃ 

** 

ױфע;ׂ ҍ ᴇȂ Ӈ ᵝ-ꜚᵬ ל ;Ἡ -

2ׄ&;װ ¡фע 2ׄ&;ױ' ¡ϩע 'ׂ ָӇ ̙ 

** 

ⱬ ҍ ᵣ ̔ ₮ ѿ └Ȃ

ӈ ̙ 

** 
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ױ ץ ⌠ Ȃ (γ ) (

) ̆ ץ ⌠ ԑᵬ Ҋ ̔ 
 

Е ᴀ 2 ї A_4/,.;פ;Ἡע &16'

Е ׂ
зע

42ї Ἡׄ
ф
;
ϩע

2ׄ פ
;/,7/.ифT-k &17'

Е ֿ
ϧע

42ї Ἡׄ
ф
;
оע

2ׄ פ
;4,1/.ϧоR &2.'

Е ך
ϩע

/4ї ׄ
;
/

פ

Ἡעϧ

2ׄ
;4,//.фзT &2/'

Е ב
/

2 ї

2ׄ Ἡ

зע
;
פ

0

2ׄ Ἡо

ϧע
;2,2/.ϩїF &20'

 

 

Ẋ Ҭ̆ ѿҩ ץ ѿҩ ᾥᵣ ̆ ױ ⌠̔ 
 

Е ᵠ
ї

/4ׄо
ϧע

Ἡ
פ;

Ќע

42ׄоἩо
;2,5 /.ϔϩA-kо &21'

Е ׀ 2 ї

2ׄ Ἡ

оע
фפ;

ע

2ׄ ϧἩ
;0,4 /.ϩзD &22'

 

 

ԍ ҩᴰ ’̆ ױ ⌠̔ 
 

Е ח
/

2 ї ע
;
Ἡ

фפ
;2,/i &23'

Е ׄ 2 ї ;ע
фפ

Ἡ
;.,02kQ &24'

Е ׆ ї

иע

ׄ
פ;

ϧע

2Ἡׄ
;/,3 /.фϩ? &25'

 

 

Ȃ ᵍ

Ҭ ᵬ Ȃ ԍ ҩ Ҭ ȁ ȁ ̆ ֓ ῒ 1980ȁ

ף1990 ⌠ԅ Ȃ 

ԍ ᵣҬ ᵣ ץ ԍ ᾥ ⌠ ¡1פ ̆ Ҍ

Ȃ ң ’Ҋ̆ Ҍ ҹ ¡1פ ( ҍ

ԑᵬ )Ȃ 
 

**  
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ѿ Ҍ ῏ ̆ ֞ Ȃ ԍ ̆   
 

׀ ך פ &26' 
 

ῒҬ פ ̆ ׀ ̆ ך ᵝ Ȃ ׆ ᴃӊ Ӟ

Ҍ ῏  

ᴃ׆ פ &27' 

 

ң ῏ ץ Ҭ ⌠Ȃ 

** 

ӊ╠ ⌠̆ ץ ѿҩ ̆ Ӈ Ȃ

ץ) ) ̆ ̔ 

 

 ᴋᵥ № Ҭ ⌠  Ҋ̆ץ

Ӈ Ҍ Ȃ 

 

ᶛ ̆ Ҍ ᴋᵥ Ȃ ӈ̆ ֓

ⱬҍⱳ Ȃᶛ ̆ (Bousso) (Bekensteinôs entropy 

bound) Ҭ ԅ ҩ ᴆ̆Ҍ ז Ҭ Ȃ 

 

 

 

 

ױ ꜚ Ҭ̆ ױ ᵬ ԍ ꜚ └Ȃ

ӈ ԅ ̔ᾣ ע̕ ӈ №≢ ⱬ ⱳ ҹ̔

ϩ-2ׄע ҍ ϧ-2ׄע ̕ ῀ԅꜚᵬ ṿ̔Ἡ̕ ⱴԅҊ ̔

Ȃת Ӟפ ῤ̆ ֓ ₮

̆ ḱ ᾥṿ ₮Ȃ 

ѿҩ ₮ ԅ̔ Ӟ ѿ ⱴԅ

̙ᶛ ̆ Ҭ ⱬ ⱳ ̆ Ӈ Ӟ ⱬ

ⱳ ̙ Ӟ ̙ 

ױ ̆ ԍ ̆ Ȃ ױ ₮ԅ

ѿ ̆ ԅ₃ҩᶛ Ȃ ױ ף ѿ

̕ ױ ᾢ ₮ҍ ῏ ̆ Ῥ Ȃ 
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ҍ ᶭ  

 

ῒ ̆ ױ ⌠ѿҩ Ԋ Ȃᴋᵥ ꜚ ҉ ץ

ᴋᵥⱳ Ҋ ҍ ῏Ȃ ̆ ғ ῗȂ

ѿ №̆ ῒ ҍῤ *1̕ ῍

ױ Ҋץ) ב ) ׂȂ≠ ֓ ̆ ױ ץ ₮ ҩ

ҍ ῏ Ȃѿ ̔ ױ ῏ԍ ȁꜚᵬȁⱳ

ȁ ȁ Ҍ ̆ ῀ף ׆̆ ᴋᵥ

Ȃ ₮ Ҥ Ȃ  

 

 

ꜚ ꜚᵬ  

 

ⱴ ̆ ꜚ ׁҍ ׂӗץ ב ṿΐ ṕ

Ȃ ԍ ᾣ └̆ ױ ⌠  
 

qׁwqrck

/

ע
ׂב &3.' 

 

Ҭ̆ ᵌӍ ᴋᵥ ꜚ ₮ ҩ Ȃ׆ № ȁ⌠ — ȁ⌠

̆ᴋᵥ ꜚ Ҍᴪ ҩṿȂ ᶏ ▲ ᵣ̆

̆ῒ ꜚ Ӟ ⌠ ׁ ב עׂ- └Ȃ( ҉̆ Ҍ

(irreducible)ӗץ фע ̆ ҩ ̕ ᶏ ̆

ṿᴪ ₮ 4ṐȂ)׆ ӈ ₮ ׁ о-2ׄעфב ̆ Ҍ ↨ ₮

Ҥ Ȃ Ḃ ѿҊ̆ ₮ҍ ῏ ꜚ Ҋ Ȃ 

ꜚ ṿ ᵬꜚᵬ ᴪ ΐ Ȃꜚᵬ ꜚ ҍל ӊ

№̆ ⱬ ᶏꜚᵬ ל Ȃ ̆ ԍ ҹ ב

̆ꜚᵬ Ӟ ҉ ȁ ṿȂᵰ ֪ץ ̆ꜚᵬ  

 

ל ב עׂ- &3/' 

 

ᴋᵥ Ҭ Ҍᴪ Ȃ 

 

 
1* ӈᵬ₮ԅ ̔ Ҍֽ ѿ №̆ ҍῒ

ԑᵬ Ȃ Ҭ̆ ױ ѿ ᴆ Ȃ 
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ӗץ ӗץ ꜚᵬ Ȃ ԍ Ҭ ꜚᵬ ⌠ Ἡ └̆ ױ

⌠ԅѿҩ ̔ 
 

ᴅqwqrck
Ἡעф

ׂב
&30' 

 

Ҍ ҩ ̆ Ҍ ῏ ѿ Ȃ ₮ԅᴋᵥ ҹ ׂȁ

ҹ ב Ȃ ᶏ ̆ ῒ ̆Ӟ

↨ ⌠ ҩ Ȃ 

̆ ױ ׆ ӈ ₮ ᴅ ф-2ׄע& ׂ-ב&' 'Ӟ

₮ Ḥ Ȃ ̆Ҍ ҍ ῏ ҉ ðð ῃ  Ȃע

Ḃ ѿҊ̆ ֓ Ҍ ѿ Ȃ ץ ⌠ῒז Ȃᶛ ̆҉

ץӗץ ׂ-ב& ϩ-2ׄע&' ' ב& 'ׂ&0-Ἡע' ̆ ⌠Ҍ ӇҤ ҉ Ȃ ԍҊ Ӟ

ץ ₮ ᵌ ↕Ȃ 
 

 

ⱬĿⱳ Ŀᾣ  
 

ױ ⌠̆ⱬҍⱳ ӈ Ҭ ԍ ᵝȂѿҩ ⱴ ⱬ

ꜚ ׆ Ҭ ₮ ̕ ⱳ ׆ Ҭ ₮ Ȃ ԍꜚᵬ

ל ȁⱬ ȁ׃ ȁב ӊי ῏ ל י̆ב׃; ױ ץ ₮ 
 

qwqrck׃
Ἡ

ע0

/

фי
&31' 

 

⌠ Ȃ Ҭ ⌠ ⱬ ⱬ Ҭ ⱬ̆ ץ

⌠ /_L ṿȂᵖ ᶏ ֓ṿӞ ԍ ⱬ Ȃ 

ҹ ȁב ҹ ג ̆ῒ ⱳ ו ⌠ └̔ 
 

оע
ג

ב
вѓвлϓЅ0Ἡׄו

ג

оב
&32' 

 

ᴋᵥ ꜚ ᾣ ҉ ̆ ׆ ₮ ̕ ᶏ ҩ

ӞҌᴪ ̕ ᴋᵥ ⱬ ⱳ Ȃ

҉̆ ᴋᵥ ῃ ̆ ᶏ ῒῤ

̆Ӟᴪ ₮ Ȃ ב ҹ ̆ Ӈ ⱳ ↨

⌠ ҩ Ȃ ̆ ⱬ ̆ ⱳ ΐ

ⱬ ᴋᵥ ⱳ Ȃ(Ҍ ̆ Ҭ₮ ⱳ ṿ

ѿȂ) 
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ⱬ 

 

1973 ̆ (Bekenstein)ԅѿ↕ ̆ ҍῒט

ԅ Ȃ ̆ ̆ғ ̆ Ȃ

ױ Ώץ  

ט

ηֻКϿΦЋηϽט

־

ηֻКϿΦЋηϽ־
&33' 

 

ט
оעת

2ׄ Ἡ
־ &34' 

 

ῒҬ ־ Ȃ ⌠ Ȃ῏ԍ 4 ̆

ѿ ̆ ⌠ԅ ̔ ԍ Ҭⱬ ⱳ Ҭ 4Ȃ

ҩ ᴪ ̆ Ȃ 

ױ ץ ѿ Ẋ ₮ѿ↕ ῏ ( )̔ Ẋױ

ҍ Ȃ Ӈ ԍ ̆ ױ Ώץ фע 2ׄ¡ ג ¡ב Ȃ≠  

 

ט

ηֻКϿΦЋηϽט

ג

ηֻКϿΦЋηϽג

־

ηֻКϿΦЋηϽ־

ηֻКϿΦЋηϽב
ב

&35' 

ױ ⌠ 

ט
עת

Ἡ
;בג

עת0

Ἡ
חג &36' 

 

ҹ (Bekensteinôs entropy bound)Ȃ ᴋᵥ

̆ ῒ ג ב └Ȃ ԅ ̆ᵖ׆

₮ᴋᵥᶛ ’Ȃ ̆ ⌠ ҩ ṿȂ 

ױ ҉ ᶏ Ẋ Ȃ ױ Ȃ Ҍ

̆ ѿ └Ȃ ԍ Ȃҹԅ ₮

(57)Ҭ ̆ ױ Ȃ ӊ̆ Ӈ ԍ ᾥ

ҍ ṿ̆ Ӈ ᾥ ᵬҹ ẅȂ 

ῒ῀ף ̆ ץ ⌠ῒ Ȃᶛ ̆ ԍ◄℗ ҍ

ᵣ (ӗץ (ת ṿΐ ꜚᵬ ̆ ױ ץ Ώ 
 

ט
ת

Ἡ
כ &37' 

 

̆ ’Ҋ Ȃ ̆ ᵌ ↓ ᴪ Ȃ 
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Ӟ ѿҩ ȁҍ ῏ ̙⌠ ╠ҹ ̆ᵌӍҌ ҍ

῏ ̔ ╠ ₮ᴋᵥ ԍ ת Ȃ 

̆ ᶏ ױ ꜚ Ḡ ѿ ѿ Ȃ Ἕ ӈ

Һ ꜚ̆ Ӟᴪ ѿҩ Ȃ ̆ ̆ Ӈᴪ

̙ ̆ ԍ Ҭ ̆ Ҍ ̆

ΐ ̆ Ȃ  

 
 

Е ῗ  
 

ҍ ᾥṿѿ ̆ҍ ῏ ṿӞ ԅ

Ȃ ױ ₃ҩᶛ Ȃ 

**  

Ҍֽ ῒ ̆ ῒ (strangeness)ȁ ᵝ (isospin)ȁ

(colour charge)ȁ (charge)ȁ (parity) Ȃᵰ ₮ ֓ ̙ 

**  

ױ ̆ Ἕᴋᵥ ѿ ץ̆ ҍ ԑᵬ

Ȃ ѿ ᴆ̆ ֓ ᴪ ̙ ֓ ̙ 

**  

ᵰ ⌠ѿ ̙ 

**  

ԅѿ֓ Ȃ Ẋ ѿ ̆ғ

̆↕ ᵀ ῤ b,m,dֻד  

 

./,b,m,dד
Еоф &4.' 

ӊҍ Ҭ ᾥᵣ  

./,Nj,tmjד
Еϔо &4/' 

ץ Ҭ  

./,n_prד
ЌЕ &40' 

 

Ȃ ױ ⌠̔ ꜚԊ ѿ №̕ ꜚ ꜚ̕

ꜚ ױ Ȃ ѿ℗ ̆ ѿ ꜚ

ѿ Ȃ 

**  
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≠ץ Ҋ ⌠ Ҋ ̔ѿҩ ῒ

└̆ ‰ ̆ ῒ ҍ ᾥ ӊ └Ȃ ױ ⌠  
 

י
2ׄ Ἡ

עת

ג

фב
&41' 

 

ҹ ג ȁ ҹ ב Ҋ ȂӞ 0ϳית Ἡב0עϳ (

ԍ ץ( фע 2ׄ¡ ג ¡ב ̆ ₮ Ȃ 

ױ ⌠ ↕ ̔ ѿ ̆ ↕ ₮ԅ

Ȃ ӊ̆ ⱬ ̆ ӈ Ҭ̆

ᵞȂ ⱬ ᴆ ӈ ̔ ⱬ ׆ץ ̆ ғ ԅ ҩ

̔ ᶭ ̆Ӟᶭ ῤ Ȃ 

╠ ῏ԍ ᵞ ᶛ Ȃѿ℗ ץ

ѿ Ȃ ‛ ̆ - ₀ ᵣ Ҭ֟ ῒ ‛

ᵣ̆Ӟ ̆ ΐ ⱬ Ȃ(ױ ⌠̆Ҍ

ѿ ᴶῗ ̕ ץ Ҋ ҍ ԍ

ⱬלғ Ȃ) 

Ḃѿ ̆ᵌӍ ѿ ӈҍ ῏ ҉ Ȃ ץ ⌠ῒ

ꜚⱬ ̆ᵖ ױ Ҍ Ȃ 

**  

ᵬ ̆ ῀ ז Ȃ ץ ₮ ׂ Ҋ ̔ 
 

ׂ 2ׄ פ
фג

фבфז
&42' 

 

ץ פ ̆Ҍ ;פ 2 ї Ἡ̆ע

Ȃ ԍ ̆ ױ ⌠ 
 

ֿ
2ׄ פ

ע

фג

фבфז
&43' 

 

̆ Ҭ ң↕ Ȃ 

ԍῒ Ӟ ץ ⌠ ᵌ Ȃῒ ̆ ԅ ̆╠ ₮

ѿ֓ ᴪ Ȃ ̆ ᴪ ̙ Ỳ ԅѿҩҒ

̔ ᴆȂ 

**  

ȂץҊ ֓ ṿ ̔ꜚ ̙

̙ ⱬ ̙ⱴ ̙ ̙ ̙ 
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ѿ ץ ̔  

 

ױ ( ) Ȃ  

ԍ ӈ Ȃ ̆ᴋᵥ ғ

Ȃ ╠ ҹ їח /¡ ̆

Ȃ ̆ ױ ץ ̔ 

 

 Ҭ ѿҩ ҹ /,2¡ ṿȂ 

 

ԍѿ℗ ѿ℗ ̆ ȁ ȁ ̆ ⌠ Ҋ῏ └̔ 
 

װ
/,2
;/,1 /.фи;/,2 /.Еї_j &44' 

 

ғ ṿ  1.4 ΐᵣ Ȃ ↕ ԅ ̆ ᵬҹ

ԓ ̆ҍ ↕ ᾥ ↓Ȃ Ḃ ѿҊ̆ᵰ

ԍҌ Ҍ ̙ 

 
 

 
 

ҍ ῏ ȁꜚᵬȁⱬȁ ̆ ץ ₮ ῒ ҍ ῏

Ȃ ̆ ױ ⌠( ’Ҋ)ҍ ῏ ץ ԍ ҩ

̔ ῀ף Ȃ ץ ѿҩ Ạ⌠ ѿ ̆

Ȃ ̆ ץ ⌠ ҩ

̆ (cosmological limit)ҍ ᾫ ԍ

ң Ȃ 

Ҭ ҉ Ȃ ԍ Ӟ

̆ ױ ⌠ԅ ṿȂ ױ ⌠ԅ

ӈ҉ ᾣ Ҋ Ȃ 

ѿ↕ ҩ Ҋ ̆ (cosmological speed limit) 
 

ᴅn_prgajc
slgtcpqcב
a,Nj_laiב

;ע
2ׄ Ἡ

ע
5/.ϧоk-q &45' 

 

⌠ ⌠ ’Ȃ 

ҍ ῏Ȃ ⌠ ҍ

Ҍ Ȃ ̆ ҹ ҩ ᶫѿҩ҉ Ȃ ̆

ҍ ҩ Ȃ ҉̆ ԍ Ҍ ⱴ̆

̆ ᴪ Ҍ Ȃ ᶏ ᾧ Ȃ 
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ⱬ 

 

῀ ᵣ ϩ2ע ׄ¡ ѿҩ (ңҩ

ΐ )Ȃ ӊӗץ ̆ ⌠ѿҩⱬṿ̔ 

 

;׃
Ἡע

0
;2,6 /.зЌד &46' 

 

ғҌ ṿ ̆ Ⱶ ̆ Ҭ ⱬ̆Ӟ

2¡ ңᴍḱ ᾥ ӊ ⱬȂ 

ױ ₮ѿҩ ̔ ӈ ̆

Ҭ ⱬ ⱬ῍ ӈ Ȃ ӊ̆ 

 

 ҹ ҩ ᶫԅңҩ ̔ ᾥ Ȃ 

 

ҩ ѿҩҊ ѿҩ҉ Ȃᵰ ױ ⌠ѿҩ ҬȂ 

ᴪ֟ ѿ֓ ̆ ױ ѿҊȂ 

 

 

ῒ  

 

Ҭ̆ ҩ ѿҩҊ ѿҩ҉ ȂῒҬѿҩ

ӈ҉ ̆ ѿҩ ḱ ᾥ ᵝ ₮̆ Ӈ̆ᴋᵥ

̆ ҉ ᾥ ҍ ӊ Ȃ ≢ ̆ ױ ₮

̔ѿ℗ Ȃ 

֓ ̆ ῏ԍ ̆ ῏ԍ ̆

ⱬ ѿ ᴪ Ȃᵖ ֓ ̆ ῒ

̆ ᶏ ױ ѿ֓ ױ Ẋ Ȃ 

 

 

≢  

 

ԍ ̆ ṿ Ҍ

Ȃ ҉̆ Ҍ ˻ ҍ ⱬ

̆ ᴪ₮ ѿ ֲ Ȃ ғ ┴ éé 
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ҍ ̔ѿᵣң  

 

Ҋԅ └̆ ԍԍ ̆

Ȃ ױ ᵬ̔ ̆

№ ҍ Ȃ ℗ ̆ № ҍ Ȃ 

̆ ױ ᴪ ᾥ Ȃᵖ ᾥ Ҋ̆

ṿҍ Ȃ ӊ̆ ᾥ Ҋ̆ ױ

Ȃ ױ ᴪ ҩ Ȃ 

Ԋ ҉̆ ȁ ȁ ȁ ȁ ȁ ꜚ ̆ ᴪ ҳ

̔ ᾥ Ҋ̆ ̆ᶏ ҍ Ҍ

№Ȃ ̆ ױ ∞ ѿҩ Ȃ 

ҩ ̔ ᾫ ҐЇ ⌡

(vacuum and matter do not differ at Planck scales)Ȃ ԅ

ѿ ⱬȂ ꞉ԅ ᴧ ֲ ̆ ֲ֓ ҹ Ώԅ ᵬ

Ȃᶛ Ŀ (Brian Greene) ⱳ Ὲᴧ ԅ ₃ᵥ ѿ Ȃ 

̆Ӟ ̆ ᾥ Ҋ̆ ȁ ȁԊᴆȁ

Ȃ ̆ ᾥ Ҋ̆ № ̔ Ӟ

№Ȃ ֓ ӈ ̆ ױ ⱴץ Ȃ ױ ᴪ Ӈ

ẠȂ 

 

 

ҍ  

 

ᴰ ѿ↕ Ẋ ̔ № № ̆

֓ №ҹñᾝ òȂ ѿẊ ᵣ ҈ҩ ̔ № ̕

№ Ԋᴆ ̕ № ∆ ᴆ ȂῈᾝ2000ӊ╠̆ ҩ

ñ ò ӊ҉Ȃ 

ԍ Ȃ Ҍ № ᾝ Ȃ

ᵣ ᵌ ԑ №Ȃ ᵞԍ ᾥ Ἡעϧ 2ׄ¡ ̆

ᵌ № Ȃ ҹֲ ױ ᵞ Ҭ̆ ױ ץ

ץ ᵌ ̆Ҍᴪ ⌠ᴋᵥ Ȃᵖ ᾥ Ҋ̆ ↕҉

№ № Ȃ ≢ ̆ ȁ ȁץ ᾥ

Ҋ̆Ҍ №ᴋᵥңҩԊᴆȁңҩ ȁңҩ Ȃ 

Ȃ №ңҩ ᵣ̆ Ҍ Ȃᶛ ̆ᵝ Ҍ ȁ

Ҍ ȁ Ҍ Ȃ ̆ ᾥ Ҋ̆ ԍ ̆Ҍ

№Ȃ Ҋ̆ Ạ №Ȃ ҉̆ ᶏ

Ҋ̆ᴋᵥңҩ ӊ №ðð ҍ ӊ№ððӞ ᵌ Ȃ

ᾥ Ҋ̆ ₮ѿ Ȃ 
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҈ Ȃ Ҭ ᴋᵥ ᵣ (ɒ ѿ ȁѿ ̆

ᴋᵥῒ )̆ ץ ֓ ᵣ № ҹ╠ ȂᵖҌ

ᾧ ԅ № Ȃ ᾥ Ҋ̆

Ȃ  

 

 №(nature has no parts)Ȃ 

 

ӊ̆ ᾥ Ҋ̆ ↕҉Ҍ № Ȃ ױ № Ȃ

ᾥ Ҋ̆Ҍ №◓ № ᵣ̆ ӈ ҍᾝ

Ȃ ̆Ӟ ̔ 

 

 Ҍ (sets)ᾝ (elements)Ȃ 

 

ԍ ᾝ ᵌ ̆ñ ò ҩẊ ᾝ № ԍ ̆

Ȃ ԍ ᾢẊ ԅ ̆

Ӈ ᾥ Ҋ( ’Ҋ) Ȃ ̆ ң ԓ

ԍ ̔ ȁ ȁ ȁ ȁ ȁ ₱

ȁ ᴿ ȁ ᾥ ȁ ȁ ȁ ȁ ̔ ԍ

Ȃ ᾥ Ҋ̆ ֓ Ȃ 

 

 ̆Ҍ ԍ Ȃ 

 

ӊ̆ №̔ ѿ (nature is one)Ȃ 

20ҕ ѿ Ȃ ̆ ԍ

ҩ ⱬ Ȃ ҉̆ ҹ ױ

ѿ Ȃ ҩ ‗ ᴿ Έҩ Ȃ 
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Е  

 

ױ ԑᵬ ̆ ױ ץ ₃ ῒᵩ

№Ȃ 

 

 ԍ ӈ Ȃ 

 ⱬ ԍ ӈ Ȃ 

 ꜚᵬ ԍ Ȃ 

 ԍ ⱬ Ȃ 

 ԍ Ȃ 

 

֓ ҍ ῏ Ȃ ֓ Ҍ ₮ԅѿ֓

̆ғ ѿҩ ֓ Ȃ 

֓Ҍ ̆ Ҭ̆ ҩ ѿ ḱ

ᾥ ᵝ └̆ ѿ └Ȃ Ҭ ҩ ѿҩ

҉ ѿҩҊ Ȃ 

ѿ℗ ҉ ҍҊ ̆ Ȃ ̆ ҍ

№̆ ҹ Ҍ ̆ ғ ҍ №

ѿ ᵌȂ ᾥ Ҋ̆ Ҍ ᾝ Ȃ 

ᾥ ᵝ ῏ Ȃ ԍ

̆ ӈ ̆ ץ ҹ ̆ ץ

ѿ Ӟᴪ Ȃ ̔ ̆

ѿ Ȃ 

ׅ̆ Ȃ ᵌᴋᵥѿҩ ᶭ Ҍ Ȃᵖ

Ҍ Ȃ ױ ̆ ױ ̆ Ҍ ᶏ

Ȃ ᾧᶏ ѿ ̆ ȁ ȁ ҹ ῍

№ ȂҌ ױ ӊ╠̆ ᴪױ ѿ

Ȃ ≢ ̆ҹԅ ֓ ҹḠ ̆ ᴪױ Ҍᶏ ⱬ

’Ҋ̆ ױ ╠ ⌠ Ȃ 
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Chapter 3 

03. vs  

 

 

Man muß die Denkgewohnheiten durch 

Denknotwendigkeiten ersetzen. *1 

ᴿ ·  

 

2000̆ ꜚ ң ̆ ӈ ‰ ̆ ӂ

Ȃ 

ױ ꜚ ҹ (useful)̆ ҹῒ

ῤ ⌠ԅѿ℗ Ȃ ױ ѿ℗ ꜚ Ȃ

ץṢױ ȁ ֟ ȁ֣ Ȃ ץ ̆ ꜚ ҉ ⌠ԅѿ

̆ Ȃ ױ ꜚ ≠ Ȃ 

20ҕ Ӟ (beautiful)Ȃ ֽֽ

֓ ץ (simple) Ȃ ̙

ȂҌ ̆ ᵝ ῒ ῏ԍ ӊ ̆ ז ̆

ҹז Ӱ ԅȂ 

20ҕ ᴧ ̔ Ҭ ⌠ ѿ℗ ꜚ ᶏꜚᵬ

Ȃ ԍ Ҭ̆ꜚᵬ ѿ ̆ ױ ץ ̆ Ҭ

⌠ ѿ℗ ꜚ ᶏ Ȃ ≢ ̆ ӈ ‰

ѿ ꜚ ᶛ ᶏꜚᵬ ̔ ң ꜛṢץ

Ȃ 

ѿ ̆ ꜚ ѿ֓ ‰ ̆

ץ ױ ȁ Ҭ ȁ ױ ∆ ᴆץ

Ȃ ̆ Ҍ Ȃ 

ױ Ҋ ΐ Ȃ ̆ ᾧ ̆ᶏֲ Ȃ

ױ ̆ ѿ℗ ̆ ╠ Ȃҹԅ ֓ Ҍ

̆ ױ Ғ ԍ Ȃ ױ ‰ ꜚȂ 

ӈ ῒ ȁ ȁ ӊ ̆ ֟ ԅѿҩ

̔ԋ Ȃ 

 

 
1* ñֲ ױ ף ӟ Ȃò 
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ῖ ӈ Ҭ̆ ( )̆ ȁ ȁ ꜚ

Ȃ ⱬ ̆ ḂҌҹ ̆ ᴪ ̆Ӟ

Ҍ ῃ Ȃ 

Ҭ̆ Ҍ Ȃᵖ ӈ ₮ԅѿ

̔ Ȃ ף ̆ ñ ò

 ҹכׂ-

¡כׂ .,3lH-kо &47' 

 

ӊ̆ ҹ ̆ᵖῒ ṿ ῒ ̆

Ҍ Ȃ 

Ҍ Ȃ ̆ῒ

ῒѿ℗ ӊ Ȃ ñ òԅ ֓ Ȃ

(╠ )̆ῒ Ҋ ₮̔ 
 

ׂ

כ

2 Ἡ

оע
о

ɝǿʩ

ї

;ף
Ἡ

оע ЅΦё
ϩ &5.' 

 

ҩ ᵌṿ ᴆ ̆ ЅΦё ԍ ῏ Ȃױ

ӊ╠ ̆ ᾥ ЍἩ3ע 2ׄϳ .,4/./7 cׄT /,.ׄ H

̆ ₮ѿҩ  
 

ׂ

כ
/.ЕЕЕ-ׇkо &5/' 

 

ṿ /.ЕфїṐ̆ ᾙ Ȃ*1 

ῒ Ȃ ⱬ ̆ᵖ ̆

’Ҋ̆ ҍ ⱬ ᴪ ̆ñ ò ӈȂ

ῃҍ ӈ ѿȂ Ҍ ᵬҹ ᵣ̆ (

ѿ )Ӟ ӊ Ȃ ӊ̆ ӊ ץ ̆ ╠

ⱬ̔ Ҭ Ҍ₮ ⱬ ׄȂ 

ѿ ̆ ӈ ԅ ῏ ̆ ῖ

ᵝ -ꜚ ̆ ғ ( ᾥ Ἡ) ’Ҋ Ȃ 

Ӟ № Ȃ ӈ ҍ ῖ Ẋ ץ ̆ᶛ ̆

Ẋ ┴ Ȃ ⱬ ̆ᶛ Ҍ ῏

₮ԅ ת ג ‗ Ȃ  

 
1* ̆ ҩñ ò ₮ Ȃ ᵣ ⱷ ̆ᵖ ӈ

ȁ Ȃ ҍ ≠ ≢ ₮ԅ ѿ῍ Ȃ 
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̔ ῖ Һ ̕ ҹ

Ҍ ̆ ῒ ⱬ ҬȂ ԍ ₃ᵥ ԍ

ⱴ ̆ Ӈñ 10№ ò ӈȂ 

̆ ӈ ҍ №̕ № ҍ

Ȃ ̔ ῏ԍ ̕ᵖ ӈ Ҭ̆Ҍ

̆ Ȃ 

ᵣ ̔ ӈ /0ϳ ֟ ̆ ѿ

ҩῖ Ȃ Ŀּ1*י ₮̆ ’Ҋ̆

̕ᵖ ӈ Ҭ̆ Ȃ ҹ̔ ҹ

̆ ῀ ӈ Ȃ*2 

ԍ Ŀּי ₮ԅ ѿ ̔ ҉̆

ҕ ꜚ̕ᵖ ӈ ̆ ῒ ῤ ̆

ҕ ꜚ̔ ң ҉ Ȃ 

ѿ Ҍ ȁԑ ̆ ̆ ῀ Ȃ 

 
 

ӊ  
 

ҍ ӊѿ℗ ̆ ԍ ѿ Ȃ20ҕ ̆ ң

ꜚ̔ ᵣ̆ Ԋᴆ Ȃ ױ ң Ȃ 

(particle, ᴋᵥ ӈ )̆ ӈҹѿ ΐ ᵝ ғ ꜚ ᵣ

(entity)ȂԊ ҉̆ñ (object)òѿ Ḃҍñ ꜚ ò ῏Ȃ ӊ̆ ѿ

ΐ ȁ ȁ ᵣ̆ῒᵝ Ȃ 

Ԑᴌ(event) Ҭ ѿҩ Ȃѿ℗ ᵬ Ҭ̔ Ṣꜛ ꜚ (

ҹñ ò) ꜚ (ᾣ ₮ ) ӈ ̕ Ӟ Ṣꜛ ӈ

̆ Ӈ ᴰ ̆ ӇṢꜛᾣ ꜚ(ᾣ ꜚ)Ȃ 

ף ԅ ױ ӈȂ ⱬ ᵬҹ (ᵬҹ

ѿ )̆ ҍ ҍ ꜚ̆ ₮ԅ ӈ

↓ Ȃ ӈ ̆ ῒ ̆ ԅ ̔ Ẋ ҍ

̆ ֟ױ ̆ ≢ Ȃ 

̆ ҩԊ ̔ Ҭ̆ ҍ ѿ

ԑ ӈȂ ӈ ⱬ ӈ ӊ Ȃҹԅ

֓ ѿ ̆ ױ ӈȂ 

 

 
1* Ŀ Ŀ  (John ArchibaldWheeler, b. 1911, Jacksonville, d. 2008, Hightstown)יּ

ҍ ΐ ⱬ ̆ ⱬԍ ӈ Ȃ 

2* ̆ (strand model)Ҍ ╠ Ҋ̆ ῀ ӈ

ᵌ Ҭ̔ ҉ ԅ יּ Ȃ 



 

 

 

03. vs  

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

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

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

 

59 

̔ ᾥ  

 

ԑ ̆ғ ӈ̆ᵖ ӈ ҍ

ⱳ ̔ ℗ҍѿױ Ȃ Ӈ Ԋ ̙ 

ף ᶫԅ∞ ‰̔∞ ᵥ ȁ∞ ᵥ

ῖᵍ≠ Ȃ ֓‰↕ ԅ Ȃ 

ӈ ̆ ױ ѿҩ ҹ ױ ᵣ̆ ⌠ ᴁᴖ

̆ *1 ̆ Ҋ ₮̔ 

 

ᴁᴖ ;
0ׄ ױ

фע
&50' 

 

ⱬ ׄ ᾣ ע ᵬҹ Ȃ ҉̆ ᵣ ῒ ̆

ӈ ҍ ῖ /-ᴁф ⱬ Ȃᶛ ̆ ᾣ ⱬẒ

̆ ҹᾣ 2.4× 105ṐȂ ̆ ױ ҍ

ᵣ ̆ Table 2 Ȃ ̆ Ҍ ӈ

Ȃ ̆ ⌠ ₮ ᵣ ̕Ҍ Ῥ ԅȂ 

 

 

 

  

 ף

 

 ױ

 

ẖṔ 

ṿ 

Ẉ-ẖỬ 

 

 ᵄ  

ṿ  

 ᵄ-ף

 / Xk 31040 kg 5. Rk /.7 ^ /.83 k% /.104 

Ҭ  10 km 2.8 1030 kg 4.2 km 2.4 ^/,110 73 k% 8.0 1076 

 1.4 Gm 2.0 1030 kg 3.0 km 4.8 105 ^/,.10 73 k% 8.0 1081 

 13 Mm 6.0 1024 kg 8.9 mm 1.4 109 ^3,610 68 k% 2.2 1074 

ֲ  1.8 m 75 kg 0.11 ym  1.6 1025 ^2,510 45 k% 3.8 1044 

№  10 nm 0.57 zg ^6,310 52 k% 1.2 1043 6.2 10 19 m 1.6 1010 

(12C) 0.6 nm 20 yg ^1,.10 53 k% 2.0 1043 1.8 10 17 m 3.2 107 

 p 2 fm 1.7 yg ^0,310 54 k% 8.0 1038 2.0 10 16 m 9.6 

׃  2 fm 0.24 yg ^1,410 55 k% 5.6 1039 1.5 10 15 m 1.4 

҉ ᾥ u < 0.1 fm  5 10 30 kg ^510 57 k% < 1 1040 7 10 14 m < 0.001 

 e < 4 am  9.1 10 31 kg ^/,210 57 k% < 3 1039 3.9 10 13 m <  / /.5 

Ҭ  e < 4 am  <  3 10 36 kg ^: 310 63 k% n.a. > 1 10 7 m < 3 10 11 

 

 
1* Ҋ ῤ Ҭ̆ ױ ԑ ᶏ ñ ò ñ (empty space )ò ңҩ Ȃ 

Ҭ ѿ֓ ᵣ̆ῒ ȁ ȁ ץ̆ ṿȂ Table 2 
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̆ ⱬ ̆ ѿҩ ⌠( ) ᵄ

̆ ᵍ≠ Ȃ Ҋ ₮̔  
 

ᵄ;
Ἡ

עױ
&51' 

 

ῒҬ̆ ᾥ Ἡ ᾣ ᵬҹע ̆ ױ ҹ Ȃ

̆ ѿ ֽ ᵣ ԍ ӈȂ Ҋ̆

̆ᶛ ֟ Ȃ Table 2 ̆ ҕ

Ҭ̆ ԍ Ԋ̆ ҬҌᴪ ⌠ Ȃ

̆ץ Ҍױ Ȃ 

ңҩ ᴆ̆ ӈ

Ȃ פ ᴁᴖ ; 0ᵄ(ҹԅ ῀ 2)̆ ᴪ ѿ ᾥ

ᵝ̆ ᵝ ᾥ  

 

ŋװ ;γ Ἡׄ о;/,4ע- /.оϧk ᾫ

ᴃŋ ;γ Ἡׄ ϧ;3,2ע- /.ϩϩq ᾫ
&52' 

 

ױ ֓ Ҋ ᵣ̆ ӈ ⱬ ᴪ ᵬ ̆ Ⱶ

ᴪ₮ Ȃ ԍ ᾥ ṿ ̆ ȁ Ҭ̆

Ҍ ’Ȃ 

Ҍ ֪ ѿҊ̔ Ҭ̆ ҉ ץ ӈ̆

ֽ ᾥ Ҋ Ȃ ӈ ҍ Ҭ ⱳȂ ̆

ҹԅ ӊ ₮ ֓ ̔ҹָӇ ױ ҈ Ҭ̆ҹָӇ ҈

ԑᵬ ץ̆ ҹָӇ 1836.15Ṑ̙ Ӈ ױ

̆ ᾥ Ҋ Ȃ 

ӊ̆ ӈ ҍ ԑ ̆ ֓ ᾥ ̆

ȂӞ ̆ ֓ ץ ױ ᾥ ҹ ̆

ѿҩ ̔Ҍ Ȃ 

№ ҹ ᾥ ⱬ ҍ ӈ ҩ ӊ

ѿ̆ ᾥ ȁ ȁ ↓Ȃᵖ ‰ ̔ ҍ

̆ ҉ׅ ᾥ Һ ᵬ Ȃ 
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‗  

 

ӈ ҍ ӊ ₃Ӎ ̆ ץ ̆

ԋ № ֓ Ȃֲױ ̔ ⱬ ԍ ̆ ӈ

ԍ Ȃ ױ ᾥ ̆ Ȃᵖ

Ӟ ԅ ױ ‗ ӈҍ ̆ ꜛԍ Ȃ 

’ ᵌԍ Ŀ (Maurits Escher, b. 1898 Leeuwarden, d. 1972 Hilversum)

Figure 2 ̔ ң ̆ ̆ └Ȃ ѿ ᵬ ̆

ѿ ̆ └̆ ԑ ӈ̔ ץ ᵬ 20ҕ

Ȃ ԑ (ң ) ҈ ̆ ̆ ⌠

ѿ ̆ ₮ Ȃ Ҭ̆ ҈ҩ ҍ ῍ Ȃ 

‗ Ҭ ҍ ӈ̆ ⌠ ҍ ῍ Ȃҹԅ

ָӇȁҌ ָӇ̆ ױ ῀ ᾥ Ҋ Ȃ 

 
 

 
 

ӈ ñ ᵩò ѿẊ ӊ҉Ȃ ױ

̔ ȁ ȁᵣ̆ Ȃ ̆ ҹ ױ ץ

̆ ғ⌠ ╠ҹ ̆ѿ℗ ҍ Ẋ Ȃᵖ ̆ ᾢױ

̆ ñ ò₮ Ȃ  

ñ ò ѿẊ ӊ҉Ȃ ױ ḤҌ ̆ ҹ

ױ ץ ̆Ӟ Ȃ ғ⌠ ╠ҹ

̆ѿ℗ ҍ Ẋ Ȃᵖ ױ ᾢ ԅ ꜚ (

Ҍ℗ )̆ ñ ò₮ Ȃ 

1948 ᵬȇ

ӊ (Drawing hands / Tekenen)Ȉ̆

ԅñ òҍñ ò ӈ ̔

ԑ ӈȂ(É M.C. Escher Heirs) 

Figure 2 
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 Ẋ ̆ (71)̆ ԍ

₮ ԅ120ҩ Ẓ Ȃ 

 

ӊ̆ ҍ ӈ̆ ₮ñ òҍñ ò Ȃ

ױ ῀ ̔ ̆ױ ̕

̆ױ ѿ ̆ ᾥ Ҋ Ȃ ױ ѿҩ ‗ Ȃ 

 

 

Еҩ  

 

ӈ ҍ ԑ ̆ ᾥ Ҋ ᴪ₮ Ȃ

ױ Ạ₮ԅ ӈȂẠ₮ ӈ̆ ҹԅ ӈ

Ȃ 

ҹԅ ‗ ҍ ̆ ғҹԅ ᾥ Ҋ ̆ ױ

῀ ῍ Ȃᵖ Ӟ ̆ ױ Ҭ Ȃ

ױ Ȃ 
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Chapter 4 

04. Ҍ ̙1 

 

ꜚᵬ Ἡ₮ ԍ ꜚ Ҭ̆ ֓ └ԅѿ℗ Ҍ

῏ Ӟ Ȃ ֓῏ ҍ ⱬ ̆ ᾥ Ҋ

₮ѿ ֲפ↓ ץ Ḥ ҹȂῒҬ ̔ ȁ ┴ȁԊᴆ

̆ ҍ ᴇ Ȃ ױ ֓ ֲ ᵥ Ҍ

῏ ȁ ȁ ₮ Ȃ 

 

 

≢̔ ┴ 

 

éé ֓ ӂҌ №◓ Ȃ 

*2 

 

ױ ҍ ̆ ҹ Ȃ ָӇ

ᾥ ̙ ̆ - Ҍ

῏ ׂ ᴃ ἩᵌӍ ̆ ᶏ ׂ ̆ ᶏץ ᴃᴋ Ȃ 

ѿ֓ ꜚ ᴆ̆ ֓ ꜚ ᴆ ץ ̆ ꜚ

̆ ( ᾣ )̆ Ȃ ԍ

ҩ ꜚ ᴆ̆Ҍ ῏ Ȃ ᾥ · (Michael Raymer) ̆ңҩ

Ҍ ῏ ԅң Ҍ ᵖ ῏ ’̔ ԅ ῃ

(separate) ‰ ̕ ԅ ҩ (joint)

Ȃ Ҋ ῤ Ҭ̆ ױ ԋ ’Ȃ 

ҹԅᶏ ᵬ̆ ױ ҩ Ȃ ↕

Ҍ ѿ Ȃ ѿ ̆ ῖ Ȃ ױ ԅ ҩ

ꜚ ᴆ Ḥ Ȃ ῏ױ Ҍ ᴃ ҩ ᴆȂ

̆ѿ ᴃ ԍ ̆Ӟ ̆ ԍ 

ñ Ҍ ò ᴆ Ҍ ᴃȂӞ ̔ 
 

 
1* ̔ ҹñ ҍ Ҍ ̙òȂ ̆ñ (rȊpa)òҌ ñ (matter)òῒ ñ

(form)ò̆ғ / / ̆ Ҍ ñ ò̕ ñ (ŜȊnya)òӞҌ / /

(ǕkǕŜa)̆ ȁҌ Ȃ ѿ ӈ ׆ ᵣ ̆ғҤ

̆ ԅñ ò ̆ᵖ ṕ № ̆ ӊȂ 

2* (Moses Maimonides, b. 1135 Cordoba, d. 1204 Egypt) ȁ ΐ

ⱬ Ȃ ̆ ̆ Ҭ ñ ò Ȃ 

( ̔ Ҍᵟ ֒ ̔ Ҍ №̆ñ òᵬҹ ñ òӞ

№ȇ  4.11Ȉ̕ №ғ №ȇ  6.1ȈȂז ȁ ȁ ꜚ Һ Ҭ̆

ᵌ Ȃ ӊ̆ Ҍ ̆Ҍ №ҍ ᾝ ̔ ᾝῬ ӞҌ ̆ῒ

Ȃ) 
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ᴃ ᴃ
Ἡ

ׂ
&53' 

 

ῒҬ ׂ ꜚ ᴆ Ҍ ̆ ԍ ᴆ ̆ױфע;ׂ

̔ 1̕*ױфע:ׂ ᶫḤ ̆ Ḥץ ׆ Ҭ ₮̆ Ӈ Ҍ

̔ῒ ױ ԍҍῒ ̆ ױ ¡װфׄע ̆ῒҬ װ

( ҹ 1 )̕ ̆ҹԅ ᴃ̆ Ҍ

№ ᵬץ ̆ װ ԍ ᴃ̆ע ע:װ̔ ᴃȂ*2

҈ҩ ᴆ̆ ⌠̔ 
 

ᴃ
Ἡׄ

ϧᴃע
&54' 

 

ᴃ
Ἡׄ

ϧע
;ᴃКϿ &55' 

 

ӊ̆ ҈ ̔ ᵣȁ ȁ ̕ ץ ₮

̔ ᾫ Ȃ ̆ ↕ ҍ ΐ

ᵣ └ ῏̆ ⱬȁ ⱬȁ ̆ └

Ȃ*3 

Ӟ ץ ῒ ₮Ȃᶛ ̆ᴋᵥ ץ

̆ ԍҌ ῏ ̆ ΐ Ҍ Ȃ ̆ ԍ ӈ

̆ᴋᵥ ᴪ ̆ ғ ԍ ̆ Ḥ

ᴪ ѿ ⌠ ȂḤ Ҍ Ҍ ̆ Ҍ

Ȃ ӈ ̆ ױ ᾝ № ҹ ᴃ;עװׄױо¡ Ȃ

῏ ̆ ׂᴪ Ҍ ᴃ̔   
 

ᴃ;
ׂׄ

ϧעװ
&56' 

 
‗ ԅ Ȃ ̆ Ҍ - Ҍ ῏ ׂ Ἡ ᴃ¡

Ȃ ҉̆Ῥ ⌠ ᴃᴃКϿȂ 

 
׆ *1 ̆ ҩ ᴆ Ḡ ѿҩ ̔ ׂ<ׂ̆ Ҍ №ѿ

׆ Ҭ֟ ѿ - ̆ ѿҩ ᴆҍѿ ᴆȂ 

2* ԍ ᴃע ᵥ ῒ ᴆӊ ↨ ̆ Ȃ  

3* ⱬ ῏ Ȃ ╠ ҍ ᾥ(Salecker) (Wigner) ῏ԍ ԍῒ

└ Ҍ ̆ (Zimmerman)ץ Ạԅ Ȃ ױ

ⱬ ῤ̆ ⌠ԅ ȁ └Ȃ ̆ ӞҌᴪ ̔

̆ᵖ Ҍ ԍ ῤ Ȃ 
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Ҍױ Ҍ ₮ ̔ Ҭ̆Ҍ ᾥ

Ȃ ̔ 

 

 Ҭ ѿҩ Ȃ 

 

ӊ̆ ᾥ Ҋ̆ñ ╔(instant of time)òѿ ȂῬ ̆

ⱬ ȁ ӈ ӈ ̔ ҹץ ӈ Ȃᵖ װ

ңҩ Ҍ Ȃ ԍң Ҍ ԍ ᾥ

КϿ̆װ ғ Ḥ ᴰ ̆ ץ Ҍ ԍ )ᴃКϿ;¡עКϿװ ᾥ )Ȃ

̆ҹ ҩ ᶏ ѿ ѿ ᵌȂ ᾥ Ҋ̆ Ҍ

ҩ Ȃ 

̆ ԍԊᴆ ᾥ ̆ ԍ ҩ

ңҩԊᴆ̆Ҍ ῃ ᾢ Ȃᵖ Ԋᴆ ̆↕ ᾥ Ҋ

῀ ץ Ӟ ӈԅȂ ̆ ԅҹ

ᶏ ̆ Ҍ Ҍ ҩñ ò Ȃñ (proper time)ò

ᾫ Ґ ԋ ӎɼ 

 

 
 
≢̔  

 
ױ ᴺ ̆Ҍ ҹԅ ҍҐ ̆ ҹԅ

ῤ Ȃ ̆ Ҍ қ Ȃ 

ᾥ· *1 

ȇ (The Passionate State of Mind)Ȉ 

 

ᵌ ̆ ץ ̆ᴋᵥ ̆ Ҍ ᾥ

Ȃ ץ ᴃКϿע;КϿװ ̆Ӟ ץ Ȃ 

₄ ̆ ᵝ ꜚ Ȃ ң

̆ ҩᵝ ѿҩ ᵣȂ װ̆ ԍ ң

ᵣ ᵝ Ҍ ̕ Ҍ ῏ ̆ᴋᵥѿҩ ᵣ ᵝ ̆ῒ װ Ҍ ԍ

Ἡ;״װ ₮ ṿ̆ῒҬ ״ ꜚ Ҍ ̕ ҩ ѿҩ ᵣ

( ᾧ׆ Ҭ֟ )̆ Ȃעױ:״ ҉̆ ױ ⌠ 
 

װ װ
Ἡ

עױ
&57' 

 
̆ Ḥ ׆ ᵣҬ ₮̆ ԅ̆ ֓ ᵣҌ Ȃ

 
1* ᾥĿ (Eric Hoffer, b. 1902 New York City, d. 1983 San Francisco)̆ Ȃ 
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ױ ̆ᶏῒ ᴁᴖ ;0ׄ фע-ױ ԍ ӊױ Ȃװ

2̆ ױ ⌠ 

װ
Ἡׄ

оע
КϿװ; &6.' 

 

Ӟ ̆ ԍ ᾥ Ȃ 

ѿ ̆ ṕ Ȃҹԅ ң ᵣ

̆ ѿҩ ᵣ ᵝԍ ѿҩ ᵣ ᴇῤȂ Ҍ

ф'Е-ф'״&(фױфע&ע;ׂ -Ἡע ᴇȂ ӈ ̆ᾟ ᵣ ᴪ

׆̆ Ȃ ֟ װ ׄ ϩȂעׂ-

ӊ̆ ץ ᴇ Ҭ ᵝѿ ̆ Ӈ⌠ ѿ

⌠ Ȃװ װ ԍ ֓ Ҭ ᴋᵥѿҩ̕ף῀ ׂ

̆ Ῥױ ̆ װ ᾥ ₮Ȃ 

ױ ⌠̆ ᵝ ꜚ Ȃ

̆ ѿ ҹ ̆ᵖ ԍᴋᵥῒ ֞ Ȃ 

ױ ⌠̆ ԍ ᾥ ̆

ԍ ᾥ ̆ Ҍ ⌠ Ȃ - Ҭ̆ ױ

⌠ԅ ֟ ̆Ӟ ⌠ԅ Ȃ ӊҊ̆ ᾥ ̆

’Ҋ̆ ҍ Ҭ̆ ױ ⌠ ̆Ӟ

⌠ ָӇқ ֟ Ȃ 

ҩ ֲ Ḥ ӈ ̔ ѿҩᵣ ҹ ᵣ̕ ̆

Ҭ ᵣ ᾥᵣ КϿװ;КϿכ
о Ȃ 

ױ ₮ ̆ ᾥ ᵝҌֽ ᶫԅ ᵝ̕ ҹ 1 

ῤ̆ ԅ Ȃ 

ӊ̆׆ѿ℗ ῍ ң ̔ ȁ ̆ ױ ₮

̔ ԍ ᾥ Ȃ ᵥ ̆

̆ ᾥ ҩ └Ȃ ̆ñ ò ѿ

Ȃ ӊ̆ 

 

 Ҭ ѿҩ Ȃ 

 

̆ ױ ᵌ ӈ҉ Ȃ ԍ ᾥ Ҋ

ӎ ̆ ȁ Ҍ ȁ ץ ῃ

Ȃ 
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ӈҌ ῏  

 

-ꜚ ̆ ӎҒ ῗ (generalized indeterminacy relation)

̔ 

״ ᴇ Ἡ-0)ץ
ׄ

оע
ф'״& &6/' 

 

״ ᴇ Ἡ-0)ץ
КϿװ
ф

Ἡ
ф'״& &60' 

 

ῒҬ ץ ѿҩ ҹ / ṿ Ȃ ԍ - Ҍ ῏ ̆Ӟ ᵌ

Ȃ ѿ ⱬ Ҍ Ȃ ԋ Ҋ ץ Ҍ

̆ ᾥ ̆ ⱬ Ȃ ץ

̆ ӈ (81) ᴇ Ҍ ԍ  КϿȂװЕ-фץ

ӈҌ ῏ ̆ҍ Ҍ ῏ ״ ᴇ Ἡ-0

ῃ ̆ ᵣ ᾣ Ȃ ⱬ̆ ̆

⌠ԅ (81)Ȃ ̆ ѿ ⱬ ⱬ ₮ ↕῏ ̆ ғ

҉ Ȃ 

 
 

≢̔  
 

Ich betrachte es als durchaus möglich, dass die Physik nicht auf dem Feldbegriff 

begründet werden kann, d.h. auf kontinuierlichen Gebilden. Dann bleibt von meinem 

ganzen Luftschloss inklusive Gravitationstheorie nichts bestehen.*1 

̆1954 ̆ ѿ Ḥ 

 

ῖ ԍ ̔ ᴋץ ̆ Ҭ ᴋ

ң ӊ ̆ ῒ Ȃᴋᵥ Ӟ ᴋץ Ȃ 

̆ ⱬ ԍ ̔ ῖꜚᵬ Ἡ-0ץҊ ӈ̕ ѿ

ԍ ̔ ῖ ᾥ Ҋץ ӈȂ

ᵣ ̆ Ȃ 

ȁ ץ̆ ̆ ᾥ Ҋ₮ ӈ

Ҍ ῏ ̆ ȁ ̆ ῒ ̆Ҍ ᵣ Ȃ

״ע ׂ Ἡ- ᴃף῀ (81)̆ ױ ⌠ 

 

ᴇ ᴃ Ἡׄ КϿװϩ;ᴃКϿע- &61' 

 

 
1*  ñ ҹ ῃ ̆ ӊ҉̆ ץ ҹ Ȃ

̆ Ӈ ҩ ( ⱬ ῤ) Ȃò 
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‰ ⱬ Ҭ ’ ̕ ғ ԊᴆӞҌ ȂñԊᴆò 

̆ᵬҹñ òҍñ ┴ò ̆ ᾥ Ҋ ԅ ӈȂ 

̆ ҹ ₃Ӎ Ȃ 1917̆

Ŀᴶ (Werner Dªllenbach) ѿ ḤҬΏ ̔ 

 

Wenn die molekulare Auffassung der Materie die richtige (zweckmªssige) ist, d.h. wenn ein 

Teil Welt durch eine endliche Zahl bewegter Punkte darzustellen ist, so enthªlt das Kontinuum der 

heutigen Theorie zu viel Mannigfaltigkeit der Mºglichkeiten. Auch ich glaube, dass dieses zu viel 

daran schuld ist, dass unsere heutige Mittel der Beschreibung an der Quantentheorie scheitern. Die 

Frage scheint mir, wie man ¿ber ein Diskontinuum Aussagen formulieren kann, ohne ein 

Kontinuum (Raum-Zeit) zu Hilfe zu nehmen; letzteres wªre als eine im Wesen des Problems nicht 

gerechtfertigte zusªtzliche Konstruktion, der nichts ñRealesò entspricht, aus der Theorie zu 

verbannen. Dazu fehlt uns aber leider noch die mathematische Form. Wie viel habe ich mich in 

diesem Sinne schon geplagt!  

Allerdings sehe ich auch hier prinzipielle Schwierigkeiten. Die Elektronen (als Punkte) 

wªren in einem solchen System letzte Gegebenheiten (Bausteine). Gibt es ¿berhaupt letzte 

Bausteine? Warum sind diese alle von gleicher Grºsse? Ist es befriedigend zu sagen: Gott hat sie 

in seiner Weisheit alle gleich gross gemacht, jedes wie jedes andere, weil er so wollte; er hªtte sie 

auch, wenn es ihm gepasst hªtte, verschieden machen kºnnen. Da ist man bei der Kontinuum-

Auffassung besser dran, weil man nicht von Anfang an die Elementar-Bausteine angeben muss. 

Ferner die alte Frage vom Vakuum! Aber diese Bedenken m¿ssen verblassen hinter der 

blendenden Tatsache: Das Kontinuum ist ausf¿hrlicher als die zu beschreibenden Dinge...  

Lieber Dªllenbach! Was hilft alles Argumentieren, wenn man nicht bis zu einer 

befriedigenden Auffassung durchdringt; das aber ist verteufelt schwer. Es wird einen schweren 

Kampf kosten, bis man diesen Schritt, der uns da vorschwebt, wirklich gemacht haben wird. Also 

strengen Sie Ihr Gehirn an, vielleicht zwingen Sie es.*1 

 

№ ₮ѿ ѿ ȂҌ ̆ ѿ ҉̆ ױ

ᾢ ᵣ Ȃ 

20ҕ Ҭ̆ Ԋᴆ ̆ᵖ Ҍ Ȃ

 
1* ñ № ( )̆ ӊ̆ ץ ꜚ ҕ №̆ Ӈ

Ҭ Ḃ ԅ Ȃ Ӟ ҹ̆ ó ô ױ ׂ

Ҭ Ȃ ԍ̔ ᵥҌ ᵣ( ) ̙ ᵣᵬҹѿ ҉

ⱴ ̆ҍᴋᵥó ô қ Ҍ ̆ ׆ Ҭ╧ Ȃ ױ ׂׅ ӎ

Ȃ ҹ ӄ˻ 

̆ Ӟ ⌠ԅ ↕҉ Ȃ Ҭ̆ (ᵬҹ ) ᵣ(

№)Ȃ № ̙ҹָӇ ױ ѿ ̙ ó҉ ῒץ ᶏӊῃ ̆

≢̆ ҹז ̕ ז ̆Ӟ ᶏӊץ Ҍ ô̆ ֲפ

̙ ᵣ Ҋ̆ ’ᴪ ѿ֓̆ ҹֲױҌ ѿ׆ №Ȃ ̆

῏ԍ ˻ᵖҍ ᴆԊ ̆ῒ Ҍ ̔ ᵣ Ԋ ү

éé 

֪ ᴶ ˻ ֲפ ̆ Ԉ Ḃ Ꞌ̕ᵖ ԅȂ

ױ ̆ ѿ Ȃ ̆ץ ꜚ ̆Ӟ ₮Ⱳ ȂĿ 

Ḥҍ ԋ Ώ ῤ (page 86)Ȃ 
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ñ ò ѿ ̆ ᵌ ╠ ñץ ò ̔ ⌠ Ȃ 

 

 Ἕñץ (aether)òѿ ̆ñ (points)òӞᴪ ῀ Ȃ 

 

№ ֟ ̆ᶛ ῏ԍ № ꜚҍ

̆ - ̆ ׂ ץ ᾧȂ ױ ץ ֓ ̆

ҹ ױ ҍ ẠԅҌ Ẋ Ȃ 

ᾥ ̆ ץ ῒ Ȃֲױ ̆

ᴋ ңҩ ᴋ ңҩ ┴̆ ӊױ ҈ҩ ┴Ȃ

ҹ ̆ ↕ ӊҹ Ȃ ̆ ᾥ

Ҋ̆ Ҍ ̆ ҹҌ ԍ ᾥ Ȃ ┴ Ҍ

̔ 

 

 ң ӊ Ҍ ҈ҩ Ȃ 

 

Ҍ Ȃ Ҋ̆ ױ ᵌ ̆ Ἕ ᵣ

Ҋ ѿ ̆ᵖ Ҋ Ȃ Ҭ̆ ȁ ȁ

Ҍ ᵣȂ 

ᵖ Ȃ ̆ҍ ӈ ̆ ҹ ӈ

̆ ̆ ᴪ ᴶῗ Ȃ ѿҩ ̔ ӈ ץ)

ӈ ) ҊҌ Ȃ ̆ 

 

 ᾥ Ҋ̆ Ҍ ᴶῗҌ ̆ӞҌ № Ҍ Ȃ 

 

ᵬҹ ӈ ӈ ̆ ᾥ Ҋ ᵌ

Ȃ 

Ҍ ̆ ԍ ῏ Ȃᶛ

̆ ᾥ Ҋ ԅᵬ ̆ ҹ Ȃ ̆ץ

Ȃ ̆ ԍ ꜚ̆Ӟ

ⱬ ꜚȂ 

ӊ̆ ᾥ Ҋ̆ Ҍ Ȃ ҩ ӈ Ȃᶛ

̆ ӈ ӥ Ҭ ⌠ ֓ ̆ Ҁ -ᾥ

ᾥ -₣ ָ ̆ Ҍ ˻ ҉̆ ֓ ԅ

̆ ԍ Ȃᵖ ̆

Ҍ ̆ ▲ ꜚȂ ӊ̆ ԅ

Ԋ ̔ Ї־ӍӤ Ғ└Ї Ӎ־ Ȃ 
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≢̔  

 

ᾥ Ҋ̆ ӈȂ ױ ѿҊ ᵥ

ҩ Ȃѿ Ҭ ץ ҩ ̆ᶏ

ңңӊױ Ȃ ױ ⌠ ҩײ ̆ Ӈ

ײ /ҩ Ȃᵖ ᾥ Ҋ ̆ Ӈ

Ȃ 

ѿ ҈ҩ ҉ ҩ ̆ ң ѿ ̔

̆ ױ ҈ҩ ̆ ҹ ҩ ̆ ԍ

ԍ҈ Ҭ̆ Ҍ (knot)Ȃ ᾥ Ҋ̆ ױ ѿ

̆ ҹ ֜ └ᶏ ױ ѿ ѿ ӊ҉Ȃ 

ῒ *1Ȃ Ҭ̆ ӈ ԍ

ӈȂᵖ ᾥ Ҋ̆ Ҍ ץ ѿҩ

ῤ Ȃ ӊ̆ ױ ָӇ ̆ ԍ ӎ ̆ ̔ 

 

 ᾥ Ҋ̆ ӈ Ȃ 

 
 
≢̔  

 
₃ ӈ̆ ₮ ̔ñ № қ òȂ 

ᵝ ̆ ӈ̕ ץ

’Ҋ ӈ̆ ױ ( ҹñ ò)ᾝ Ȃ(ñ ò ñ ò

ԅ (measure)(metric)Ȃ) 

’Ҋ̆ Ȃ

ץ ӊ ̆ ԍ № Ȃ*2 

  

 
1* ɒ ̆ ≠ֽץ ῒ Ȃ ̆ ᴪ ѿ֓

ԍ ҩ Ȃ ҹ״ ѿ Ҭ ԍ ̆↕ Ҭ ״

ṿ⁞ 1̆ ҹ Ȃ 

̆↕Ҍ ᴪ ₮Ҍ Ȃ ԍ

̆ῒ ѿ Ȃ ӈ (№ ȁ )Ȃ 

2* ̆ ᵥ ̙ ץ Ҭ ѿ ԍ

ΐ̆ῒ ׆ Ҭ ₮ Ȃ ԍ Ἕץ ѿ ⱴ ӗ̆ ױ

ױ ץ ṿ̆ ṿȂ ӈ Ȃ ҩҒ ̆

̆ ԅ ᵥ׆ѿ ̆Ṣꜛ ῏ № ̆ ᾢ ѿҩ ̆ Ṣꜛ

ѿҩ Ȃ ῏ ̆ ץ ѿҩ ȁ

Ȃ 
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Ӟ ѿ - ̆ ԅᵣ

Ȃ ₮̆ ᵣ ץ ℗ ԓᴍ̆ᶏ ֓

ץ ңҩ ᵣ̆ ҩ ᵣ ᵣ ҍ ᵣ Ȃ ̆ ñ℗◓ò

̔ ӊ Ҍ Ȃ ҕ (

)̆Ҍ ℗◓Ȃ ᶏ ԍ Ӟ Ȃᶛ ̆ ӗ

ᵣץ ₮̕ ᶭ - ̆ ҩ ᵣ ԍңҩᵣ

ҍ ᵌ ᵣ ԅȂ ҩ ץ ᾥ ‗̆ ᾥ

ҹ ᶫԅ ׆̆ ԅ ℗◓ȂӞ ̆

῀ ̆ᵣ ᾥ Ҋ Ȃ 

ӊ̔ 

 

 Ҍ ѿ Ȃ 

 

ӊԊȂ ᾥ Ҋ̆ ԍ ̆

ңҩ ӊ Ȃ 

 

 ᾥ Ҋ̆ ԑ №Ȃ 

 

̆ ӞҌױ Ἕ ӈ ̆ ҹ Ȃ҉ ⌠

Ȃ ̆ ӈ

ӊ ѿҩ ⌠ԅ ‗Ȃ 

ӊ̆ ᾥ Ҋ Ҍ ȁ ȁ ȁ ȁ Ȃ

Ҍ ᴋᵥ ӈ *1Ȃ ױ ₮ ̆ ᾥ Ҋ

Ȃ ҩ ⱬ Ȃ ӈ ⱬ ԍ ̆ᵖ

ױ Ҍ ԍ Ȃ 

 

 

≢̔ ȁ ȁ  

 

ҍ Ҍ ̆ Ӈ ҍ ῏ Ҍ ӈȂ

ȁⱴ ȁꜚ ȁ Ẋ Ҋ Ȃ

ΐӞ ԍ ̆Ӟ Ȃ ᾥ ԅ ױ Ȃ

Ἕñ ò ñ ò ñ ò ᾥ Ҋ ӈȂ 

ѿ℗ ӈ Ȃ ҩ ᵝ

ȁ ȁ ᵝ ӗ Ȃ( ᵝ└Ҭ̆ ҩ ̆

̆ᵖ ⱬ ӈ ̆ ⱬ ȁ ȁ ҈ҩ ᵝ

 
1* ѿ ᵌ ₃ ̆ῒ ӈ ╠ Ȃ 
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Ȃ)ԍ Ҍ ̆ ᾥ Ҋ̆ Ҍ

Ȃ 

̆ Ҍ ̆ ᴃ*ᴇ'Ӟ&־

ӈԅ̔ ױ Ȃ ᾫ ҐҒ (Physical fields 

cannot exist at Planck scales)Ȃ ⱬ Ӟᶭ ԍ ₱ ꜘ (superposition 

principle)Ȃ ҍ ⱴ̆ ҩ ⱬ Ḃ Ҍ Ȃ 

̆ Ҥ Ȃ ӈ ӗ ӈ ̆

ѿ ӈȂ ̆ Ҍ ף Ȃ ᾥ Ҋ̆

ӞҌ Ȃ ≢ ̆ ̆ ̆ל ԍ Ҍױ

ף ̆ ᾥ Ҋ Ȃ ᶏ ᴇu;ᴇv↕ ᴇu*ᴇv ;.̆

ᵌ ̆ ӊ ̆ᵖ ᾥ Ӟ ӈȂ ԍ

Ҋ ⱴ ̆ -יּ (WheelerïDeWitt) ( ҹ

ⱬ )ӞҌ Ȃ 

╠ ̔ ץ №ңҩ ̆ ֓ᵝ ӊ ֜

Ȃ ңҩ ӊ ̆ Ҍ Ȃ ױ ₮ ̆

ᾥ Ҋ Ȃ 

ᶏ ̆ ῍ ȁ ȁ ̆ ҩ ӞҌ

̆ ҹ Ⱳ ȂCPTױ ᾥ Ҋ

Ȃ 

ױ ⌠̆ ԍ ̆ ῏ Ҋ ᴪ

Ȃ ̆ ᾥ Ҋᴪ Ȃ 

ӊ̆ ԍ ̆ ᾥ Ҋ ᴪ Ȃ(ɒ ̆

ᾥ ҊҌ Ȃ) ֓ ѿ ̔ ᾥ

Ҋ ̆Ӟ ̆ ҹ ȂԊ

҉̆ └ ᾥ Ҋ ӈȂ 

 

 

ץ ̙ 

 

ױ Ȃ ̆ Ҍ ̆ Ҍ / (lattice)̙  

20ҕ ץף40 ױֲ̆ ѿ Ȃ ̆

ץ ҹ (Ἕ ᵣѿ ) ⌠ԅ ̆ Ŀᾥ

(David Finkelstein) ĿĿ (Gerard ôt Hoof) Ȃ ̔

̆ Ӈ ҩ Ṑ Ȃ 

ҹԅ ⌠ ȁ ̆ Ҍ ̆

ȂҌֽ ҉ ̆ ҉Ӟ ꜚ ȂԊ

҉̆ᴋᵥ ᴪ ñ ԍ ᾥ ò ѿ ̔ ԍ

ᴶῗ ̆ᴋᵥ ꜚ ᴪ ԍ ᾥṿȂ ̆
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ҍ ӈ ‖ ̆ ≢ ҍ № Ҍ ‖ Ȃ 

̆ Ҍ Ȃ Ҭ ̆ᵖ Ҍױ

ῒ Ṑ Ȃ 

 

 Ҍ ̆ ӞҌ Ȃ 

 

ױ ᴪ ҩ Ȃ 

ῒ ̆ ҩ Ȃᴋᵥ

ѿҩ ̔ ѿҩ׆ ⌠Ҋѿҩ Ҭ ̙ ҩ

ԅ Ȃ 

 

 

₃ᵥѿ  

 

ԍ ѿ Ԋᴆ̆ ѿ ≢ ָӇқ Ȃ ̆ ױ ҈

Ȃѿ ̆ҹԅ ױ ꜚ ̆ ױ ñ ò̆ ӊ

Ȃ ⱬ ӈ Ẋ ñ ѿ ò ҩ

ӈȂ ԍ ҹ ̆ ↕ ҌῬ Ȃ ӈ

ѿ ᶏ ױ ᾥ ҉ (non-local description)Ȃ

ѿ Ȃ 

҉ № ᵝ Ȃ Ҍױ ᴪ ₮

̆ ᶏ ѿ ңҩᵝ Ӟ №̆ ҹ ң ᴋᵥ ҉̆

№ ңҩᵝ Ȃ ҩ ᵌԍ῏ԍԐ Ȃ ױ

̆ ᴪױ Ԑ Ҭ ᴋᵥ

ṿ̕ ץ ӈ ̆ ҹ ҩ ҉̆Ҍ

⌠Ԑ Ȃ ̆ ױ ץ ̆ Ҭ ңҩ ץ

№̆ ҹ ױ ⱴ Ҋ Ȃ ӊ̆ ױ

⌠ԅѿ (probabilistic description)Ȃ ѿҩ ̆

ѿ֓ ᵣ ⱬ Ȃ ױ ԋ Ȃ 

ױ ⌠̆ ꜚ Ӟ ᾧԅ ҍ ᴶῗҌ Ȃ

ӊ̆ ӈ ðð ᴶῗҌ ȁ ðð

̆ ҹ ꜠ (fluctuating)Ȃ ҈ Ȃ 

ⱬ №≢ ̆ ᾥ Ҋ ꜠

(non-local and fluctuating description) ‗ԅ ӈ Ȃ ֓ ױ

₃ᵥ ѿᴍ Ȃҹԅ ҩ ̆ ױ Ȃ 
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≢̔  

 

ᴋᵥ ꜚ ᴪ ѿ֓ Ȃ ӊѿ ̆ѿ℗

(elementary particles) Ȃ ̆ѿ℗ ȁ ̆ῒ

ȁ Ȃ ̔ Ἕҩ ̆ Ӈ Ȃ

╠ ҹ̆ ( ȁɛ ȁŰ ȁҬ )ȁ ᾥȁ / / ԑ

ᵬ (ᾣ ȁW/Z ȁ )ȁ Ȃ ȁ ȁ№ ȁ

ȁֲȁ ̆ Table 2 Ȃ  

ñ ò ӈҹ ױ ̆ᵖ ӈ Ҍ

Ȃ ᵌӍ Ҋԅѿ ̆ ᾥҌ Ȃ

ᵖԊ ˻ ҉̆ ӈ Ҋ̔ 

 

 Ȃ 

 

ѿҩ ̆ Ӈ ῤ ᴪ ѿҩ ̆ ҩ

ᴪ Ȃ Ҍ ̆ ҹ ԍῒ

№ Ȃ( ̆ № ̆ ᴪ Ҍ Ȃ) 

ѿҩ ᵣ ̆ Table 2 ₮ ֓ ᵣ ̆ ӈҹ ⌠ҍ

ҹ Ȃѿҩ ᵣ ף ᵥ ѿ

Ȃᶛ ̆ Ҭ Ȃ ҬӞ

̆ ױ ᾣ ᵣȂѿ ̆ Ҭ

;Ἡ-ױᴅ ԍ Ȃף ױ >ף ;Ἡ-ױᴅ Ἡ-עױȂ

̆ Ҍ ̆Ҍ ᴪ Ȃ ῒ

ױ ԍ ̕ ӊ̆ (72)̆ ׄ-фעף:ױ Ȃ

ᴆҍ╠ ᴆ ̆ ԍ ᵣ ̆ף ױ ⌠ Ҋ῏ ̔ 
 

>ף
Ἡׄ

оע
;ŋװᵧ &62' 

 

̆ ⌠ ᾥ Ȃ ̆  

 

 Ⱳ Ȃ 

 

ñ ò ҩ ӈȂ 

̆ ҍ ᵣ ῏ Ȃ ñ ò

ҩ ӈ̆ Ӈñ ò ҩ Ӟ ӈȂ Ҋ

ӈ ₮ Ȃ*1 

 
1* ̆ ҍ Ҭ ᵝ ῒ ῤ̆ ױ ң ԊȂ 
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Ȃҍ ῏ ѿҩ Ẽ (electric dipole 

moment*1)̆ ԅ № ҍ Ẓ Ȃ ‰ ѿ֓ ₮

Ẽ φ҉ף ҹ̔ 

zφףz

פ
:/.оЌױ &63' 

 

ῒҬ פ Ȃ ṿ ᾥ ŋװᵧ ѿ҆ṐȂ ᾥ

̆ ᵌӍױ ԅ Ȃ ̆ ‰ Ҭѿҩ ̔ 
 

zφףz

פ
:1/.фоױ &64' 

 

Ҍҍ ԅȂ2013 ̔ 
 

zφףz

פ
:6,5/.оЕk &65' 

 

₃ ̆ ṿ ᾥ Ȃ ӊ̆ ╠ Ҍ ᴋᵥ

Ȃ ҉̆ ӞҌ ᾥ Ȃ 

 

 

≢̔  
 

ᾥ ῒ Ȃ Ҭ̆ ≢ ԍ̔

ñ (on shell)ò ̆ ׂф;ױфעϩ)״фעф̆ ñ (off shell)ò Ȃ

ԍ └̆ ᾥ Ҋ̆ ױ ѿ Ȃ 

Ȃ ץ ҹ ҉ ꜚ Ȃ ԍ ᾥ Ҋ

╠ ≢̆ ץ ᾥ Ҋ № Ȃ 

̆ ԅң ̔ Ҋ ҹ(ɒ Ҭ

ҹ)ץ ֜ Ҋ ҹȂ ҹ1 ₱ 0 ╠ Ḡ

Ҍ ̆ /-0 ₱ ↕ᴪ Ȃ ̆ң 1

₱ ֜ Ҍᴪ ̆ ң /-0 ̆ῒ ₱ ᴪ

Ȃ 

̆ ᾥ Ҋ̆ ң Ȃ ԍᵝ └̆

ᵝ ӈ̆ Ӟ ҍ № Ȃ ̆ᵝ Ҍ

ᶏ ҹ֜ ᶫ ᵝ̕ ᾥ Ҋ̆ ԅ

֜ ̆Ӟ ₱ ԅ Ȃ 

  

 
1* : Moment( ) № ̆ ȁꜚ ȁ ȁԋ Ҭ ȁ ₱ Ȃ 
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ӊ̆ 

 

 ᾥ Ҋ̆ ӈ ̆ ҹӞ

ӈ Ȃ 

 

≢ ̆ ᾥ ҊҌ Ȃ 

ױ ץ Ȃ ԍ └̆ ᾥ Ҋ̆ Ӟ ӈȂ 

ᾥ Ҋ̆ Ҍᴪ ԑᵬ ̆Ҍ ̆ ҍ

№ ̆ ҍ № ̆ ̆Ӟ Ȃ ױ

̆ ᾥ Ҋ Ȃ ױ Ҋѿҩ ̔ Ȃ 

 
 

 
 

ӈ̆ ף ԍῒ ( ) Ἡ-עױȂ

̆ ԍ ᾥ װŋ>ף̔ Ȃγ ң ̆ ̆ף

ױ ⌠ ᴋᵥ ױ ѿ └̆ ̔ 
 
 

:ױ
Ἡ

КϿװע
;

Ἡע

ׄ
./КϿ;0,0ױ;

ϔie;/,0/.ЕЌEcT-עф &66' 

 
 

ῒ КϿ̆ױ ᾥ ̆ ԍѿҩ ֲ ̆

ԍѿ Ȃ ӊ̆ᴋᵥ ԍ ᾥ Ȃ

*1 1968₮̆ ҩԊ ñᴧ (well known)ò̕ ז ̆ ֓Ẋ

ҹñ (maximons)òȂ ҉̆ ᵞԍ

ᾥ Ȃ(ҹָӇ ױ ᾥ Ӈ ̆ Ҭ

ӊѿȂ ױ ᴪῬ ҩ Ȃ) 

ῒ ץ ₮ Ȃᶛ ̆ҹԅ

( ԍ ᵣ ̆ ѿ )̆ ᵣ ԍῒ

̕ ↕̆ ᴪ Ȃף῀ ңҩ ӈ 2̆ Ῥױ ⌠

КϿױ:ױ └Ȃ ҉̆ ѿҩ ̆ ᴪ

҉ Ȃ 

 
1* Ŀ Ŀ (Andrei Dmitrievich Sakharov, b. 1921 Moscow, d. 1989 

Moscow )̆ Ȃ ӊѿ̆ז ԅ ᾥ

̆Һ ԅ ̆ ԅ Ҭ ҍ Ҍ Ȃ ֲѿ ז̆ ԅ

ꜚ̆ҹ ז ז Ŀ (Yelena Bonner)ѿ Ȃז 1975

ԅ Ȃ 



 

 

 

04.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

 

77 

 

 

 

 

 

 

 

 

 
 
≢̔ ҍ  

 
ᾥ ץ ᾥᵣ ̆ ᾥ ̆ Ҋ ₮̔ 

 

КϿ;
ϧע

фׄἩ
;3,0/.Ќиie-kо &67' 

 
Ҋ Ҭ ҩ Ȃ ҹ ח ᵣ(r ҹ (оח

(ⱬ) ג ѿ ̔ ѿ ԍҍ ҹ ח ҉Ȃ

҆ ⱬ̆ ҹ ג ׄ¡ᴅфח; ̆ῒҬ ᴅ ҉ Ȃ

ᴅ:̆ע ױ ץ ₮ ג ׄ¡חфע: ̕ ԍ ח ṿ ᾥ ̆ ױ

⌠( ҹ 1 ) ѿҩ ̆  
 

: КϿ &7.' 
 

̆ ᾥ ṿȂ 

ᾥᵣ ῤ ג ̆ Ԋ ԅȂ ױ

⌠ ᵣ Ȃ ᴁᴅф;גׄ ױ ץ ₮

ׄ ג ;ᴅф ᴁ)0ᴅᴁᴅ<0ᴅᴁᴅ;0ׄ ג ᴅᴅ¡ Ȃ ԍ ᴅ̆ ױ

Ҍ ῏ ᴅ Ἡױ ᴁ¡ )Ἡחג¡ Ἡחג¡ Ȃ ӊף῀╠ Ҍ ̆

 2 ̆ ױ ח ᵣ ῤ ג ג ᴆ̔ 
 

ג
Ἡע

ח
&7/' 

 

̆ ҩ ῒ ̆ ῒ ̆ᶛ ̆ Ȃ 

ҹԅ ̆ Ῥױ ѿ Ȃ ױ ҉ ץ̆

Ҍᶭ ԍΐᵣ ’ ᵌȂ ҹ ח ҩ ᵣ ̆ג

(Ẋ ̆ ñץ ò̆ ⁞ץ )Ȃ

ג ; ¡фעׂ ̆ῒҬ ׂ ԍ ῤ ꜚ Ҍ Ȃ

ׂф;ױфעϩ)״фעф̆ ױ ⌠ ג ̆¡ע״ ҹ (91)Ȃ ̆

ԅ ҩ ̆ ױ Ȃ  

Ŀ (1921 - 1989) Figure 3 
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׆ ץ(91) ₮̆ ԍѿҩ ᾥ ̆ ᾥ

₮Ȃᵖ ╠ӊױ ̆ ῀ ѿҩ Ҍ ԍ ᾥ Ȃ

̆ ԍ ᾥ ̆ ԍ( ԍ) ̆ ̔

ג КϿȂג ӊ̆ Figure 4 ̆ ңᶷ ѿҩ ᾥ

̆ѿҩ ̆ѿҩ ̆ ‗ ẁ ˻ ̆ ᶏ

Ӟ ‗ ’̔ ᴪ ẁ ̆ ̆ᴪḠ Ȃ 

ץ ҊȂ ῀ ҹ ח ̆ ҹ ח

̕Ҍ ῏ ₮ԅ ԍ ѿ ( ԍ )̆

ҍ Ȃ ӊ̆ ҹ ח ̆ױ

ῒ Ҋ ₮̔ 

фע

ׄ
ח ױ

Ἡע

ח
&70' 

 

̆ ᾥ ̆҉ח ң ̕ ӊ̆ № Ȃ 

ҹ ̆ ̆ ⱬ ̆ Ӟᴪ₮

’Ȃ ѿҩ ᵣ ̆ ׆̔ ҉ ̆

Ȃҹԅ ҹ ח ῤ ̆ ΐ ԍ ̆ח ғ

ΐ Ȃ ΐᴪ ⱬ Ȃ( ⌠ѿҩҬ

̆ ᾥ ̆ ҍ ⱬ №ȂFigure 4

Ӟ ̔ ᾥ ̆ ң Ȃ) ᴋᵥ Ҭ̆ᶛ

Ҭ̆ ╠ ΐ Ȃ Ҍ

Ҋ ₮̔ 

ג

ג
; &71' 

 

ҹԅ ᾥᵣ ῤ ̆ ΐ ᾥ Ȃᵖ ╠׆ױ

 

  

̆

⌠ ᾥ ̆

ҍ №Ȃ 

Figure 4 
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̆ ѿҩ Ҍ ̆ ᾥ КϿװ ₮Ȃ ̆ ԍѿ

ҩ ᾥᵣ ̆ ( ) ҍ ᾥ ѿ ̔ ג КϿȂג

̆ Ȃ 

ҩ ֲ Ȃ ֓ᶛ Ҭ̆ ҍ ᵣ( )

῏̔ ױ ∆ ᵣ Ҭ ̆ ѿ Ȃ ױ ̆

ᾥ ᵣ Ҭ̆ ѿ ̆Ҍ қ ˻ 

 

 

ҍ Ҍ № 

 

ױ ץ ѿ ֓ Ȃѿ ̆ ҹ ח ѿ

̆ ҹ Ἡחע¡ ̔ ҬҌ ⌠ѿ Ȃ ѿ ̆

ѿ ̆ᴪ ҍ ῏̔ ᾥ ̆ ̆

̆ῒ ᾥ Ȃ 

ѿҩ ̆ ң ԑ ⌠ ᾥ ̆ Ҍ

ᶏ ңҩ ᵣӊ қ Ȃ ӐЇ ᾫ Ї

װ ԝ ɼ ҩ ̔ ԍ №̆ ץ ױ

ñ òȁ № Ȃ ѿ ӊ╠ ⌠ ̆ ғ ׂ

ѿ Ҭ Ȃ 

ⱬ ̆Ӟᴪ ѿ ̆ᴪ ‰

№ ̆ ị - - (FullingïDaviesïUnruh effect) Ȃ

ᴋᵥⱴ ץ̆ ᴋᵥ ԍ ⱬ Ҭ ̆ ᶏ ҬӞᴪ ⌠

₯Ȃ ̆ ԍ ̆ ҹ Ҍ

Ȃ ԍ ᾥ Ҍ ̆ ӞҌץ

Ȃ 

ӊ̆ ₮ ̔ ᾫ Ї ( )ғ

ⅎ Ȃ ѿ ̆ Ҭᴰ ᾥ ̆ᴪ

̆ҍ ̆ № Ȃ ֲפ֓ ᶭ

ԍѿ↕ Ԋ ̔ ӈ (ᶏ Ӟ

ᵬ̔ № ᵝ )Ȃ ᾥ ̆

̆ Ҭ ᶏ № Ȃ ≢ ̆ ᾥ

ҌῬ Ȃ 
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̔ ᾥ  

 

ñҕ ҉ ԅ ꜚ ָ̆ӇӞ ̆ ꜚ ӊῤ

ꜚȂò↓ ȇ Һӈ ∞ҺӈȈҬ ѿ Ȃҕ ꜚ

ȁ ꜚ ȁ ꜚ ȁ ꜚ ̆ ҍ↓ Ҍ ῃѿ ̕

̆ ᾥ ̆ ̆ ̆ ̆ ̆ ̔ ֓

ᵞ ₮ Ȃ ױ Ҋ ᵥ Ȃ 

** 

̆ Ҍ ̆ӞҌ Ȃ

Ȃᵖ ᾥ ̆ Ҍ №ָӇ ȁ ȁ Ȃ ң

̔ ᾢ̆ ᾥ ̆ѿ ᴋᵥẒ ẁ ̕ῒ

̆ ᾥ Ҋ ̆ ᵞԍ ᾥ Ȃ 

** 

ᾥ Ҍ ̆ ױ └ѿ ⌠ ҩṿ Ȃ

Figure 5 ԅѿ ף Ȃ ⌠ ᾥ Ȃ 

** 

‰̆ ᾥ ȂẊ ױ ⱴ Ӈ

ԇ ̆ ѿ ᾥⱴ ̙ 

** 

ᾥ ӊԍ ‰ ᵥ ̙ ̆ ԍ ̙ 

** 

Ҍ ԍ ᾥ Ȃֲױ Ẋ ԑᵬ

Ȃ ȁ ȁ Ҍ ᵣ̆ΐ

̆ҍῒ Ҍ ̕ ̆Ҍ ԍ Ẋ ҹ

ᾥ ᶏ

ҹѿ ᵌȂ 

Figure 5 
ϓׂэϓЬѓυΦѓ КׂϿΦЋηϽ 

 

Natureôs energy scale 
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Ȃ ֓ ᾥ ԅȂ ᾥ ̆ñ ò ñ ò ñ

ò ñ ò ñ ò ֓ ӈȂ 

** 

Ҭ ᾥ Ҋ ץ ̙ 

** 

ױ ѿҩ ԅ ̔why is there something rather than nothing?

ᾥ ̆somethingҍnothing≢Ȃ ױ ץ ̆ ױ nothingȂ 

** 

ӈ Ҍ Ȃᵖ ױ ₮ ̆ ᾥ

ᾥ Ҍ ̆ᵌӍ Ҋ Ẓ ᴶῗҌ Ȃᴪ ָӇ ָ̙Ӈ

ץ ӊ̙ ᵰ ̆ ₮ ˻ ₃ ҬȂ ױ ᴪ

ѿ֓ץ ‗ ҩ Ȃ 

** 

ⱬ Ҍ ῏ ₮ԅ Ҋ ̆ ₮

Ҋ ̆ ₮ ᵝ Ȃ ῧĿ (Wolfgang Jauch) ₮ԅѿҩᶛ ̔

ᵣҬ ҩ ᵝ Ҍ Ȃ 

ֲ ̆ ԍ ̆ Ҍ ץ ԍ ᾥṿȂᵰ ҹ

ָӇ ԍ Ҍ ̙ 

** 

Ҍ ̆ ѿ Ҍ Ȃң ╠̆֒ Һ ̕ 14ҕ

̆῏ԍ Ҍ №◓ ᵣ ̆ᵖ ԅȂ 

** 

ѿ ᾥ ⱬ ҬҊ ᴪ Ȃᵖ ᾥ Ҭ

Ȃ ָӇ̙ 

** 

҉ץ ѿ ̆Ẋ ᾥ Ҋ Ԑᴌ (event-symmetric)̆

ᴋᵥңԊᴆ֜ Ȃ ↕ Ŀ (Phil Gibbs) ₮ ԅ

Ҋ ѿ ҹȂ 

** 

ҹ ѿҩ ̆ (singularity)Ȃ ҩ 20ҕ Ԉ
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ԅ₃ ԅȂ 

** 

ҹ ̆ᴋᵥ ᵣ Ȃ

ṿ Ȃ Ҍ Ȃ (bath)ꜚ

ⱬ Ҭ ᵬ ( ꜚⱬ ѿ ᵌ)̆ ҬӞ

ᵬ ̔ ѿ ̆ ѿҩҬ׆ ⌠ѿҩ Ȃ

ҹԅҌ ⌠Ҭ ̆ ҍѿҩ Ȃ ̆

Ȃ ӊ̆ ̆ ̆ ҹ └ԅ ױ Ữ ⱬȂ 

** 

№ ̆ № ῒ Ȃᵖ № ҍ ̆

ױ ӊ ӊѿ Ȃ ѿ֓ ῳ  ˻ױ

** 

╠ӊױ ⌠̆ ҹ ̆ ԑᵬ ̆ᴪ֟

Ȃѿ ̆ ԑᵬ №ҍ ᵣӊ ̆ ѿ ̆ ԑᵬ

֜ Ȃ ̆ Ҭ̆ ֓қ

ԅȂ ҍ № ̆ ‗ԅȂ 

** 

ꜚ ץ̙ ꜚ ̙ 

** 

ԍ ᾥ ѿ ᵌ̆ ױ /‗

(deterministic)̙ 

ױ ⌠ Ȃ ץ ӈ̆ ҹ Ҭ Ҍ ̆

Ȃ ᵌ̆ ᵥ ̙ ̙

̙ ӊ̆ ᴪ ₮ ̙ 

ᾥ ӈ̆ ‗ Ӟ ӈ ̆ Ҍ

̆ᵖҌ ҩֲפ Ȃ ñ ò ᴪ ָӇ ̙ѿ ̆ ױ

̆ ץ̆ ԍҕ ҉ Ȃ ӊ̆

‗ ̆ᵖ ҍ‗ Ẓ ̆ ҹ ӈ̆ ѿ

ѿҩ ҕ Ȃ ₮ ӊԊ̆ ԍ ֲױ

└̔ ℗ ̆ ױ Ȃ 

ᵰ ᴋᵥῒ ̙ ױ ᵟᴋᵥ ף Ḃץ̆ ӊ

֓ Ȃ  
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** 

ҍ №̆ Ӈ ױ Ӟ ΐ Ȃᶛ ̆

ᵣ̆ ҍ Ӟ ᵣ̕ ғ̆ ᵈ⌠ ̆ Ӟ

Ȃ ѿ ̕ ױ ᴪ ҩ Ȃ 

** 

№ ̆ ᾥ ӎḤ Ȃ ӊ̆ ᾥ

ҍ ᴋᵥ № ῏ ѿ ῤ Ȃ ṜῬ Ȃ 

** 

ҍ ָӇ ᴆҊ ץ №̙ ָӇ Ҋ̙ ҍץ ѿ ̔

ץ ҩ № ᵣ ᵣ ̙Ҍ ̆

№Ȃ ̆ ѿҩ № ̆

№Ȃ Ạ №̆ ̕ ᶏ ̆ ⱳȂ ԍ ᵌԐҍ ̔

ἝԐѿ ̆ Ȃ 

** 

ᾥ Ҍ ̆ ָӇ̙ 

** 

ȁ ȁ ̆ ᾥ № ̆ ֓ ҉ Ӟױ ԅ

Ҍ ῤ ӊ ≢Ȃ ԅҌ Ȃ ≢ ױ

ꜚ ̕ ≢ᶏ ױ № ῒ Ȃ ̆ ᾥ ױ

ꜚ˻ ̆ᵖӞ ӊҬȂ ױ ꜚ ̆ ױ

‰ ⌠ Ȃ 
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῍ № 

 

̆ ֲ ₮̆ ԍ ҕ Ҭ Ԋᴆ № ̆ ῀ ᵣ

ҹҍ Ȃ ̆ ⱳ ԅѿ ף

̆ ׆ Ҭ ₱ Ȃᵖ ̆ ↕҉Ӟ ᶏ

ᵣȂ Ҍ ֲ̆ ᴪ ⌠ᶏ ╠ ȂҌ

̆ ╠ ⅞ Ҭ ѿ Ȃ*1 

̆1936 ̆ȇ ҍ (Physik und Realität)Ȉ 

 

ᾟ№ ̆ҹᵥ Ȃ׆ ̆

ץ ̆ѿҩΐ ץ ѿ ( )

ῃ Ȃ ᵌӍҍ Ҍѿ ̆ ᴪḆᶏֲױ ѿ ף

Ȃᵖ ֲ ᵥ ѿ Ȃ 

        ̆1955 ̆ȇ ӈ̔

Ȉ ԓ ₃ Ȃ Ӟ ז Ȃ 

 

 

ӊ Ҭ̆ ױ ԅ ̔ ₱ ⱴȁ

ȁ ȁ ȁ ̕Ӟ ԅ ӈ ӈ

̔ ȁ ȁ Ȃ ױ ⌠ ҍ №ȂᵌӍ

ױ ԅ ԍ ꜚ ѿ℗ ׆̆ ᶏ ꜚ ҹҌ ӊ

ԊȂᵌӍ ױ ԅ ױ ң ñ Ҭ ò̆ ӈ Ȃ

ғᵌӍ ױ ԍ Ҭ Ȃ ױ Ạ ӊ ̙

̙ 

ᾢ̆ ԍ ȁ ȁ №̆ ѿ ғ

Ȃ ԅ ṕ ֓ñ Ҭ ò ꜜⱬ ̆≢ ז Ȃ 

ῒ ̆ ṕ ֓ñ Ҭ òӊ ̆Ҍ ᾥ ̔ ᾣ)ע )ȁἩ(

ᾥ )ȁעϩ-2ׄ (ҍ ⱬ ῏ )ׅ Ȃ 

҈̆ ṕ ֓ñ Ҭ òӊ ̆₮ ԅѿҩ Ȃ ԍñ ò ñ ò 

ñ ò №̆ ѿҩ ѿ ᵣ ӈ Ȃ

ӊ̆ ҍ ῍ Ȃ ױ ԍ Ҭ̆ ғ ױ

ԅ ṕñ Ҭ òӊ ׅ Ȃ 

֓῍ ӊ╠̆ ױ ╠ ₮

Ȃ 

 
1* ֞ ԋ ╠ Ȃ ԍ̆ז Ḥ ף Ȃ ѿ ז

ҬῬ Ȃ 
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ѿ ̔ ᾢ ₮ ⱬ

(ԅ № - (SokolovïTernov effect)ӊ )ȂץҊ ѿ

֓ Ȃ 

ᾥ ̆ ᴪ ꜚ Ȃ ױ ᴪ ҹ̆ ꜚ ᴪᶏ

Ἕ ̆ ᾣ ᵝ῏ Ȃᵖ ⌠ ̆ ғ

∆ ̆ ῒ ᾣׅ ᴪ Ȃ ᵝ

ׅ Ҭ̕ ℗ ᵥ̆ Ȃ 

ѿҩ Ҍ ᾣ Ȃᶛ ᵍ ̆ῒᾣ

׆̆ 100 GeV ᾣ ⌠ 1 eV ᾣȂ ֓ᾣ ‖ ԍ

ף Ȃ ̆≠ ᵍ ̆ ץ ᾣḤ

ᴪ ῒ Ȃ ᾥ ⱬ ᴪ֟ Ȃ ⌠

ᴶῗ ᾥ Ҋ Ȃ 

ҹ Еׂ фׂ ᾣ ⌠ ᴃ ҊῈץ ӈԅѿҩ ̔ 
 

ηׂϱΦЬ;
&ׂЕ фׂ'ף

ᴃע
&72' 

 

ԍ ׂ ̆ ҩ ṿ /,2 /.ЕЌEcT⌠ /.ффEcT̆҉ץ ԍ

ᾥ ̆ ᾥ ṐȂ ̆ ҩ ̆ᵖ

̔ ᶏ ѿ ַ ᴰ ̆ ᾣ ⌠ Ӟֽ ѿң Ȃ 

ѿҩṜ ᵣӊ ꜚȂ ⱬ Ҭ

ῒ Ḥ Ȃ ᾥ ̆ ᴪ ꜚ

Ḥ Ȃ װ Ҍ ҹ̔ 
 

װ

װ

КϿװ
װ

ф
о

&73' 

 

Ҭ ҍ Ҍ ҹ ₮Ȃ

21ҕ ⌠ Ȃ ⱬ Ӟ ᴪ

ꜚȂᵖ ╠ Ȃ 

ѿ ԍ ⱬ Ṝ CPT Ȃ ≢

֓ (Ҭ k׃ ) ’Ҋ̆ ᾥ

Ȃ ̆ Ȃ  

̆ ⱬ ᴪ ֓ ṿ ȂӞ ᾣ

ᴶῗҌ ᾥ ᴪ Ȃ ̆

Ȃ 

̆Ӟ ֲ ⱬ ᴪ Ҭ ⱬ ᾥ

ⱬῌ ᵝ Ȃ ̆ Ȃ 
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ῒ ѿ֓ ԍ̔ ̆Ӟ └ԅ ҩ

Ȃ └ Ҭ ῏ ̆ᵖ ᾥ Ҋ Ȃѿ

Ҭ(ɒ ⱬ Ҭ) Ȃᵖ Ȃ 

ӊ̆ ⱬ ̆ᵖ 21ҕ ҩ Ṝ

⌠Ȃ ⱳ ⌠ ᾣ ̆ ҹ ӊ

ᴪ ӈ Ȃ ѿ ̆ ѿ

̆Ҍᴪ ᴋᵥ ⱬ Ȃ 

 

 

Е ғ  

 

ӈ ̆ᶏ ױ ⌠ԅ₃

̔ 
 

¥ ᾥ ԑ ֜ ̆ ָӇ №ѿ

ᾥ Ҭ Ȃ ᾥ ̆ ȁ ȁ

№Ȃ ̆ ҍ ꜚ ῍ Ȃ 

¥ ҍ ᾥ ᴪ ԑ֜ Ȃᶛ

̆ ᾥ ̆ ȁ ȁ №Ȃ 

¥ ҍ Ҍ Ȃ ָӇ

̆ ҹ Ҭ ᾥ Ȃ 

¥ ᾥ ̆ ȁ ȁ Ȃ ױ ѿ Ҍ

ᾥ ᵣҬ ԅȂ 

¥ ҈ҩ ᾥ ϩ-2ׄע*Ἡ*ע ӈ

Ҭׅ Ȃ 
 

֓ ױ ѿ №Ȃ ױ ₮ ҍ

ӊ╠ Ҭ ̔ ᵬҹѿҩ ᵣ Ȃ 
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Chapter 5 

05. ᵥ ԍ ̙ 
 

Die Grenze ist der eigentlich fruchtbare Ort der  

Erkenntnis.*1  

Paul TillichȇAuf der GrenzeȈ 

 

ҩ ױ ꜚ ╠Һ Ȃ ҉ѿ №̆ ױ ԅ

ᾥ ̕ ȁ Ҋ ꜚ ̆ ֲ῀

Ȃ ױ ̆ᴪ₮ ֲפ ץ Ḥ ̆ ҹ Ҭ

⌠ѿҩ ֲ Ȃ 

 
 

 

Hic sunt leones.*2 

 

ף ⌠ ᴁᴖ ̆ ץ ӈ ꜚȂ 
 

ף ᴁᴖ ;
0ׄ ױ

фע
&74' 

 

̆ ԍ Ҭ Ԋ ױ ̆ף ҩ ᴆ

Ȃ ױ ҩ ̆ ӈ ̆ Ȃ 

ҍ ף ⌠( ) ᵄ ̆ ץ ꜚȂ 
 

ף ζ;
Ἡ

עױ
&75' 

 

̆ Ҍ ҩ ᴆȂᵖ ױ ῐ ꜚ̆

ῒ № ꜚȂ ֓ № ̆ ֟ ̆

⌠ Ȃ ץ ̆Ӟ ױ Ҭ ⌠

Ԋᴆ ̆ ’Ȃ ̆ Ȃ 

ԍ ҉ ױ ӈ ̆ ץ ׆ױ

ȁ ȁ ̆ ₮ҍ ᾥ ̆ Ҍ

Ȃ

 
1* ñ╠ ӊ ȂòḠ Ŀ ᾥ(Paul Tillich, b. 1886 Starzeddel, d. 1965 

Chicago)̆ ȁ ᴪҺӈ Ȃ 

2* ñ Ȃò ף ҉ ғ Ȃ 
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ᴋ ̙ ӈ ̆ Ҭ

ѿҩ ̆ῒṿ ҹ  
 
 

138ַ ̆ 435 Ps 
 
 

ҹ ԅѿҩ҉ Ȃ ҹ (age of the universe)̆ ң׆

₮ ̔ ̆ Ȃ 

ױ ֓ ԅ ñ ò̔ ױ ᵣ Ȃ

ӊ Ȃ ₃Ӎױ ץ ̆ ֓ Ҭ ׆ ᴚ

ѿ ױ Ȃ ҉̆ ῤ ᾥ ꜚԅ₃

҆ Ȃ 

̆₄ ̆ ѿҩ ҉ Ȃ ᶏ ñ

ò (ᵰ ₮ѿ ̙)Ӟᴪ ₮ ᵌ Ȃ Ӟ ₮ԅ

Ȃ ᴋᵥ ҩ Ṝ

̆Ӟ ᴋᵥ ᶫ Ȃ 

ӊ̆ ̆ ̆ Ҍ ₮

ԍ ҩ *1Ȃ ̆ ҩ ҹ Ȃ

̆ ̕ᵖ ᴪ ѿ֓ ֲӊԊȂ 

 

 

̙ 

≢Ḥѿҩ ᵰ ֲȂ 

̆ Ԋᾙ Ҍ Ȃ 

· (Oscar Wilde)*2  

 

ԍ ̆ ᵌӍ Ȃ ṿ ӥ

Ҭ ⌠̆ ғ ף ᵣ ӊ

ѿȂᵖ ̙ 

ҹԅ ѿ ꜚ ѿҩ ̆ ױ ѿҩ ԍ ꜚ

̆Ӟ ҩ ӊ Ȃᵖ ӊ ̆ ῤ

Ӟ ᴋᵥѿ Ạ⌠ ῃ Ȃῒ ̆ ↨↨ױ ⌠̆ ῤ

 
1* ̆ ñ (oscillating universe)ò ̆ ñӊ╠ò ῒ

̆ ԍ Ȃ ױ ԍḤᴀ Ȃ 

2* Ŀ  (Oscar Wilde, b. 1854 Dublin, d. 190 0 Paris)̆ ֲ ▲ᵬ ̆Ӟץῒ wit (

) Ȃ 
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ᴋᵥѿ ҩ Ҭ Ȃ ≢ ̆ ᴋᵥѿ

Ȃ 

№ ҍ ̆ ӈȂ ԅ №̆ ױ ץ Ẋ

ᶫԅ ғ (Ἕ ӈ Ҭ ) ̕Ӟ

ץ Ẋ ̆ ֓ ̆ ᶫԅѿ

( ) Ȃ ף ᵣ ң

̔ ғң ₮ԅ ̆ 140ַ ̆Ӟ ╠ ⌠ ҩ

ṿȂ ѿ ̆ᵖ ԍ ҩ ̆ ӈ ̆ ҹ

ӊ ˻ 

ӊ Ȃ ң ̔ Ӈ

ᴃ;. ѿ №̆ Ӈ Ҍ Ȃ(׆ ̆ ף

Ӈ ̆ Ӈ Ȃ)ң ץ ᴋ

̕ᵖ ׆ױ ӈ ̆ ’ Ȃ ӊ̆

ң Ҍ ̔ Ҍ ѿ №̆ӞҌ Ҍ ѿ

№Ȃ ‗ ҩ ̆ ѿ ̔ Ҍ Ȃ 

Ҍ ҍ ꜚᵬ ѿ Ȃ ҉̆ ң

ѿҩ Ȃ ץ ̔ᶛ ̆ ṕ

ȂҌ ҹ1 ̆ ױ ⌠̆ Ҭ א ҩ ṿ 

 

:א
оע

Ἡׄ
;.,17/.зїk ф &76' 

 

̆ ׆ Ἕѿҩ Ӈ ̆ Ӟ ҹ 0̆ ׆

̆Ӟ׆ Ȃ ⌠ ᴋᵥῒ ᵌ

Ҍ Ȃ ӊ̆ ԍԊᴆ Ҍ ̆  

 

 Ҍ ѿҩԊᴆȂ 

 

׆ ∆ ̆Ӟ Ȃ 

’ Ӱ Ȃ ҍ ӈȂ⌠ ₮ԅ

̙ ℗ ̆Ԋ ₮ ̙ Ҍױ ⌠῏ԍ

̆ ̆ᴪ ָӇ ̙ҹԅ ҩ ̆ ױ

ѿҊ ױ ҹ140ַ ѿ Ҭ Ȃ ѿҩ

Ȃ 
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̙ 

 

ֲ Ҍ Ȃ ԍ ԅȂ 

·  

 

*1 ѿ ׆ ӈ҉ ̆Ӟ

Ȃ № ̆ ᾥ(Salecker) (Wigner) ̆ѿ └

₮ ԍ ғי ҹ ᴃ ̆ῒ ױ Ҋ ₮̔ 
 

>ױ
Ἡ

фע
י

&ᴃ'ф
&77' 

 

(Yee. Jack Ng) Ҹ(van Dam) ₮ԅѿ ӈ ῀ Ȃ

ԍ ᴪ ῀ ̆ᴋᵥ ҹ ױ ѿҩ № ᴃ̔  
 

ᴃ<
ױׄ

оע
&/..' 

 

̆ױ  ңҩ ̆ ҹ ᴃ ⌠ י ѿ҉ ̆ ̔ 
 

:י
&ᴃ'о

ᴃКϿ
ф

&/./' 

 

ῒҬ ᴃŋ ;γ Ἡׄ ϧ;3,2/.ϩϩqע- ᾥ (ѿ ̆ ץ

Ҭ̆ ҹ1 )Ȃ ӊ̆ ̆ῒ ᵬ Ȃ 

Ҍֽ ⌠└ └̆ └ȂҌ ̆ ̆

ԍ Ҭᶏ ̆ ҩ └ ⌠Ȃᶛ ̆Ҍ ѿҊ̆ᵰ

Ȃ 

ԍҌ (101)̆ ⌠ ᾥ ѿҩ ᾥ

ῤẠ⌠ ѿ ˻ ⌠ ᾥ Ȃ ױ └

(101)̆ ᴪ ᵬȁ Ȃ ѿҩ ᾥ ̆

ҹѿҩ ᾥ ̆ ҍ ṿ ѿ

Ȃ ҩ ԍ ԍ Ӟ Ȃ 

ӊ̆ Ȃ₄ ֓ ⁞ ⌠

̆ ᾥ ̆↕ ῤ ᴪ Ҍ ץ̆ ԍ

Ҍ Ȃ 

 
1* ᴃїҍ + ׅ-/;י їҌ Ȃ + ѿҩ ̆ғ(₃Ӎ) ԍ ̕ԋ

῏ ‗ԍ ȁ ץ ῒ ṿȂᶛ ̆ ‰ ñ ò Ҭ̆

Һ - Ҋ̆ ױ ѿҩ ῏ ¡1ᴃї0;י Ȃ 
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̙ 

Ȃ 

·  

 

ױֲ׆ ץ ̆ñ ò қ Ȃᵖ

Ҍ (101) ̆ ѿҩ ᵌ ̔

Ҍ Ȃ ̆ ҬҌ ñ ( idea)òȂ 

Ԋ ҉̆⌠ ╠ҹ ץ ҹѿ↕ ̆ ̔ ԍ ӈ

ᴪ ̆ ᴋᵥץ ῖ ᴋᵥ Ҍ

ñ (ideal)ò ᶛȂ 

Ҍ Ȃᵖ Ҭ Ȃ ѿ ῏

Ȃᴋᵥ ̆ ᴋᵥ ̆ ѿҩ ̆ ῒꜚ ҍ

№ ṿȂ Ҭ̆ ҩ ṿ ҹ /cT-/.EcT;/.ЕїȂ

ᵞ └ ȂҺ ꜚ ᴆ( ) ꜚ̆ Ḡ ȁ

̆ Ȃҹԅ ⌠ ̆ Ȃ

҉̆ ᴋᵥ Ҭ̆ ᵝ ̆ ғԋ

ⱬ Ҍ ῏ ᴅ ᴇ<Ἡ-ױ ῏ Ȃ Ȃ ҹԅ

ᶏ Ҍ ̆Ӟ Ȃ ҍ ԅҹָӇ

Ȃ 

‰Ҍ ῏ ױ ᴅ ᴇ<Ἡֽ Ҋ Ȃ Ҍױ ֽֽ

└ ⱴ ̆ ҹ ӈ Ҍ ῏ ҹ

ᴅ ᴇ<Ἡ-ױ) &ׄᴅ'фע-ױоȂ ⱴ Ҋ ץ Ҍ ̆ ҍ

̆ ⱴ̆ ᴪ └ ⌠ Ȃ ̆

ᾥ Ȃ  

ӊ̆ ᵬҹѿ ᵌֽ̆ ԍᵞ Ȃᴋᵥ ѿ

ⱴ ᴆ ̕ ᾥ Ҋ̆ ⱴ Ȃ 

 
 

̙ 
 

ԍ῏ױ ԍ ȂҌ (101)

⌠ ҹ 10-23 ̆ ᾣ ѿҩ Ȃ

Ӟ ₮ԅ ȂҌ Ώץ(101) ̔ 
 

ᴃ

י
<
ᴃŋᵧ
י

ф-о

&/.0' 

 

ҹףי ̆ ױ ᴋᵥ Ҍ 40β Ȃ 
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ץ ҹ ЅׂϓΦв( ΐ )₱ Ȃ ң

’̔ᵞ ̆ Ҋ ₮̔ 
 

ᴃ

י

/

ЅׂϓΦв

&/.1' 

 

ⱴ̆ ⁞ Ȃ ⱬ ̆ Ҋ ₮̔ 
 

ᴃ

י
ЅׂϓΦв

КׂϿ

&/.2' 

 

̆ Figure 6 Ȃ ≢ ̆ Ҍ ⁞ ̔

⌠ /.фо Ҋ̆ץ ῒ ᴪ ⌠ ׆̆

ᶏ Ҍ Ȃ ױ ₮ ȂҊ ױ

⌠̆ Ӟᴪ └Ȃ 

ѿ ṕ̆ṕ ԍ ѿ ̆ԋ ̆ Figure 7 Ȃ

ף ẁ ̆ ץ ң Ȃ ‗ԍ ҍ

Ȃ  

ᵌ ̆ ץ ( ) ╠ Ȃ

╠ ף ԍң ̆ ᴅ ԍң Ȃ + )י

ҹ ԍ )↕ ԍң ֜ Ȃ ѿ (ѿ ӈ҉̆

ñ№ òץ ) ҹ1 ῤ Ҋ ₮̔ 
 

ᴅ-ף;י &/.3' 
 

̆ ץ ̆ ԍ ԍ1 *1Ȃ   

 
1*   

̔  

1 

 

  

ⱬ  

̔  ЏׂЛл КׂϿ 
ᵬҹ

₱ Ȃ 

Figure 6 

Ҋ̆ᾣ ץ ᴪ ᵬ Ȃ ̆ ᴪױ Ҍ

̆ ғ ױ ҉̆ Figure 8Ȃ 
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( )  ҹ̔י
 

י

י
;
ף

ף
)
ᴅ

ᴅ
&/.4' 

 

ױ ѿҊȂ ԍ י ᴋᵥ ̆ ף̆ ץ

ᴃ̆ ᴇ ̆ ׂ;0Ἡ- ᴃȂ ױ ֓

(106) ̆ ӈ Ȃ  

Ҋ̆ ᴃї ҹ &/1,6 .,/'/.ЌE_Ȃ ṿ

( ) ₮ ̆ ₃׆ ҆ᾣ ⌠ ҹ1

Ȃ Ҍᴪ֟ Ȃ Һ Ȃ 

̙ ̆Ҍ (102) ̔ 
 

ף

י
<
0Ìװ
ף

ф-о

&/.5' 

 

ҍӊ╠ Ҍ Ȃ  

ױ ץ ң ⁞ ̔ Ȃ

׆ױ ᵣ Ȃҹԅ ҉ ̆ ױ Ȃ

̔ ᾥ Ҋ̆ י-י 1Ȃ ҉̆ (106) ң

ҹ1 Ȃ Ҋ̆ ᴅ ̆ע ғ ԍ ᾥ Ҋ

ᾥ ̆ ץ ף ṿ ᾥ Ȃ ӊ̆ ᾥ ҉̆

Ȃ 

ԍ ̆ᶛ ᴉ /Ȃ Figure 7

ҹ Figure 8Ȃñᾣ ò ԅף ӈ Ҭ ᾣ ̔ᾣ

ᴪ Ȃ ’Ҋ̆ Ӟ ‗ԍ Ȃ

ҍ Ȃ Figure 7 

 

 

 

ᴃї 

 ᴃї-7ע2

 ױ

ῒ  

ᾣ ̔ ױ

 

 ף

 י

ᴅ 

ҍ Ȃ Figure 8 
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҉̆ ᵣ ₮ Ḥ ΐ ̆ ҹ ԍ Ȃ

̆Ҍ ᾧ ̆ ᴪױ ⌠ ᾥ Ȃ ̆ ױ ⌠̆

’Ҋ̆ ҍ ҍ №Ȃ ӊ̆ ׂױ ⌠

Ḥ ᴪἝ ѿ ̆ ᵞȂ 

ѿ ’ Ȃ ᾥ ̆ Ḥ

ҍḤ ѿ Ȃ ╠ ̆ Ḥ ׅ ҍḤ ѿ

Ȃ ̆ ҍ ṿѿ Ȃ 

ӊ̆ ᶏ≠ ̆ Ӟ ץ

̔ ױ ᾥ Ȃ ױ

̆ ױ ᴪ /16/16ַ ˻ ̆ ң

’Ҋ̆ Ҍҹ Ȃ 

Ҍױ Ҍ ₮ ̆ñ ò ҩֲץ ҹҬ ԍ ҩ ᴋ

ᵥ ӈȂ ӥ҉ ṿֽ № ȁ ȁ

ῤ ̆ ȁֲ Ҋ̆ ṿ ӈȂ 

ᵰ ᴪ Ȃᵖ ױ

╠ ̔ҊѿҩҺ Ȃ 
 
 

 
 

ӈ ̆ ( ) Ȃ

Ҭ̆ ԍ ( ) (ҳ ) ̆ Ẋ ҹ *1Ȃ ԍ

̆ ̆ ғ ‗ԍ Ȃᵖ ’Ҋ̆ ╠ Ӟ

₮ ṐȂ  

↕ ԍ ғ Ȃ ң ̆῏ԍ ᴪ₮

ָӇ ̙ᶛ ̆ ױ ᶏ ₮ ̙ 

ᴚ ᶏ ̆ ↕ ᵈ⌠ ̆ ҹ

‰ Ҭ̆ ᾣ Ȃᵖҹԅ ̆Ҍ Ẋ Ạ⌠ԅױ ѿ

Ȃ ױ ₮ ̙Ԋ ҉̆ ԍ ̆ ғ ԍ

ѿ ̆Figure 8 ̆ ױ ⌠ ױ

ᴃї-7Ȃע2  ԍ ̆ ṿׅ  ᴃїȂע

̆ ӈ ̆ᵖ ᴋᵥ ’Ҋ

Ȃ ѿ Ҍ ̆ҍ

῏ Ȃ ֲ Ȃ

 
1* Ҭ̆ №̔ ȁח + ׅ-ע Ἔȁח-חע; ץק Ȃף +

ҩ ̆ ᵣץᾣ Ȃ ‰ - Ҭ̆ +

ԍ ̆ᶛ ̆ ̆ ᵣ ңṐᾣ Ȃ ̆

ᾣ ҈ṐȂ 
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̙ 

 

₮ԅ Ȃ ̆‗

ח ᴃ ̕ ԍ ‰ ץ ҹҺ - ̆

ԍ ҹ ғ ’̆ ױ  

 

ᴃф-о׀;'ᴃ&ח &/.6' 

 

Ҭ ṿ ҍ ׀ Ȃ ҉̆

̆ ғ Ҍ Ȃᵖ ױ ѿҊ̆ ӈ

ҩ Ҭⱴ῀ѿ֓ ̆ᴪ ָӇ ’Ȃ ⌠

̙ 

ᾢױ ( ) ’Ȃ ╠ӊױ ⌠̆ ᾥ Ҋ̆ №

ҍ Ȃ ̆ ᾥ Ҋ̆ ױ ᵣ ԍ Ȃ

ᾥ Ҋ̆ ױ ῏ ҍ ӊ≢̔ ԅȂ 

ѿ ̆ ᾥ Ҋ̆ Ҍױ Ȃ ױ

ԍ ̆ᶭ ᵣᶭ ↓ Ȃᵖ ᾥ

Ҋ̆ Ҍ ̆ ҹ ֟ Ȃ ױ ץ

₮ñ òӊѿ℗ ̆ ᾥ Ҋ Ҍ ̆ ̆

ҍ ≢̆ ҍ ӊ ≢̔ ԅȂ ̆ ᾥ

Ҋ̆ Ȃ Ҍ ѿҩ Ȃ 

̆ ֟ ԅҤ Ȃ҉ ῏ԍ

ץ ԍ Ȃҹԅ⁞ ̆

ΐ Ȃᵖ Ҋ̆ Ȃ

ᾥ Ҋ̆ ҍ ṿ Ȃ ̆ ױ

Ҍ⌠ᴋᵥ Ȃ 

ṿ̆ Ҍ Ȃҹԅ ̆ ‰

Ҍ ԍȁ ԍ ̆ ӊ Ȃ ԍ ̆ Ҍ Ȃ 

Ӟᴪ֟ Ȃ ̆

̆ ҹ ̆ ῒ Ȃᵖ ᾥ

̆ ᴪ ⌠ ̔ ԍ ҍ ѿ

̆ Ҍױ ̔ Ⱳ № ṿȂ 

ῒ ѿ֓ Ȃ ѿ ҩ ȁ ₮ ץ̆ ױ

ᵝ ҹ ̆ Ӈ ᴪ ̙Ҍ ₮̆ ׆ ᾥ

⌠ ̆ ׆ ᾥ ⌠ ⌠ Ȃ

̆ ҍ ѿ Ȃ ̆ᶭ Ҍ ѿҩ ӈ Ȃ 

ԍ ֓ ױ Ҍ Ӟ ̆ ץ ױ

Ҭ ˻ 
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ױ ץ ҹ̔῏ԍ ᴋᵥ ̆ Ἕ῏ԍ ѿ ̆

Ȃ ”ԓ Ȃ ׆ױ ‰ ̆

⌠ ̆ ᴪ └ ⱴȂ ᾥ Ҋ̆

ᵣ ҍ ᾥᵣ №̔ ӊ֞ Ȃ 

 

 

̔ ѿ ̙ 

 

(Һ №)ѿ ֲ ᵣȂ ῐ ֲ

ָӇȂ ҹ (boundary of space)Ȃ ӈ

ҍ ⱬ ̆ᴪ₮ ѿֲ֓פ ̔ ֓ Ȃ 

ױ ⌠̆ Ȃ Ҍױ Ẋ

Ҭ ҍ ױ Ȃ Ҍױ ҩ ̕ ҩ

ᵣȂԊ ҉̆ Ⱳ ̆Ӟ Ȃ*1 

ѿҩ ȁѿҩ ѿ Ȃ ѿ

̆ Ȃ ̆ױ ֓ ’̔

ᴪ ꜚȂ 

ӊ̆ ԅ ȂԊ ҉̆ Ȃᴧ

̆ ӈ ΐ /-0 ֟ Ȃ ҹⱬ

Ȃ Ҭᾟ ԅ ̆

ױ ӈ ̆ ≢ Ȃᵰ

⌠ ң ῒ ᵠ ҩ ̙ 

̆ ̆ ̆ Ҍ ̔ ץ ׆

╠ ᾥ Ȃ ̆ ӈ Ȃ 

̆ Ⱳ ҉ ҩ Ҍ Ȃ ҉̆

ҍ ԍ ѿ Ȃ ̆ Ҭң ӊ ӈ Ȃ

̆Ҍ Ȃ 

ӊ̆ Ȃ ̆ ̆Ҍ Ȃ

ԅ ױ ѿ Ȃ 

 

 

 
ױ *1 ҉ Ȃᵰ ѿ ̙

̆ ̆ № Ȃ ̆ ñ ò ñꜚ òӊ

ӰȂ ̆ Ἕ ᾥ Ҋѿ ̆ ױ № ץ̆

ῤ Ȃ 
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∆ ᴆ ̙ 

 

ױֲ ⌠ ∆ ᴆ Ȃᵖ ҍ ӊ╠̆ Ҍױ

̆ ∆ ᴆ ץ ָӇ ᴆҊ ӈȂ 

̆ ױ ꜚ ∆ ᴆ̆∆ ᴆ ԅѿҩ

̆ ֓ ҍΐ ῤ № Ȃ∆ ᴆ̆

̆ ԇѿҩ Ȃ 

Ӟ ∆̆ױ ᴆ ԍ

ӈȂ ԍ ӊ ᵥῒ ̙ ᶏ ῤ ̆Ӟ ҍ

№ ̆ ӈ Ȃ ᾥ Ҋȁ ̆ Ҍ

Ȃ ̆ Ȃ Ӟ ₱ Ȃ 

ᾥ ץ ѿ Ȃ ᾢ̆ ױ Ҍ ѿҩΐ

ȁ ȁ ̆ ҬҌ ṿȂῒ ̆ ԍ

┴̆ Ҍץ ӈ Ȃ ҈̆ ԍ ┴̆Ӟ

Ԋᴆ̆ ץ Ҍ ѿҩԊᴆ̆ӞҌ ∆ ∆ ₱ ԍ Ȃ

( ̆ Ӟ Ҍ ⇔ ₮ Ȃ) 

ӊ̆ ∆ ᴆȂ∆ ᴆֽ ӈ̆ ғֽ

ᾥ ’Ҋ ӈȂ ̆ҹԅᶏ∆ ᴆ ̆ ̆ ғ

ñӊ ò ѿ Ȃ ңҩ ̆ ᵣ Ҭ

ꜚȂ ̆ Ҭ ’Ȃ ∆ ᴆ̆ ױ ‗ԅ

Ҭ ѿҩ Ȃ 

ꜚ ⌠ ѿ ̆ ҉ ӈ̆῏

ԍ ᵌ Ӟ Ҍ ҹ ԅȂ 

 
 

̙ 
 

Ҭ ҹ /.фоӖ ӥ Ҭ Ȃ

ץ ⌠ῒҬ Ȃᵖ ҩ ̙ ԍ Ҍ ̆ ױ ץ

Ȃ /.ϔїЕҩ /.ϔЌЕҩᾣ Ȃᵖ Ҍ Ȃ

ӈ Ạ₮ Ȃ ױ ңҩ

ᴪ ָӇ ̙ 

ҹԅ ӈѿҩ ῤ ̆ ᾢ ӈѿҩ Ȃ

ҍ ӈ Ȃ Ẋ ӈ

̆ ҩ Ҍᴪ Ȃᵖ ӈ ׆̆ ̆ ≢

ΐ ҹ ̆ ̔ ҍץ ̆

ԋȂ ᾢ̆ ѿҩ ᴪ ָӇ Ȃῒ ̆ ̆ ӈ

Ȃ ̆ ӈ Ҭ Ȃ Ҋ̆

ױ ᵌ Ȃ  
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ԍ ̆ ԍ ̆ҍ Ӟ Ҍ Ȃ

ӊ Ȃ(ᵰ ѿ ̙) ̆Ҍ ׆ Ҭ Ȃ 

ӈ ̆ ӈ Ҭ ̆ Ҍ Ȃ ױ

Ҍ Ҍ ₮ ѿ ӟȂ 

ױ ̙ ↕҉̆ ҍ ’ Ȃᵖ Ҋ̆

ץ ῖ ̆Ӟ ̆ ׆ױ ױ ᵣ Ҭ ₮Ȃᶛ ̆

ץ ȁ ᴋᵥῒזҩᵣ №̆ Ȃ

ᾥ ̆ ֓ Ҍ Ȃ ӊ̆ ᵞ ̆

ױ ᾥ ̆ Ȃ 

̆ ֲ ҉ ̆ᵖ Ҭ Ҍ Ȃ

ҍ № Ȃ ױ ⱳ

̆ᵖ ױ Ȃ 

ҩ ץ̆ ԍ ױ └ Ȃ ױ ѿ

Ҭ ̔ҍῒ Ҭ ̆Ҍ Ȃ 

 
 

̙ 
 

ᵣҍ № Ȃ ҹ /.фиie-kо̆ ҹ

Ȃ Ḃ ̙ ̆ ԍҌ ῏ ̆ ᶏ ᵣ

Ӟ Ȃ ԍ ѿҩ Ҭ ҹ ᾣ ̆ ױ ;עׂ- -Ἡ>״ ᴇ̆

ץ ҹ ח ᵣ Ҭ̆ ѿᴍ Ȃחע-Ἡ;'ח&ЅўЋױ ԍ ҹ

ח ̆ ѿҩ ᵌ ̔ 
 

ЅўЋ

'ח&ЅўЋױ

оח
;
Ἡ

ϩחע
&/.7' 

 

῀ף ‰ ї̆ח 138ַᾣ ̆ ṿ ҹ /.Еϩфie-kоȂ

ԅ Ȃ ӊ̆ ӥ҉ ҹ /.фиie-kо ̆ᵌӍ ҍ

Ҍ Ȃᵖ ̙ 

↨↨ױ ₮ Ҍ ̔ Ҍ ̆ ץ ⌠

ᾥ Ȃ ↨↨ԍ׃ ⌠ ЅўЋ ₮ ᵞ ṿ

ṿ̆ ᾥ ӊ Ȃ*1 ӊ̆ ‗ԍ Ȃ 

  

 
1* Ԋ ҉̆ Ҋ̆ ԍ׃ ңҩṿӊ ׆̆ ֟ ԅѿҩ ῏ ̔ 

їױ
ф-חї

ф Njױ
ф-חNj

ф;עϩ-ׄ ф &//.' 

ᵖ ѿ ֲ ῏ Ȃ ᵌ ¶ᴿ ȇ ⱬҍ

(Gravitation and Cosmology, Wiley, 1972)Ȉ 16.4.3₮̆ βׄױײᵫ;/-ᴃї
фȂ ῏ ҹ

ҩ Ȃ 
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ѿ ῖ Ҭ ₮ ӈ ḱ

ӈ̔ Ȃ ױ ѿ ‰ ᾥ ᵣҍ ̙ ̆ Ӈ

ᵬ̆ ԇ ‰ ᾥ ᵣץᵞ ̆ Ȃ 

ױ ῒᵩ № ᴅȂҹԅ ₯ Ҭ

̆ ױ ̆ ᾥ Ӟ ӊ֟ Ȃ ̆

ᵣ ӊ ̆ Ȃ 

ѿ ⱬ Ȃᵖ ӊ

̆ Ӈ Ҍ℗ Ȃ 

ѿ ӈ ᶫ ӈ̆ ADM

Ȃᵖ ҹ̆ ѿҩ ̆ ҩ Ȃ 

Ӈ̆ ѿ ӈ ̔ Ȃ

ױ ҹ ח ӈ ̆  
 

;
/

ᴁηцЬэΦлцЬϓ
ф

;
1

2

фח2 ט

ϩח
;
/3

2

о-1ח2 כ

ϧח
&///' 

 

῀ף їח ῒ їט ᵣ їȂכ ̆ ⌠ ᵣ

̆ ≢ ᾥ Ҋ̆ ױ ⌠ Ȃ 

ѿ ≠ (Rosenfield)₮ ҹ ח Ҍ

 

<
КϿװ4/

ф

ϩח
&//0' 

̆ ↕ Ӟ ҍ⌠ ᵌȂ 

ױ ̆ ᾫ ҐЇ ԓב ᾫ

Ӑ Ȃ ԍ׃ ṿ ᾥṿӊ Ȃ ̆ ᾥ

Ҋ̆ ץ Ȃ(ᵰ ̙) 

ӊ̆ ṿ Ȃ ᵞ Ҋ̆

ṿȂ Ҍ ԍ ҩ ̔ Ȃ 

 
 

Ҭ ̙ 
 

ױ ⌠̆ ̆ Ȃῒ ̙ 

ᴪ ̙ Ҭ ᵣ ѿ ᵬȂ ̆

№ ȁ Ȃ ױ №ᵝ ̆ ׆ ֜ Ȃ ̆ץ

̆ ӈ ῍ ᶏ ӈ Ȃ 

ױ ѿҊCPT Ȃ ԍ ȁ ̆ ױ

№ ’ ’Ȃ ̆ Ҍױ ҊCPT

ѿ Ȃ ̆ № Ȃ 

ҊӞҌ ̆ᵰ ֪ץ ѿ Ȃ ӈ
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̆ № ȁ ȁ ᵣ̕ Ҍ Ȃ ץ ̆

̆ ף ӊ Ҍ Ȃ Ӟᴪ Ȃ 

Ȃ ױ ץ ̆

ñ ò ñ ò ñלò ñ ò ñ ò ñ ò ̆ Ȃ 

 
 
 

̙ 
 
 

ԍ ̆ ñ (boundary)ò ñ (horizon)ò ᵬ ӈ ̆ ҹ

Ҭ ױ Ȃ ױ ꜛ̔ Ҍ

ԍ (ɒ ֓ )̆ ҹ Ҍ Ȃ ױ ῒ ԍ

Ȃ 

ñ (something)òҍñ (nothing)òӊ Ȃ ԍñ ò ҈

̔ 
 

¥ ñ ò ñ (no matter)òȂᵖ ↨↨ױ ⌠̆ ᾥ Ҋ Ạ

₮ №Ȃ ץ Ӈ Ҍ ̆ Ӈ ҍ ҩ Ȃ 

¥ ñ ò ñ (no space-time)òȂ Ӈ ױ ֓ Ҍ

Ȃ ֓ ₮ ᾥ Ȃ ̆ Ӈ Ҍ

̆ Ӈ ҩ Ȃ 

¥ ñ ò ñ Ӟ òȂ ₮ ᾥ

₮ ̕ᵖ ̆ Ӟ ҩ Ȃ 
 

ֲפ Ȃ ҍ ̆ ᵌᵌӍ ⌠ѿҩ ҍ

қ № Ȃֽ ӈ Ҭ̆ ֽ Ҭ̆

№̕ѿ ң ̆ ҍ ῤ №ԅȂ Ὺ ғῚ

ⅎ(The interior of the universe cannot be distinguished from its horizon)Ȃ

Ȃ 

ץ № ῒῤ ѿ ’ ̆ ֜ ῤ Ҋ̆

Ȃ ѿ ҹῊ (holography)̆ ҹ ֲ Ḥ ῃ

(hologram) Ȃ Ҭѿҩ Ȃ  

ױ ⌠̆ ῤ №̆ Ӈ № Ҍ

̆ӞҌ ᴋᵥ ᵣȂ № (extended)Ȃ

ᵖ ױ ҩ ӊ╠̆ ױ ҍ ≢Ȃ ₮ԅ ױ Ҋ

ѿҩ Ȃ 
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ѿҩ ̙ 

Domina omnium et regina ratio.*1       

 

 

ױ ҹѿ℗ ѿ℗ Ȃ ѿ Ҍ

№ Ȃ ץ ҹ҈ Ẋ ̔ѿ̆ ̕ԋ̆

Ԋᴆ( ) ̕҈̆Ҍ Ҍ ∆ ᴆ Ȃ 

ᵖ Ҍ № ᾝ Ȃ ױ ԅ֓ ̔

ȁ ȁ ᾥ Ҋ̆ №Ԋᴆȁ ȁ ̆Ӟ

№ Ȃ ֓ ̆ᴋᵥ № Ҍ Ȃ ױ ̆ №ң

ҩ ᵣ̆ᶛ ̆ ᵌ ̆ῃ ױ ᵞԍ ᾥ

Ȃ ᵌ ץ̆ ԍ ױ № ȁֲȁ ׆̆ ⌠ ָ

ӇҌ Ȃᵖ ᾥ ̆ ↕҉ № Ҍ ȂҒ

ⅎ◙ ⅎ(It is impossible to split the universe into separate parts)Ȃ 

₮ ѿ ҊȂ №ңҩ ᵣ Ҍ ̔ᶛ ̆Ҍ

ᵝ ȁ ȁ Ȃ ױ ָӇ ̆ Ҍ ᾥ ҊẠ₮

№Ȃ Ҋ Ạ ᵌ №Ȃ 

ӊ̆ Ҍ № №̆ ҲҒ ( ӎҏ )ᾣ

Ȃ ӊ̔ Ғ ҅ү (the universe is not a set)Ȃ ñᾝ òҍñ ò ԍ

ԍ ԅȂ ҅үҒ ᴑᵫ

(The universe must be described by a mathematical concept that does not contain any set)Ȃ

ҩ ΐ Ȃ  

ѿ↕ № ̔ Ғ ᶕ ᴑᵫ

Ȃᵖ⌠ ╠ҹ ̆ ױ ץ ̆ ȁ ȁ ȁ

ᴿ ῒ ̆ ԍᾝ ҍ Ȃ ᾥ Ҋ̆ץ ᴋᵥ

Ҭ̆ ֓ Ȃ 

ᾝ ҍ Ȃ ̆ ↕ ң׆ֽ ̔ѿ̆

⌠ ̆ ᶏ ̕ԋ̆ ⌠

̆ ᶏ ӈ Ȃԋ ̆ ᴋᵥ Ҍ

ᾝ Ȃ Ҍ ̆ ң ѿ⌠ ╠ ⱳȂ ѿ

Ҍֽ Ảױ ᶏ ȁ ȁ ̕ №

ᵌ Ȃᵖ ױ ԍ Ḥ ˻ 

῏ԍ ѿ ᶭ Ȃ ≢ ̆ ῏ԍ

ȁ ȁẒ ȁ ȁ ȁ ȁ Ҍ

ȁᴋᵥ ⇔ ȁ ȁ ȁ ᵣ (Bohm's unbroken 

 
1* ñ Һ ҆ Ȃòȇ יּ (Tusculanae Disputationes, 2.21.47)Ȉ Ŀ ≠Ӌ Ŀ

(Marcus Tullius Cicero, 106ï43 bce)̆ ῍ ΐ ⱬ ȁ ҍ Ȃ 
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wholeness)ééῃ ԅ Ȃ ̆ ῏ԍ Ӟ

Ȃᵖ ԍ ֓ ԅ ̆ ץ ױ ȂᵰӞ ץ ҩ

‰ ѿҊᵰ ֓ ȂԊ ҉̆ ⌠2000̆

ᴋᵥ Ҍ ᾝ ҍ ѿ Ȃ 

ᴋⱵ Ҍ ȂẠҩ ѿ ̔ᵰ ָӇ

Ҍ ԍᾝ ̙ 

ӊ̆ Ҍ ѿҩ ̆ ῒҌ ѿҩ Ȃΐᵣ ̆

ȁ ῤ ȁ ₱ ȁ ∆ ᴆȁ ȁ ȁ ̆

Ӟ Ȃ ̆ Ҍ ꜚⱬ ̆ӞҌ ꜚⱬ ̕

ғ Ҍ ᴋᵥḤ Ȃѿ℗ ⱬ ̆ ȁ ȁ ̆

(ensembles) ӈ Ȃ ꜚⱬ ҉ Ӈ Ӈ ’Ȃ ԍ

Ҍ ӞҌ ̆ Ҍץ ҹ ӈᴋᵥ ꜚⱬ *1Ȃѿ℗

ӈԍ №Ȃ № ץ ᵌ ᵬ ̆

№ Ȃ 

 

 

̔  

῏Ӎ ̆↕ Ҍ ₳̕ ₳ ̆↕ ῏Ӎ Ȃ 

ᴿ Ŀ  

 

ֹ ҉ ⇔ ԅ ̆ῒ ѿ℗ ֲ Ȃ*2  

≠ Ŀᾥ ῤᾥ 

 

0)0;2̆ ↕ ñңҩ ⱴңҩ ԍ ҩ ò

Ȃ ̆ ᾥ Ҋ̆ ῏ԍ Ҍ

Ȃ ᾥ Ҋ̆ ᵣ ӈ̆ ҹ ҩ Ҋ

№ ᵣȂ ᵣ ᴆ̆ ᵞԍ ᾥ Ȃ 

̆ᾥ ῤᾥ Ҍ Ȃ ԍ ᵞ ᵌ̆ ғ ԍ ױ ֜

ᶏ ᵞ ᵌ̆ ױ ץ ₮ ̔ Ӟ ֲ ⇔ Ȃ 

* * 

  

 
1* ֲ֓ ⌠ ѿ Ȃᶛ ̆ Ŀ֒ (Douglas Adams) ז

┬ᵬ ȇ (The Hitchhikerôs Guide to the Galaxy, 1979)Ȉ ῒ ᵬҬ̆ Ḥ

Ḥ ԅ ҹ Ȃ 

2*≠ Ŀᾥ ῤᾥ(Leopold Kronecker, b. 1823 Liegnitz, d. 1891 Berlin) ѿᵝ Ȃᾥ

ῤᾥ ₱ ᾥ ῤᾥ Ḃ זץ Ȃ 
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№ ҍ ȁ № ҍ ̆ Ӈ ñ ׆ Ҭ ò

Ҍ Ȃ῏ԍ⇔ ҉ Ҍ Ȃñ⇔ ò ԍ ⱬ ӎȂ 

* * 

2002̆ ĿꞋ (Seth Lloyd)T ԅ Ḥ ץ̆ ץ ԅ

Ȃ ԍң Ḥ ̔ ӈ ץ̆ ѿ ̆

ѿҩ Ȃᵖ ң↕Ẋ Ҍ Ȃ Ғ ᴑᵫḪ Ȃ

̆ ױ ᴋᵥ ꜚ ₮ ‰ΐ ᵬ Ȃ 

* * 

ῒ Ȃ ֓ ᴪ ₮

Ҭ ҩ ҉ ҍῒ ῃ ̙ 

* * 

1714̆ (Leibniz, b. 1646 Leipzig, d. 1716 Hannover)ԅז

ȇ (Monadologie)Ȉ̆ ԅñ ᵣ(simple substance)ò̆ ז ӊ ӈҹ

№ ᵣ̆ ӊҹ (monad)̆ ԅ ѿ֓ Ȃ ̆Һ ԍז

̆ ҩ Ȃҍ ҩ ָӇ ̙  

* * 

the universĕ ѿȂ ̆ ѿҩ ץ ñ ò

ѿҩᶭ ԍ ̆ ҹñallò ҩ ᶭ ԍ Ȃ

̆ ѿҩñ (multiverse)ò ̙( ̔ñ ѿòҍñ ò) 

* * 

ñ òҍ ῏ ̙ 

ҍ ῏ ̙ 

* * 

(Ẋ ֲ ױ ⌠ )̆ Ӈ ▼ ₃ԅȂ ̙ 

* * 

ᵰ № ҍ ȁ № ҍ ̙ 

* * 

ᾥ Ҋ̆ ӈ ԑᵬ ̆ Ӟ ӈñ (existence)òȂ ӊ̆

ᾥ Ҋ̆ ױ Ȃ ̙ 
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ᴿ Έ ‗ 

 

1900̆ Ŀ ᴿ (David Hilbert) ԅѿ ̆↓₮ԅ20ҕ

ҳ 23ҩ Ȃ ₃ ̆ῒҬ ꞉ Ȃ

֓ ׂׅ ‗̆ῒҬ Έҩ ̔ ⌠

Ὲ Ȃ׆ ̆ ҩ ѿ ҬȂ ױ

ҹ ῖⱬ ȁ ꜚⱬ ȁ ӈ ₮ԅῈ ̆

ȁ ȁ ӈ ԅῈ Ȃ 

ᵖ ҍ ӈ ̆ ױ ȁ Ԋᴆ Ȃ

׆ ҉ ̆ ױ ӈ ̆ ױ Ҍ

̆ ғ ӞҌ ѿҩ Ȃ ̆ѿ℗ ̆ ף ȁ

ȁ ױ ̆ ԍᾝ Ȃ ҬҌ ᾝ

Ὲ Ȃ ̔ ҩ ѿҩᾝ ѿҩ ̕

ҍ Ҍ Ȃ ԍ Ҍ ̆ Ҍץ Ὲ Ȃ 

2000ӊ╠ Ҭ ᶭ ᾝ ҍ Ȃ ԍֲ ̆

Ҍ ᾢ ӈѿ ’Ҋ Ȃᵖ Ҍ Ȃ 

 

 Ҍ Ὲ Ȃ 

 

ғ ԍҌ Ὲ ̆ ̔ ѿ Ҍ ԍῈ Ȃ

ӌ ̆ ҹ№≢ ӈ Ὲ Ȃ ̆

Ҭ Ὲ ᵌ Ȃ Ὲ ѿ ӊѿȂ 

Ὲ ѿ Ӟ ׆ץ ѿҩ ץ Ȃ ѿҩ׆

ӈ ̔ Ṣꜛ ᵣ ӈ ̆ ᵣ Ṣꜛ

ӈ ȂԊ ҉̆ ׆ Ҍ Ὲ ˻ ѿױ Ҍ Ҍ

ӈȂ 

Ἕ ױ ҹñ Ԑ òȂה ̆ ᴪױ Ԑ

Ȃ ױ Ԑ ̆ ғ Ԑӊ Ӟ Ȃ

Ԑ ̆ ԐҬ ̆ Ҭ Ԑ̆ң ӊ Ȃ ױ Ҍ

Ṣꜛ ѿҩ ’Ҋ ӈñԐò ñ ò ңҩ Ҭ ᴋᵥѿҩȂ 

ἝԐ ѿ ̆ ᵣ Ӟ № Ȃ Ҭ ̆

ᵣῤ Ӟ Ȃ ᾥ Ҋ̆ң ӊ ̕ ױ

ҌṢꜛ ѿҩ ’Ҋ ӈñ ò ñ ò ңҩ Ҭ ᴋᵥѿҩȂᵖ ̆

ӎ ӈ̆ ᴪ ӊ₮ ̆ᵖ

҉ ᵬ Ȃ 

ӊ̆ Ὲ Ҍ Ȃ ≢ ̆ ѿ

ӈȂ ױ ᴪԅ ᵥ ѿ Ȃ 
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ῃӥ 

 

ӥ ҩ Ȃ ≢ ̆ ӥᴪ

ȁ ⇔ᵬ ȁ ᵬ ȁ ץ ῤ Ȃ ӥ ̙ 

ԍ Ҍ ѿҩ ̆ ѿץ ӥ ץ ̆ ҹ ҍ

ᴋᵥ Ҍ Ȃ ԍ Ҍ ѿҩ ̆ ғҌ ᴋᵥḤ ̆ ץ

ӥ Ӟ Ҍ ԅȂԊ ҉̆ᴋᵥ ӥ Ạ⌠ Ȃ

ᵖ ₮ ԅѿҩ ѿ Ȃ 

 

 

ӈ ̙ 

Drum hab ich mich der Magie ergeben, [ ... ] DaÇ ich 

erkenne, was die Welt Im Innersten zusammenhªlt.*1  

(Goethe)ȇ (Faust)Ȉ 

 

-ҍ ̙ ҍ ̙ ֓

̆ ױ Ҍⱴ Ȃ Ҍױ Ἕ Ṣꜛ ̔ ױ ↓₮ ױ

╠ ῤ (≢ ῏ԍ ᾥ ץ̆(№ ῏ԍ Ҭ

ῤ ȂTable 3 ԅ Ȃ 

Ҍֽױ ̆ Ҍ ̆ ҹҌ ҍ

ӊ ԑᵬ Ȃñ ò ҩ Ҍᾛ Ạ₮ᴋᵥױ Ȃ(ᵰ ⌠

ױ(̙ ̔↓₮ Ҍΐ Ȃ ⌠ ΐ ᴋᵥ ̆

ץ ᴋᵥ ˻ ױ Ҍ Ȃ Ғ ᴑᵫΊᵩ

ҡ Ȃñ ò ҩ ῤ Ȃ ҩ ̆ ױ Ӟ

Ȃ ԅ Ȃ ָӇ̙ 

ӊ̆ñ ò ҩ ԍ ꜚ Ȃ ӊ╠ ̆ᴋᵥ

ӈ ῤ ȁ ӈ ȁ ӈ Ȃᵖñ ò ҩ

Ҍΐ ֓̆ Ҍ Ȃ ֲ ҹָӇ ̆ ̔Ҍ

ֽñҹָӇò ҩ ᶏ ԅ ӊ қ ̆ҹ

ᶫԅѿҩ ׆̆ ҍñ ò ҩ ӈ ̕ᵖ ̆ Ҍ

̆Ҍ ñ ò Ȃ 

ӊ̆ ñ òѿ ӈ̆ ῒ ̆ *2Ȃ Ӈ

ֲ ̆ ≢ΐ ̆ᵖ ꜛ ױ ‰ ꜚ̙ Ȃ  

 
1* ñ ԍ ̆[éé]ҹ ҕ ῏ ̆ ָӇ ҆ ῤ Ȃò 

2* ̆ Ҥ ̆ñ òѿ ׅΐ ӈ̆ ӊ ӈҹ Ҭҍ ֲ ꜚ

֟ ԑᵬ ѿ℗ Ȃᵖ ñ ò ԍñ ò ӈ ̆ ӎ ꜚ

‰ ̆ ױ ꜛ Ȃ 
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Ȃ Ȃ 

Ȃ ᵣ Ȃ 

Ȃ Ȃ 

Ȃ Ȃ 

Ȃ Ҍ Ȃ 

Ȃ ∆ ᴆȂ 

Ȃ ₱ Ȃ 

Ҍ ѿҩ Ȃ Ҍ ᴋᵥḤ Ȃ 

Ҍ Ȃ Ҍ Ȃ 

Ȃ Ҍ ԑᵬ Ȃ 

Ȃ Ҍ Ȃ 

ҍ № Ȃ ҍ ҩԊᴆ № Ȃ 

Ҍ ┴Ȃ Ҍ Ȃ 

Ҍ ѿҩ Ȃ Ҍ ѿҩ Ȃ 

Ȃ ñ ò ҩ Ȃ 

ҍ № Ȃ Ҍ ⇔ ₮ Ȃ 

 

 

 

̔ ҍ№  

 

ñ ò ѿ ̆ Ҍ ᴋᵥᾝ ̆ñ (nature)òӞ

Ȃ Ҍ ̆Ҍ ̆Ҍ ԑ№ ȁ Ҍ

ᵣ Ȃ 

ץ ñ òҊѿҩ ‰ ӈ̆ Ӟ ñ òѿ ӈȂ

ӈ ѿҩ ̆ ҹ ̆Ӟ №ñ ҩò ҍñ ѿ

ҩò ̔ Ȃ ӊ̆ ñ òѿ ῤ ̆ñ òѿ

ԅȂ⇔ ñ ò ҩ ҹԅ ᵣ Ȃ ̆ ԍ╠ѿҩ

Ӟ ץ Ӈ éé 

╠̆ ⌠ ױ ⌠ ȁ ȁ ῒ ̆ ױ

₮ԅѿ֓₃Ӎֲפ ȂҌ Ӟ ⌠ԅѿ֓ ̔ ױ ⌠

ӈ ҍ ӊ ⌠ԅ ‗Ȃ 

ױ ԅ ӈȂ Ҍױ Ҍ ӟ ̆ᵖᵬ

ҹ֜ ̆ ױ ⌠ѿᴍ ̆ ᴪ ⌠ Ȃ 

 

ץ ( ᾥ Ҋ) ῏ԍ Ȃ Table 3 
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ҍ  

 

ӥ ↓₮ԅ ӈ Ȃ ױ

ӊҹ Ȃ ᶫԅ῏ԍ ֲ ȂԊ ҉̆

Ҍ ̆ ֲ ⌠ Ȃ ױ ῏ԍ ҍ╠ѿ ῏ԍ

ᾥ ̆ Table 4Ȃ 

 

 

   ᾥ  

    

ץ     

    

    

( Ԋᴆ) №     

    

҈     

№ ҍ     

∆ ᴆ ӈ     

ꜚ     

ᴶῗ ⱴ     

CPT     

    

    

ԑᵬ     

ӈ     

ף ӈ     

№ ҍ     

    

ѿҩ     

 

ᾢ̆Table 4 ̆ ↓ Ҋ ⌠

Ȃ ̆ ֓ ѿ Ҭ ңҩ Ҋ

ӈ˻ 

ῒ ̆ ᾥ Ҋ ҹ ȂԊ ҉̆ ױ

ң ’ӊ ᴋᵥ ≢Ȃ(ᵰ ≢ ̙) ̆ ױ ₮ ѿ

Ẋ ̔ Ҍ № Ȃ ᵌӍΐ ҅ (extremal identity)

Ȃ

ȁ ȁ Ҋ Ȃ Table 4 
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ѿ ѿ ̙ 

 

҅ (extremal identity) ԅѿ֓ ̔ 
 

¥ ѿ℗῏ԍ ₮ ԍ ҩү Ȃ 

¥ ᴋᵥ ӈ ԍ Ȃ 

¥ ̆ ̆Ҍ ѿҩ Ȃ 

¥ ∆ ᴆ Ҋ ӈȂ 

¥ ῃ ӊ ῏ Ȃ 

¥ ñ ò ῤ Ȃ 
 

ѿ ԍ ѿ ᵌӍ ҩ Ẋ Ȃ ΐ ̆ᵌ

Ӎ̆ ѿ Ὶ Ҍ ѿҩ ѿ ҅Ẋ Ȃ ̆

ѿ ѿ ҬᵌӍ Ҍ Ȃ 

ѿ ῒ ȁ ҍ ү Ȃᵰ ֪ץ

ѿҊȂԊ ҉̆ ѿ ╠ Ҭ ꜚ Һ ̆

Ҍץ ₮ Ȃ 

ѿ (inversion)̆ Ҍ ̆ ԍ Ҍ

Ȃ ѿ ᵌӍ Ҋ῏  
 

ᴁᾋ
КϿװ
ф

ᴁ
ᴇ ᾋ

КϿװ
фᴇ

ᴇᴇ
&//1' 

 

≠ ᾥ КϿװ ᴁ ᴇҍῒṕ Ȃ ҹ

ѿ ̙ ѿ ̙ᶛ ̆ ῀ף ̆↕ (113)

ԍ װКϿ-/.
иЕ /.Ќиk Ҭ Ҍᴪ₮ Ȃ ̙

ָӇ̙ 

ѿ ץ̆ Ể(space-time duality) Ὴ (holography)ӊ ₮

Ȃ ױ Һ Ȃ ѿ ԅ ֲ ̆╠ Ȃ 

̆ ױ ⌠ ῏ (113) Ȃ Ҍᾟ№ӞҌ

Ȃ Ҍᾟ№ ҹ ӈ ᴋᵥ Ȃ

ῒҬѿ֓ ̆ᵖ ‗ᴋᵥѿҩ Ȃ(ᵰ ֪ץ Ȃ) ̆

ױ ⌠ ₃ᵥҍ Ȃ 

̆ Ӟ ῃ Ȃ Ҍ ѿ ̆ ҹ

҉ ѿҩ ̔ ҍῪ ̆ ԋ

№ Ȃ ῒ ̆ ԑᵬ Ȃ ױ ꜚ ⌠ ҩ ̆

‗ ԑᵬ Ȃ 
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Е  

 

ᶏ ױ ҹ ױ └ ₃ҩ ̔ 
 

¥ ӈ ҍ ̆ ̆ױ Ҍ №

Ȃ ᴋᵥ ñ òѿ ῃ ‰ Ҋ ӈ Ȃ 

¥ ‗ԅ ӈ Ȃ 

¥ ӈ ̆ᵖ ᾥ ϩ-2ׄע*Ἡ*ע ׅ Ȃ 

¥ ᾥ ̔ ױ ҉ᵌӍ ҳ

Ȃ ℗ ῏Ȃ 
 

ץ ԅ̔ ҍ ₃Ӎ ≢̔ ⌠

Ȃ ᵌ ҍ ̆ᵖ ױ ױ ̆ṿ Ȃ 

 

 

ѿ  

 

ѿ↕ ñ ò̆ ױ ꜚ ԅȂ ᾥ(Salecker)

ҍ (Wigner)̆ (Zimmerman)̆ ₮ԅ ҹ ג ⌠

Ȃ ; Ἡע-יфג ₮̆ῒҬ י Ȃ ױ

ץ ̆ ῃ ץ̆ ᾥ ᴃКϿ ץ

י Ȃ ױ ⌠ ҹ 
 

;י
ᴃКϿ
фעф

Ἡ
ג &//2' 

 

῀ף ̆ ױ י ╠ Ȃ  

֓ ̆ ױ ץ ҹѿҩ ̔ Ӈ

̆ Ṝ ᾥ ԅȂ ױ ꜚӊ Ȃ‰ ֣ ӏ

Ȃ 
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Chapter 6 

06. ̔ Ҭ  

 

Nil tam difficile est, quin quaerendo investigari possiet. *1  

ᴶ  

 

;Ἡ-עױҍ ᴁᵮ;0ׄ ע-ױ
ф ץ ₮ ̔

ᾥ Ҋ̆ ñ ò ñ ò ҉ (extended) № ̆

֓ № ғ ꜚ Ȃ ױ Ҋ ѿ ̔ 

 

1. ᴋᵥ ̆ Ҍ ᾧ ̔

ѿҩ ⌠ Ȃ 

2. ̆ ҹ ױ ⌠Ȃ ̆ҹԅ

ѿҩ ҈ Ҭ ᵣ( )̆ῒ №Ӟ Ȃ 

3. ̆ Ẽ ̔

ӊ ѿ Ȃ Ẽ

№ Ȃ 

4. №̆Ӟ ȁ ȁ №̆Ҍ ѿҩ( ӈ҉

) Ȃ ᴋᵥҌṢꜛ ̆ ᶏ №Ȃ 

5. - ῏ԍ ̆ ≢ ῒ ᶭ ῏ ̆ ԅ

№ Ȃ 

6. ⌠ ᾥ ̆ Ҋ̆

Ἕ №̔Ἕ Ȃ 

7. ᶫԅҍ ̆Ῥ ԅ №Ȃ 

 

ѿ֓ ץ̆ ╠ ᵬ Ȃ 

 

 

ױ ᶏ ̆Ҍ ԍ ╠ ӊԊ̆

ԍ ӟץҹ ӊԊ̆ ╠ ӊ Ȃ  

· (Erwin Schrödinger) 

 

 
1* ñ Ҍ ӊ ԊȂò ᴶ (Terence) ≠Ӌ Ŀᴶ Ӌ Ŀ (Publius Terentius 

Afer, b. c.190 Carthago, d. 159 bce Greece)̆ ֲȂ ₮ ῒ ▲ȇ (Heauton 

Timorumenos, verse 675)ȈȂ 
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ғ  

 

(size, ȁ ) ѿҩ ᵣ Ȃ ҩ ӈ ȁ

Ҭ Ȃ Ἕ ̆ ױ

Ȃ ̆ ױ Ȃ 

̆ ᾥ ̆ № ̔ ӈԋ ̆Ӟ

׆ ӈ Ȃ ̆ ҩ ̆ ῒ ҩ ̆ ѿ

˻ ᾥ Ҋ ׆ Ȃ ̙ ױ

ѿ ̔ ױ ҩ ῤ ̙ 

 
 

̙ 
 

( ᵣ) ῒ ҉ ̆ ῒ

Ȃҹ Ḡ ῤ̆ ᾢ ̔ ᴋᵥқ

( ) Ҭ׆ Ȃ 

̆ҕ҉ Ҍ ˻ ᴋᵥ̔ױ

ל ̆ Ȃ ӊ̆ Ȃ 

Ҭ̆ ױ ᵣ ҹñ òȂ ӊ ץ

̆ ҹ ҕ ᵞԍ 10 MeV 10 keV ᾣ Ҍ

Ȃῒ ̆ Ҭ Ҋ̆ñ ò ѿ Ḃ Ҍ ̆ ᾥ

ԅȂ 

ñ ò (of compact size)̆ Ḃױ

Ȃ 

 
 

֟̔ ⃰  
 

ֲ ⌠ Ҍ №◓̆ ₮Ғ ⅎ◙ (uncuttable) ̆

ӊҹ (atom)Ȃң ԓ ̆ ԅ ѿ ̆ᵖ ῒῤ

ԅḱ ̔ ׂ̆ ñ òȂ 

ԅ ⱳ̆ᵖ ᾥ Ҋ̆ ױ ҳῃ Ҍ

Ȃᶏ ₴ΐ( ᴋᵥ№◓ ) ҉ ל῀ ̆ ל ðð ₴

ðð ל ̆ ᾛ Ȃ ̆ᴋᵥ№◓ ҹ

Ȃ ӊ̆ ᾥ ̆ №◓ ̕

ᾥ Ҋ̆ᴋᵥ № Ҍ Ȃ 

₴ΐ ᾥ Ҋ̆ ℗◓Ҍѿ ᴪ ⌠ңҩ№

№Ȃ ᾥ Ҋ̆ ױ №◓ ң № № ̔₴

ңᶷӊ Ȃ ӊ̆ ᾥ Ҋ̆

Ҍױ ℗◓ ᵣ ῒ (compactness)Ȃ
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̙ 

 

̕ Ӈ̆ ױ ̙ 

̆ ῒẒ ̆ Ṣꜛ Ȃᶛ

̆ ԍל ̆Ῥ ѿ ₯ Ȃ Ҭᴪ

ָӇ̙ ѿ ᴶ · (Leonard Susskind) ῒ ῀ Ȃ 

₯ ̆ ץ ԑᵬ ҹ Ȃ ԍꜚᵬ

̆ ԑᵬ ҍ ̆ Ӟҹ

Ҋ ҍ ᶫԅ ׆̆‰ ‗ Ȃ ̆

ᾥṿ̆ᴋᵥ ᴪ Ȃ 

ӊ̆ ᶏ ⌠ Ҋ̆ ԍ ̆ᵖ

ױ ᾥ ̆ ᴪ ⱴ⌠ ҉ Ȃ ץ Ҋ̆ ױ

₮ ҉ ðð ԅ Ȃ ̆ ԍ Ҋ Ҍ

̆ ᾥ Ҋ ױ ̔ 

ӊ̆ Ҋ̆ ԍ ̆ᵖ

ᾥṿ̆ Ȃ Ҋ̆ ױ ₮ ҉ ̔

ץ ҹ Ȃ ӊ̆ ᵞ ̆ ᾥ Ҋ ̔ 

 

 Ȃ 

 

ȁ ̙ ױ ӊ ᴚ ̆ №ԅ ῒ

̔ ȁ ȁ Ȃ ҩ Ȃ

ӈ҉Ӟ ̆ᶛ ῒ₃ᵥ Ȃ ̆

Ҍ ̆ ȁ Ȃᵖ ֓ Ẋ ᾥ Ҋῃ

̔ ȁ ҍ Ȃ ≢ ̆ ᵌ ̆

ᵞ Ҋ Ȃ 

ױ ₮ ̆ ᾥ Ҋ̆ ҍ ѿ Ȃ 

 

 

ѿҩ ̙ 

ȾŬɘɟɜ ɔɜɗɘ.*1  

  

 

ѿ℗ ץ № ҕ Ȃᶛ ̆ Ἕ №

̔ңҩԊᴆ ⌠ѿ №Ȃѿ℗

 
1* ñ Ȃò  (Pittacus (ɄɘŰŰŬəɞɠ) of Mytilene, c. 650ï570 BCE) ↓ (Lesbos)ἽҺ

̆֞ ľ ҂ (Seven Sages)ĿӊѿȂ 
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⌠ ᶃ№ ̙ ҩṿ(₃Ӎ) 1899 ԅ̔ ᾥ

ᾥ Ȃᴋᵥ Ҍ ԍ ᾥṿ Ȃ 

ץ ᾥ ̆ ᵥ̙ 

ҕ҉ ̆ ȂTable 5 ₮ԅ Ȃ

̆ ᴪ ȁ Ȃ ⌠ᾣ ̆ᴪ

Ԋ̔ᾣ ᴪҌ ̕Ḥ №̕

ꜚ̆ ᴪ֟ Ẓ Ȃ Ҋ̆ ᴪ ҹ Ҍ‰Ȃ

ӊ̆Ҍֽ ̆ Ӟ Ȃ 

 

 

 

   

1   ꜚ ⌠ ễ̆ ᵣ 

1   ꜚ ῃ  

20  ᵞ ̕  

10  ᵞ / ̕₯ ⌠  

0.25  ᵞ ̕  

1  ᵞ ̕ ᾣ 

10  ᵞ № ̕ ᾣ ‖ ̕ ᾣ  

10   ԍ ꜚ ̆ ᾣ  

100ּ   X ֽ̕▼ɔ Ἕ 

  ⁞ ̆ ̕ ⱬ  

/.ϩо   Ἕ  

 

 

ҍ ᾣ ῏Ȃ └ᴪ ̆ᵖҌᴪ Ȃ ԍ ҹ

’̆ ᵞԍ Ἡ- ᾣ Ҍ Ȃ  

ӊ̆ ̆ ᵞ̕ᵖ ѿ

ᾥ ̆ ᴪ ⱴȂ Ⱳ ᵣ Ȃ 

┴̆ ₮ ̔ Ҍױ ԍ Ȃ 

ᾥ Ҋ̆ ᾥ Ḥ Ȃ

Ҋ̆ № ȁ ȁ Ȃ ᵣȁᾣ ѿ Ȃ

ῤ̆ ָӇ Ȃ 

ᵖ ’ ̔ ᾥ Ҍ ̆ ҹ ⌠ѿҩ ᾥ

Ȃ ̆Ӟ ̔ ҩ Ҋ ᵬ̕ Ҍ

Ӟ ᵬ̆ ҹ ᴪᶏ Ἕ Ҍ Ȃ ӊ̆Ҍ ҹ

Ҋ ᴪ ѿ ⌠ Ȃ ҉̆ ᶏ Ҭ

 Table 5 
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Ҋ ӞҌ ̔ Ἕӊ╠ ⌠ ѿ ̆ 10ᾠ ᴟ

ҌῬ ԅȂ Ҍᴪ ѿ ┴Ȃ ז ꜚ Ҭ

ҩ ̆ ҌἝ ױ Ȃ ῤ̆ Ȃ

≢ ̆ Ҍ Ȃ 

ӊ̆ ױ ñ ò ᵥ ̆ ̆ ҹѿ Ԑ

Ȃ ָӇ ̆ ₮ Ȃ ̆ ױ

ῒ Ȃ 

 

 

ᵥ ̙ 

 

̆↕ Ȃ ᵥ ῒ ̙ ԍ ᵣ̆ ץ

ῃ ᵝ ̔ ԍ ȁֲᵣ ̆ №

Ӟ ̔ ץ ӊ( ) ( —Ҭ)̆ Ȃ

ѿ ñ òȂ ̆ ԍ ̆ Ҍ ԅȂҹԅ

ӊ ̆ Ȃ ̆ ᾥ ̔

ᴪҍῒ ҹѿᵣȂ ӊ̆

Ȃ 

ԋ ῀ ̆ ‛ ῒ

Ȃᵖ ᾥ ̆ Ҍ ̆ Ȃ 

҈ №◓ Ȃñ (atom)òѿ ñҌ №◓ò̆ ᵖ ᴋᵥ

Ҍ Ҍ №◓Ȃ℗◓ ҉ ᵞ ̆ Ҋ Ȃ

̆ ᾥ Ҋ ᴋᵥ Ҍ №◓ ̆ ῃ Ȃ  

ץ ԍ ꜚ № ҍ Ȃᵖ ԍ ̆ᴪ ⌠

ҍ ̔ Ҋ̆ ᴪ Ȃ ̆ ң

ҩ ל ̆ Ҍ Ȃ 

ѿ ꜚ ̔ ꜚ ⁫ Ȃᵖ

ᾥ ̆ ꜚȁ ꜚȁ֜ ̆ᴪ ԑ ̆ Ȃ 

ѿ ҍῤ Ȃᵖ

Ҋ̆ѿ ᴪ ( ᵬ )̆ Ḥ Ȃ 

֓ ₯ ̙ ױ Ẋ ̆ ҈ ̆ ғ

ȂӞ ֓Ẋ ᾥ ҊҌ Ȃ╠ ̆ ԍ

̆ ᾥ Ҋ Ȃ ᶏ ҈ ̆ ῒ

҉ ׅ Ȃ ̆ ᶏ ̆ ׅ

Ȃ 
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̙ 

 

№ ̆ № ̆ Ȃ

̆ Ȃᴋᵥ ᵣ̆ ≢ ̆ Ҍ

Ȃ Ҭ̆ ᴪ Ȃᵖ

ױ ₮ ┴ Ȃ 

ҍ №̆ ԍ ΐ ῤ ѿẊ Ȃѿ℗ῤ ̆

ȁ ȁ ȁ ̆ Ȃᵖ ױ ⌠̆ ᾥ Ҋ̆

ӈ ᴋᵥῤ Ȃ № ҍ Ȃ ̆ ᾥ Ҋ̆

ΐ ѿ℗ ̆ ῒ Ȃ 

ӊ̆ ץ ᾥ Ҋ Ȃ

҉̆ ҍ ȁñ ò Ȃ ℗ ̆ ᴪ

⌠ Ȃ Ḛ ̔ ñ òȂ 

̆ғ ץ ῒ Ȃ ѿ▼Ҋ

̔ ꜠ (the shape of a particle fluctuates)Ȃ 

Ӟ Ȃ ̆ Ӟ ғ Ȃ 

Ӟ ‗ԅѿҩ῏ԍ Ȃӊ╠ ⌠̆ᴋᵥ ԍῒ

ҹ Ȃ ̆ῒῤ ᴪ №̆

ᴪ Ȃ Ҍ ̆ ҹ

ԍῒ № Ȃ*1 

ᵖῒ ⁫(compact) ץ №Ȃ1960 ̆ף ·

ԅ ⁫ № Ȃ № ̆↕҉ ḂҌᵬ ̆ ҹ №

Ҍ Ȃ Ӟ № ̆ḂҌ ┴ ԍ ΐ

ᵣᵝ Ȃ ⌠ ᾥ ̆ Ḃ ñԐòҬԅȂ*2 

 
 

̔ ѿ 
 

ᾥ Ҋ Ȃѿ℗ ̆ ғ

ꜚ № Ȃ № ԅ ȂӞ ԅ Ҍ

ᵣ ̔ Ҍ ӈ ԍ №̆ Ӈ

ץ №Ȃ ̆ № ̆ Ӈ ⁫ ȁ ᵌ

ᵥ ױ ̙ ױ ᴪ ѿ֓ Ȃ 

 

 
1* ῖ ᶛ Ҭ ȁ Ẽ (positronium, ) Ȃ ̔ Ḃ

Ҍ ( ɛ )̆ ᶭ ȂẊ № ̆ ̆ ᴪ

̆ᶛ ֟ Ҍ ᵣȂ 

2* ᾥ Ҋ̆ Ȃ 
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( ) Ҍ ҍ ̆ 

Ӈ Ҍ №◓ ᾝ ( ) Ȃ 

֒  

ȇ (On Generation and Corruption)Ȉ 

 

ӟױ ԅ ѿ Ȃᵖ ᾥ Ҋ̆ ȁ

ȁ ȁ ᵣ Ȃ Ҭ ̆ ҍ Ȃ 

Ҭ ’ Ȃᵖ Ҋ̆Ҍ

̆ӂ Ҍ ̆ ҹ Ҋ Ҍ Ȃ 

ᵬ № Ӟ Ҍᵟ Ȃ Ҋ̆ Ҍ №̆

ҹ № № ̆ Ҍ Ȃ 

Ҍ ң ῀ Ӟ Ҍ Ȃ Ҋ̆ ѿҩ

ᵝԍ ң ҉̕ ᾥ ̆ ң ⌠ѿҩ Ȃ

҉̆ñ ééӊ ò ҌῬ ӈȂ 

Ҍ ̆ Ҍ Ȃ ῒ Ȃҹԅ ̆

ץ Ḡ № Ȃ ױ ѿҩ ⱬ ̔ -

ҍ Ҍ Ȃ - ₮̆ѿҩ

ᵣ ץ ℗ ԓ ̆ ңҩҍ ᵣᵣ ᵣȂ

׆ ҉ ̆ ԍ ֓ ̆ᵣ ӈȂ׆ ̔

ᵣ ̕ ѿҩῤ ̆ ᵣ ӈȂ Ҭ̆

ѿҩῤ ̔ ᾥ Ȃᴋᵥΐ ῤ ѿҩ ₃ҩ

№ *1Ȃ ӊ̆ № Ȃ 

Ӟ Ȃ ҉ֽ̆₡ ӈ Ȃᴋᵥ ѿ

ҍ҈ ( ҉ᴋᵥ ԍ ) ΐ Ȃ ҈

№̆ ῒ ̔ № ΐ ⱬ̆׆

ᾟ҈ Ȃ №Ȃ ᵈ⌠ ԑ

№ Ȃ ̆ № ΐᵣ Ҍ Ȃ ᵥ̔҈

№ Ȃ 

ӊ̆ ӈ ᵣ Ȃ Ҍ ̔╠

№ Ȃ № ҍ ̆ №Ӟ Ȃ ӊ̆

Ҍ ̆ Ӈ ӞҌ Ȃ 

 

 
1* ҹ ᾥ №( ᵣ) ̆ - ̆

₮ ̆ғҍ ῒ Ȃ Ҍ ѿ Ȃ 
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ҹԅ № ̆Ҍ Ҋ Ȃ 

ᾢ Ȃ ӈ ῒ Ȃ ᵥ ѿҩ

̙ ᾢץ ѿ ̆Ῥ ῒῤ Ȃᵖ

ᾥ Ҋ̆ ױ ⌠ѿҩ ̔ ҍῒ ῏Ȃ ᾥ

Ҋ̆ ̆ᵖ Ȃ ӊ̆ ᾥ Ҋ̆ ױ

ᾥ ̆ᵖ ῒῤ Ȃ ҹ̔ ñ ò ҹ

Ȃ 

ѿ ᵣ Ҭ Ȃᴰ ᵣ

ῤ ᵝ Ȃᵖ ᾥ Ҋ̆ ̆ғҍ №Ȃ

ᾥ Ҋ̆ ᵣ ץ ᾥ ₮Ȃ ̆ ᶭ

№ Ȃ 

 

 

ѿ ῤ  

 

ᵣ Ҭ ѿ ᾟѿ Ȃ 

ҹ Ȃᵖ Ḃ ̆ ֽׅ

‗ԍ ĺĺῒ ᵞԍᵣ Ȃ ӊ̆ ῤ"

" ֽҍ Ȃ Ҍױ Ҍ ₮ ̔

ҩ № ̆ғ ҍ ῏Ȃ 

 

 

̔ ԋ 

 

ᾥ ̔ ꜚ ȁ ȁ № Ȃ

ѿ ̆ ӞҌ ̆ ̆ Ȃ 

ң ╠̆ ֲ ҹ ѿ ̆ ҹ Ҭ̆

Ҭ ꜚȂ ׂ ԍ ᾥ ̆ ױ ̔

̆ᵖ ԍ ̆ ғ ҍ № ̆ ץ

Ҍ Ȃ ѿ ̔ ҍ ӂ

№ Ȃ ױ ῀ ѿẊ Ȃ 
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Ӑ  

ᶏ ῏ ӊҬ̆ ׅ ӊ ̆ 

Ȃ 

· ֒ȇ Ȉ 

 

ңҩ №̆↕ ѿ ԋ Ȃᶛ ̆

̆ )ץ № ) Ȃ ̔ Ҍ (

) ̆ ѿ Ҍ Ȃ 

ᵖ ᾥ ̆ № ѿ ȁѿҩ

ᵣ ̆ ᵣ Ȃᶛ ̆ ῒ

̆ ῒ ̆ ԍң׃ ӊ Ȃ ῒ

̆ ⌠ ᾥ ̆ᵖ ѿ Ҋ̆ ֓ Ȃ ӊ̆

ᾥ Ҋ̆ ҍ ӊ Ȃ ӊ̆ ᾥ

Ҋ̆ ғ ṛ Ί Ȃ 

ѿ ̆ ᾥ Ҋ̆ ҍ ṕ Ӟ Ȃ ҍ Ҍ

№ ᾥ Ҋ̆ ṕ ӊ Ȃ

Ҭ ҹ Ể(space-time duality) T- Ể(T-duality)*1Ȃ Ẽ

ҹ КϿװײ ҹ ӊ’ ײ-КϿװץ ̆ ӊ̆ ח 'КϿװץ&
ф-חӊ

̆ῒҬ ץ ҹ 1⌠ 1000ӊ Ȃ 

Ẽ ѿ Ȃ ᵞ ҊҌ ̆ ҹ Ẽ ꜚӞ

 ׂҍ КׂϿ
ф-ׂ ;Ἡעо-ׄ ׂ ̆ ᵞԍ ԍ ᾥ

Ȃ Ẽ Ҭ Ҍ ̔ ѿ ῒץ̆ ӈ ᾥ

ҹ ̕ Ӟ ѿ ӈ ̆ ҹ ԅ ⱬ ᾣ Ȃ ױ

῀ Ẽ Ȃ 

 

 

̙ 

[ ≠֒ ҹ̔] Ԋ ̆ Ӈ  ױ

̆ ⌠ ̆ ⌠ Ȃ 

җ (Simplicius of Cilicia, c. 499 ï 560), 

 

ҹԅ Ẽ ̆ ץ ӊҍ Ҭ Ȃ ᵣ

0 Ȃ ̆ ԍ 0 ӈȂ

№ .*0*2 ̆ Ӈז ѿ ᴪ ⌠ѿҩῃ ◐ Ȃ 

ᵌ ̆ Ҭ̆ ח КϿװ
ф-ח №Ȃ ԍװКϿ ӈ̆

ṿ̆ ӊҍ ṿ №̆ ᴪ ҉ ⌠ѿҩ

 
1* S- Ể ( )ҍU- Ể ( S- Ẽ ҍT- Ẽ )Ȃ 
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◐ Ȃ ꜚ ‰ ѿ №̔Ẋ

̆ ᴋ ҉ ӈ Ȃ ᶏ ΐ ᵈ ( ᵌ)

̆ ᴪ₮ КϿװᾋח
ф-ח Ȃ 

Ẽ № Ҍ Ҭ ̆ Ȃ

҉̆ ץ ῀ Ȃ ױ Ҍ ᵥẠ⌠ ѿ Ȃ Ẽ

̔ ῀ ԍ ᾥ (ᶛ ӈ ) ԍ ῀

(ñ ò) Ȃ ̔ᴋᵥ ᵣ̆ῒῤ ҍ

Ȃ 

Ẽ ₮̔ ̆↕ ̆ ӊ֞ Ȃ

Ҍ Ȃ ҍñ №ΐ ò Ȃ 

 
 

ѿҍ ῃ  
 

̆ ᾥ Ҋ̆ ҍ Ҍ №̆ ҍ Ҍ №̆

ҍ ṕ ֞Ҍ №Ȃ ̔ ҍ Ҋ̆ ȁ ȁ ̆

҉ ԑ №˻ ԍѿ℗ ȁ ȁ ̆

Ẽ ҅⅓ Ӑ ̆ ӊҹ Ὴ (total symmetry)*1Ȃ 

ῃ ѿ ѿ Ẽ Ȃ ҉̆ Ẽ

ⱴȂῒҬ ױ ꜚⱬ Ҭ ⌠ - Ẽ ȁ

Ẽ ȁ -ᵣ Ẽ ȁ Ẽ Ȃ ֓ ԅ ᾥ ҉

Ȃ ҉̆ ᵌ ׆ ⱬ ᴚ Ḃ Ȃ 

̆ ῃ ⱬ ץ ҹҍ ῒ ⱬ ᴇ̆ ̆

Ẽ ѿ Ȃ ѿױ ѿȂ Ẽ ̆ױ

ҩ ץ Ȃ 

ῃ ᵌҍ╠ ̆ ױ ̆ ᾥ ҉

Ҧ ԅȂ ̙ ̆ң Ȃ 

ᾥ ҉̆ ᵞ ԅȂ ℗ ̆ᴋᵥ

Ȃᵖ Ẽ ῒ ѿԅ ̆ ᵞ Ȃ

‰ ( ȁ ȁ ) №≢ Ҋ

̆ᵖ Ȃ ױ

̆ ױ Ҭ ̆ ᵞ Ҋ

ᵌȂ 20ҕ № ̆ Ҍ ̆ ҹ

 
1* ҍ ( ҍ )Ỳ ԅ ӈ Ȃ ᾥ Ҋ̆

ҍ ΐ ̆ ̆ ҍ ṕ Ӟ Ȃ ҍ ₱

̆ ҍ ׆̆ ₮ Ȃ 



 

 

 

06. ̔ Ҭ  

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

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

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

 

120 

ⱴȂᵖ ҍ ⱬ ̆ ױ Ȃҹԅ ⌠

̆ ױ ᵞ *1Ȃ 

ȁᵞ Ҋ ̆ ѿ Һ Ȃֲױ ԍ

⅞№ ̔ ȁ ȁ ȁ Ȃᵖ Ҍױ Ῥ

ԅ̆ Ȃ Ԋ̆ᵖ Ȃ20ҕ

̔ ץ ֽ̆ ѿ №Ȃ 

ԍ ѿ №̆ ῃ Ȃ ԍ ѿ №̆

ҹү Ȃ ױ ׆ץ Ҭ ᴋᵥ(ᵞ ) ̆ ῒ ᾥ

Ȃ ñץ ò ҹ ̆ᵖῒ Ӈָ׆ ̆ ѿ ̆

ȁ ῒ ᴋᵥ Ȃ ֓ ᴪҹ ᶫ Ȃ 

 

 

̔ ҈ 

 

ѿ ׆ױ Ẽ ῒ ₮ ̔ ҍ ℗ ῏Ȃ

Ẽ ѿ №̆ ӈԅ Ȃ 

℗ ̔ ԍ ᵞ ̆ Ẽ ᵥᵣ Ȃ

ױ Ȃ  

 

 

ⅎ К 

Pluralitas non est ponenda sine necessitate. *2 

(William of Occam)  

 

 

ѿ↕ ԍ╠ № Ȃ ױ ̆ᴋᵥ

№ № Ȃ ױ ҹ ᵣȁᵝ ȁ ┴

ȂῒҬ ᾥ≠ ̔ 

 

 ҕ Ҍ №◓ Ȃ 

 
1* ῏ Ҍ ̆ᵖ Ҍ ̕ ῒ Ҍ Ẽ Ȃ  

2* ñ ̆ ᵣȂò ѿ ↕ ҹ ╖₴(Occamôs razor)Ȃ

(William of Ockham, b. 1285/1295 Ockham, d. 1349/50Munich)̆ Ҁ OccamȂ ᴯ

ӊѿȂץז ↕ ῖ ̔ ̆ ῀ Ȃ ץ ҹ

ױ ѿ℗Һ Ḥ Ȃᵖ ױ ӊ ╠ ̆ ҹ ̔

Ҭᴋᵥ ᾝ ṿ Ȃ 
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ҹ ⱳ̔ҍ ӊ Ȃᵖ ׂ ̆

Ȃ 

ᾢ̆ ᾥ≠ ԍ̔ ᾥ Ҋ № ҍ ̆

ῒ Ҭ ñ ò ̕ῒ ̆ ԍ ̆ Ҍ ױ

ñ ò ̕ ҈̆ ῒ ̕ ̆ ῃ

Ҭ № №̔ᴋᵥԊ № ̆ ҕ

Ҭ ̆ ֓ ̆ Ҍ Ȃ 

ӊ̆ ҍ ӈ ῍ ̔҅⅓ ↔ⅎғ

ᵒ Ȃ ᴋᵥԊ ῃ №₮ Ȃ ӊ̆ ȁ ȁ

̆ Ҍ ñ №òȂ 

 

 Ҍ ѿҩ Ȃ 

 

Ҍֲפ Ȃ ױ ѿ↕ Ȃ ᵥ ӈ

ñ ò̆ ׆ ̆ ᾥ≠ Ȃ Ҍ ̔₄

ӈҹѿҩ № ̆Ḃ ֓ № Ȃ ≢ ̆

ҹ ̆ Ȃᶛ

ױ ⌠ ̆֒ · Ҁ ̔ 

 

Ḥ Ҭ 15, 747, 724, 136, 275, 002, 577, 605, 653, 961, 181, 555, 468, 044, 717, 914, 

527, 116, 709, 366, 231, 425, 076, 185, 631, 031, 296ҩ ̆ ғ ҍӊ Ȃ 

 

Ԋ ҉̆₃Ӎ ѿḤ ̕Ҍ ױז Ӈ ῒ ̆ Ӈ

̆ Ҍ Ȃ  

ף Ҭ̆ ԍ ̔ ȁ ȁ

ȁ ᴿ Ȃᵖ ׂҹ ̆ ױ ѿ ̆

֓ ( ҉ ҹ )Ȃ ҉̆

̆ҍ 1)/ Ԋᴆ Ҍֲפ ̆ ң ҉ ῏ԍ

Ȃ ѿ Ҍ ᾢ ̆

׆ ₮Ȃ 

ӈ̆ ᴋᵥ № ԍ ғҍῒ № Ȃ ̆ᴋᵥ

ԍ ₮ Ȃ ᴿ

̆ Ȃ 

  



 

 

 

06. ̔ Ҭ  

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

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

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

 

122 

ӊ̆ № ̆ Ҍ ѿҩ ѿ ñ ᵣò̕

ҩ ѿᵣ̆ Ҍ №*1Ȃ Ҍ №◓ ̆ Ҍ

Ȃ 

҉̆ Ҍ ѿҩ Ȃ №ᾝ Ȃ ҍ

̆ Ҭ ᾝ ̔ ᾥ Ҋ̆ ҌῬ Ȃ ѿ ԅ

ױ ╠῏ԍ ῖ ̔ ӈ ̆

ӈ Ȃ ̆Ӟ ף Ҭ̔

ӈ ̆ ӈ Ȃ ӈҌ Һ ̆ ᵞ Ҋ ̆

ᵖ ᾥ Ҋ̆ № ҍ Ȃ ҍ ̆҆ ѿȂ ҩֲפ

̆Ӟ ԅ Ȃ 

Ẽ Ҍ Ȃ Ԋᴆ №̆ Ҍ

ᾝ Ȃ · (Phil Gibbs) ҹԐᴌ (event symmetry)̆

ҩ ׅḠ ñԊᴆò ҩ ̆ᵖ ԅ ѿԊ Ȃ 

ӊ̆ 

 

 Ҍ Ȃ 

 

׆˻ ᾥ≠ ⌠ᵍ≠ ̆ ҉ѿ Ȃױז Ԉ

ԅ ̙ ױ ױ Ȃ 

 

 

ᴋᵥқ ̙ 

 

Ҭ ױ № қ Ȃᵖ ױ

№ Ҍ Ȃ Ҍ № ̆ Ӈ Ҭ

Ȃ 

ױ ѿ Ȃ ױ ѿ ̔ ᾥ Ҋ̆

ᴋᵥԊ ҍῒ Ԋ № Ȃᶛ ̆ ӊ ̆ ҍ

Ȃ ѿҩ ‗ ̔ѿ℗( ñѿ℗ò) ѿ

ѿ № Ȃ ҩ ȁ ҩԊᴆȁ ҩ ȁ ҩ ┴̆ ѿ

ѿ № Ȃ 

 
1* ₃Ӎ ῃ ȇ (Parmenides)ȈҬ ₮ Ȃ Ҭ̆

῏ԍ ѿᵣ ᾝ Ҍ Ȃ ̆ ԍ

ῖ ױז) Ӡ ≠֒ᵝԍ Ҍּי )Ȃ Ҋ ̆ᵖ

ף ₮ԅ Ȃ  
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ץ ҆ ̆ ҆ץ Ȃ  

ᵪ  

 

ñ №ò ᵌ ̆ № ҌҤ ԍ Ȃᴋᵥ ñ №ò

Ȃ ױ ѿ֓῏ԍ № Ḥ Ȃ 

ᴋᵥ ѿ Ҭ ᵣ ᵌ №Ȃ ̆ ױ

ᵣ(entity) Ҍ ѿҩ ̆ᵖ ץ ᵌȂ Ȃ ױ Ḥ

ѿ №̆ Ӟ ̆ᵖ ԅȂ 

ᴋᵥ ѿ Ҭ̆ ᵣ ᵌ №Ȃ ̆ ױ

ѿҩ ᵣßĺĺ Ҍ ̆ ᵌ Ȃ Ȃ ױ

Ḥ ѿ №̆ Ӟ Ȃױ ױ ӟ ̆

ᵖ Ȃ 

┴ ѿ֓Ҍ Ṝ Ȃ № ᾢ Ȃ ױ

̙ ֲ ⌠ Ȃᵖ ᵬҹ ֓ῃ

ӈȂ ץ Ҍ Ṝ Ȃ 

ѿ ҩ◐ ӈ ᵌ №Ȃᵖ ױ ᴪ ῀

ѿҩ Ȃ ץ̆ ӈ Ҍ ᵌ Ȃ 

Ȃ ױ ᵥ ѿҩ №̆ᵖ ᵌ № ᵣ ̙ ױ

ѿҊȂҕ ѿ ѿ ᵣ ̆ ҩ ᵣΐ ҕ ̆ᵖ

ץ ᵌҹѿҩ № Ȃᶛ ̆ ᵌ ₮ѿ ѿ

̕ ה ᴋᵥ ñ №ò̆ Ҍ ӊҍ ҩҕ № Ȃ ᵣ

Ҍ ῒ № ̕ ῒ № Ȃᶛ ̆ ñ ò ñ ò

̆ᵖ ױ ᵌȂ Ӈ̆ ҹῒ ̙

̆ҕ Ҍ ̕ ѿ № ᵣȂ 

ᵣ ѿ ̆ ᾝ ̔ ӊ Ȃ ᵣ

(folded)қ Ȃ ֓ ̆ᵖ ᵌ ( Ἕ

CD҉ ₭ ׆̔ ῃ ᴪ ⌠Ҍ )Ȃ

Ȃ 

ғ ꜚ ѿ ᵣ̔ ᵈ ̆ᾛ ᵌ

ᵝ̆׆ № ᵌ ᵌ*1Ȃ ̆ ץ ҹ

ȁ ȁ ᵣ̔҅ ɻ Ȃ ױ ᵟ ѿ

№ ̆ ᴪ׆ ̕ ᴋᵥ ℗◓ ₴ΐȂ ѿ

ᵟ ᵣ ĺĺᵖ ԍ Ạ ̆ Ҍ

Ȃ ᵌ ̆ ᵟ № ̆ᶏῒ

Ȃ

 
1* ̕ᵖ ѿ ̙ 
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̔  

 

ԍ ҍ ̆ ѿ № Ȃ

Ҋ ᵣ̔ ѿ ñ ò(ץ № )̆ ץ) ᵝ

)̆ ꜚ ץ) Ḡ ᵌ )Ȃ ѿ ȁ ꜚȁ ̆ ᵌ

ѿ Ȃ № ̆ᶏ ץ ӈ Ȃ

̆ ȁ ȁ Ӟ ץ ̕ ȁ ȁ

Ӟ ₮Ȃ ᵣ̆Ӟ ӈ № Ҍ Ȃ 

ץ ҹ ᾥ Ȃ

ӈ ̆ῒҬ ( ) ̆

Ȃ ҉̆ᴋᵥΐ ᵬҹṜ ̔ ȁ

ȁ ̆ ױ Ҋ ѿ Ȃ 

 

 

 

 

ץ № Ȃ ѿ

ҹ̔ ҍ ᴪ Ҍ ̆ ῒᵣ

҉Ȃ ̆ № ₃ᵥ ȂῒҬ ΐ

̆ ԍ Ҋ ̔ Ҍԋӊ Ȃ

№ Ȃ 

ⱬ ⌠ᾣ ᵣ̆ῒ ᴆ ӈ

₮̆ᴋᵥ ҹ ғױ ԍ ᴁбῤ ᵣ Ȃ 
 

ᴁб;0ׄ עױ
ф¡ &//3' 

 

ѿ ⱬᵬ Ҋ ̆ Ȃ ᵣ̆

№ Ȃ ΐ Ȃ ט ҍ ₮ҹ 
 

;ט
ת

КϿװ2
ф
;־

оעת

2Ἡׄ
־ ת;ט

2 фױׄ

Ἡע
&//4' 

 

ῒҬ ת ῗ 2ᴁб;־̆
ф Ȃ ↕

Ҍ ₮ ԅȂ ҍ ᴇ ̔ ṿ ץ

ҹ ̆Ӟ ץ ҹ Ȃ ῏ ң ̔ ̆ғҍ

Ȃ  

ԍ ̆ Ҍ ̆ ԅ ᵣ (

)ῤ̆ № ̆ ֓ №ᴪ Ȃ ҉̆

ⱬ ᴋᵥ ᵣ ̆ Ҍֽֽ Ȃ ̆ѿҩ

ᵣ ԍ ( ) Ȃ 
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ҍῒ ȂҹָӇ ̙ *1Ȃ ҍ

ѿ ̆ Ҭῒ ҍ ᵣ

Ȃѿ ̆ ѿ ᵣ( ) ΐ Ȃ 

҉̆ ҩד ᵣ ̆ ҩ ᵣ ҹ נ̆ ῒң Ḡ

ᴁ̆ Ҋ ₮ 
 

ת;'ᴁ&ט
1ᴁф

фנד0
נדᴁ׳ץ נד ᴁ &//5' 

 

׆ץ ₮ ֽ̆ ң Ẋ ̔ ̕ ѿ

Ȃנ (117)ֽ ̆Ӟ נד

ᵈ נ ד ԍ ῐ ᴁȂ ҍ ῐ

̆↕ ̆ ḐᴁоȂט ⅎ ᴰ֥ Ḑᴁфט ᶳ

ῗ Ȃ 

ᵖ ҩ ׆̔ Ҭ ױ ץ ₮̆ᵈ נ ד КϿװ
ԍѿ ̆ ₃ Ȃ ̆ Ὲ

ԍ ᴁȂ 

⌠ ̆ ҩ ⃰ Ȃ

ѿҩ Ҭ Ȃᴧ ̆ ԍ ̆ᴋᵥ ᵣ

῀ ̆ ѿ ῤᵌӍ ᴪ ҩ ( ԍ ᵣ҉

̆ ᵣᴪץῒ ῀ )Ȃ ӊ̆ № ᾥ

̆ᵖ ̆ ׅ ҍץ Ȃ 

ױ № Ȃ ѿ ᵠ ̔ ԍ

ԋᾝ (yes-or-no ) ȂἝ ̆ ῒ ‗

̆ῒ № ΐ Ȃ 

̆ ҹ № ̆Ӟҍ ѿ ̔

№ ̆ Ҍ ‗ԍ ῀ῒҬ

қ ̆ ֽ ‗ԍ № Ȃ 

 

 

̔ ԓ 

 

̔ ԍ ȁ ꜚ №Ȃ ᵬ ԅ ҍ

ΐ ῍ №Ȃ 

 

 
1* ѿ ֽ Ḃ ₮̆ᵖ ᶛ ΐᵣ ṿȂ 
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ᾫ Ґ֢  

 

№ ֜ ҹȂӊ╠ ⌠̆ ñ ò ץӊף̆

ȁ ȁ ῍ ꜚ №Ȃ № ̙

Ҋ̆֜ Ҭ ңҩ ָ̆Ӈ Ҍᴪ Ȃ ҉̆ ᴋ

ң ᴇ ᴈ ῏ ῏  
 

Yᴇ*ᴈ[;ᴇᴈ ᴈᴇ;. &//6' 
 

ᵖ ᾥ Ҋ̆ ԍ ̆ ↕῏ ḱ ҹ 
 

Yᴇ*ᴈ[;װКϿ
ф ) &//7' 

 

ñ ò Ҍ ӞҌ *1̆ῒ֜ ҹ Ȃ ҉̆

ḱ ⱴ ( ῒ ᾥ )Ȃ ≢ ̆ ױ ⌠

̆ ⱬ ᴪ ᾥ Ҋ̆ ֜ ᵬҌᴪ ⌠ Ȃ  

₃ ̆ ѿױ ׆ ῏ №̔ ױ ҹ (braid)Ȃ

ᾥ Ҋ̆ Ҍ ̆ ῒ ̆ (tangle)

Ȃ ҍ Ῥ ῍ ̆ № Ȃ 

Ȃ Ҭ ᵌ ҹ̔ ᵞ Ҋ̆

ῃ Ȃ Ⱳ № ᴋᵥ̔ױ ῃ

Ȃ ᾥ Ҋ̆ ᵞ ᴪ ̕

ᵬ ̆ ҹ ԅңҩ ᵝ ֜ ̕ ᴋᵥқ ҍץ

№ ̕ ң ᵣΐ Ȃ ҉̆ ңҩ ץ Ҍ

№ ̆ ԑ№ Ȃ 

Ӈ ᾥ ̆ᴪ ָӇ̙ Ҋ̆

֟ ӊ ῏ ӈ 
 

ÞסÞנ .;ÞנÞס &/0.' 
 

ᾥ Ҋ Ȃ ⱬ ᴪ ᶷ ῀ ᶭ ̆ ḱ

Ҋ ̆ᵖ ᾥ ῏ Ȃ ᾥ ̆

֜ ң Ҍᴪ ⌠ Ȃ ῏ (120)

(raid symmetry)̆ Ῥ № Ȃ 
 

 

̔ Έ 
 

ҍ Ҍ № ᾥ ̆ №

Ȃ

 
1* ̔ Ҭ ( )̆ ᾥ Ҋ Ҍ Ȃ 
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ӎ 

 

ѿ ̆ ᶏ Ҋ̆ Ӟ ӈ Ȃᴋᵥ

ѿ №̆ñ №ò ҍῒ қ Ҍ ̆ñҌ ò ֜ ֟ Ȃ

№ ⌠֜ Ȃ ӊ̆ ᴋᵥ № ץ ῒ֜ ҹ Ȃ 

Ҭ̆ ֜ ҉ ᵬȂ ӊ̆ №

‗ ̆ ֜ ҹȂ ғ ⅎ *1Ȃ  

ᵣ ȁ ȁ Ҍ № ̆Ἕᾣ ̆ ᵣ

ȁ ̆ ҍꜚ № ҍ Ȃ ꜚ ῒ

ꜚ ̆ ̔ ҹ № ҍ Ȃ 

№ ҍ ̆ ῏ Ȃ

ῒ ̔ 1/2 ᴰ Ȃᴋᵥѿ ΐᵣ

̆ ױ Ȃᴋᵥΐ ᴋ ñ òғ ֓ñ ò

ᵈ⌠ ̆ ΐ ҍ /0¡ Ȃ ѿ

ᴆ ñ ò Ҍ Ȃ Figure 9 Ḃ 2 Ҍ ̆ 0

Ȃ ғңҩ ֜ ѿ ᴪ ѿ ̆Ῥ֜ ѿ ̆Ӟ ѿ῍֜

ң ᴪ Ȃ Ȃ ñ òΐ /0¡

̆ҍҬ ῏̆Ҭ ѿ ҉ Ҍ Ȃ ҩ

ñ ò ҍ ҹ /0¡ Ҭ Ȃ ױ

֓ Ȃ 

̆ñ ò ԅ №֜ Ȃ ̆ ҍ

Ȃ ᵈ⌠ ñ ò̆ ױ ΐץ /0¡ Ȃ

ñ ò ᵈ⌠ ̆ ҩ Ҍ Ȃ ̆ /0¡ ᵌӍ

Ȃ 

Ҍ ҹ 1 Ȃ ӊ̆ ץ

№ Ȃ 

 

 

̔ ҂ 

 

̆ № Ȃ ̔

ᶏ ⱬ̆ᵖ ҍ ̆

ⱬ Ȃ 

 
1* (ῒ ) Ҋ̆ ӈ -ꜚ ׆̆ ӈ Ȃ ̆↕Ҍ ӈ

-ꜚ ̆ ӈῃ ̆ ӈ Ȃ Ẋ ѿҩ Ȃ 
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Е   

Ῥ ȁῬ ̆Ӟ ѿץ ԅӊȂ  

· (Charles Schulz) 

 

╠ ᶏ ̆ԍ Ȃ 

** 

̆ ᶏ ̆ └ױ Ӟ ῃ

Ȃ Ӈ Ԋ ̙  

** 

ᵰ № ̙ ̆ ˻ 

** 

Ẽ ( ҍ ӊ ) ԍ ̙ 

** 

Ẽ ң ᵣ ԍң ᵣ ̙ 

** 

Ẋ ̆ᵖῒ Ҍ Ȃ ᴪ ̙ 

** 

Ẽ ̆ ӈ҉ ᴇ Ȃ ҹ ᴁ ױ ԍ

ҹ КϿװ
ф-ᴁ КϿױ

ф-ױȂ ӊ̆ Ẽ ׆ ҹ КϿ
ф- Ȃ

ᴇ̆ ҍ ẼȂ  

Ҍ

ᵈ

 

1/2  

1/2 Ȃ Figure 9 
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** 

ῃ Ẽ ̔ ҩ ṿ Ȃᵰ ̙ 

** 

ᴋᵥ ҹ ̆ ( ῏ ) ҹ Ҭ ( ῏

)Ȃ ᵌ ̆ ᵥ Ḡ ̙ ̙ 

** 

╠ӊױ ⌠ ̆ Ẽ ∆ ᴆ ѿ

ӈȂ ԍ Ẽ ȁᵞ ӊ ̆ ԅѿҩ

Ȃ ԍ ̆ № ָӇ ̙ 

** 

ᾥ ̆ ԍ ⌠ ̙ 

** 

2002 ̆ ֒· (Andrea Gregori) ̔ ̆ῒ

̆ ῒ Ȃ ̙ 

** 

₮ ↕ ̔ ̆ Ȃ ᾥ

Ҋ̆ ױ ᾥ ҉ № Ȃ 

** 

ױ № Ȃ ҬȂᵰ Ӈ ̙ 

 

 

 

 

ҹָӇ ҉ ̙ ҩҌ Ҥ Ȃ

ҹ ҍ ̆ ӊҹѿ ῖ Ȃ ԅȂ ᵥ ᾟ ̙ 

Ҭ ̆ ҆Ԋ҆ Ȃ

Һ ԅ ̆ ῃҌ Ȃ ҌᴪἝ

ᾢ ̆ ᾢ Ȃ Ҍ ң ԓ ̆ Ҍ

̔ѿ℗ № Ȃṿ ̆( Һ ) ԅ

Ӈ ѿ Ȃ
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╠ ѿ ñ № ò ҹ ╠ Ȃᵖ

ᵥ ̙ ╠ ₮ ᶫԅ₃ Ȃ ҉̔ 
 

¥ Ҍ № ̆ ץ Ȃ 

¥ ᴺ Ȃ 

ᴋᵥᵞ׆ ¥ ₮ ̆ ᾥ Ҋ ҹ̆↕ ₮

№Ȃ 

¥ Ҍ ṿ Ẽ ̆↕Ӟ №Ȃ · (Edward 

Witten) ̆ᴋᵥ ѿ Ẽ Ȃ 

¥ ҍ № ῏̆↕ ҹ Ȃ 

¥ ᴋᵥҍ № Ȃ 
 

҉ ᴋᵥѿ ץ ╠ ѿ Ȃ ̆ ᴺ

Ȃᵖ ѿ ȂָӇ ץ ᴺ № ̙  
 

¥ Ҭ ҩ ԍḱ ᾥ ᶏҌ ׆̆

Ȃᵖ ╠ 0.35 ZeV̆ ᾥ ҆№ӊѿȂ 

¥ Ḡ · (Paul Mende) ₮ԅѿ֓ ᵣ ꜚ Ȃ ᵣҍ ꜚ

Ҍ ̆ ᵣ ᾣ Ҭ Ȃ 
 

ᴺ Ȃ ᴺ ҹ ȂᵌӍ ғ

̆ ᴋⱵ̔ Ȃᶛ ̆ ԍ ȁɛ ȁŰ ȁ

Ҭ ȁ ᾥ Ȃᶛ № ̔

Ȃ ױ ӊ╠̆ᾢ ῒ Ȃ 
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ԍ № ╠  

Ȃ 

ץ ֒·ᴿ (Isaiah Berlin)*1 

 

׆ֲ ԍ ѿ ̆ ₮ Ȃױז ҹֽ̆

̆ ⌠ѿ Ҭ ꜚȂ ױ ץ Ҭ ₮

ᵌ ̔ ҹָӇ Ạ ̙ Ҍ № ᵣ ᵣ̆

ҹ Ҍ ԅȂ ѿ ̔ ҍ №

Ȃ 

ҹ № ԍ 1960 ̆ף ñ ò № ↕

ԍ 1980 Ȃף ╠ ̆ ╠ Ҋץ ₮ ̔ 

** 

(bosonization)̆ ̆ ף ѿ ѿҩ

Ȃ Ẽ ׆̆ № Ȃ 

** 

ⱬ(quantum gravity)̆ ≢ (spin networks)ȁ (spin foams)ȁ

ⱬ(loop quantum gravity)̆ ץ ҹ № Ȃ 

** 

1990 ̆ף ᾥ·ᾥ (Dirk Kreimer) ̆ ꜚⱬ ҍ

῏Ȃז ̆ ᶏ ̆ ӞᴪҌ Ȃ 

** 

ñῃ (holography)ò̆ ҍᵣ

Ȃ № Ȃ 

** 

ץ ױֲ̆ ₱ ץ ᵬ № Ȃ Ȃ 

** 

21ҕ ∆₮ ԅ ̆ ױ ԍ (string nets)ȁ

(bands)ȁ (ribbons)ȁ (knots) Ȃ ֓ ≠ ԅ №ȂҊ

ῒҬѿ֓Ȃ 

 
ץ *1 ֒·ᴿ (Isaiah Berlin, b. 1909 Riga, d. 1997 Oxford)̆ ⱬ Ȃ 
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῀ԅ ̆ᵖ ֓ ‗ᴋᵥ Ȃ ѿ ̆ 1984

⌠ 2010 ≢ ̆ṿ ה ̔ 

 

 

̔ ҍ Ẽ  

̕ Ҍ Ȃ 

· ֒ȇ ᾥ (Macbeth)Ȉ 

 

(superstrings)ҍ (supermembranes)̆ (strings)ҍ (membranes)̆

Ҭ ῀ № Ȃ ѿҩ ȁѿҩ

ꜚᵬ ȁѿҩ ⱬ( ⱬ)Ȃ ̆ ԅ ӈ ȁ ȁ ӈ

Ȃ ̆ ‰ ӈ ӊ ̆ ῀

ԅ ↕ ̔ 

 

1. ҹ Ȃ ∆̆ ҹ҅ (one-dimensional 

oscillating superstrings)Ȃ Ҭ̆ ҹ ꜠

(fluctuating higher-dimensional supermembranes)Ȃ 

 

2. ᶏ (higher dimensions) ѿ ԑᵬ Ȃҹԅ

̆ ԍ 3+1 ̆ 10 11 Ȃ 

 

3. ԍ (supersymmetry)Ȃ ѿ ҍ

̆ ᴇ ̆ ҍ Ȃ

҉ ץ ѿ ԑᵬ Ȃ Ӟ ñ ò ñ ò ңҩ

Ȃ 

 

4. ᶏ ԅ Ể (dualities)Ȃ Ҋ̆ Ẽ

ṿ ṿӊ Ȃ ᶛ Ể (space-time 

duality)ҍ Ể (coupling constant duality)Ȃ Ẽ ῃ ԑᵬ

Ȃ ױ ԍ ԑᵬ ⱬ ῀ ῏ Ȃ Ẽ

ԅ ҍ - ӊ ᴇ Ȃ Ẽ Ӟ Ὴ

(holography)̆ ῃ ῒ ҉ ‗ Ȃ  

 

↕ ̆ (superstring conjecture) ΐ ⱬ(superstring conjectureῒ

ӊѿ · (Brian Greene) )Ȃ 
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Ŀ ⱬᵥ  

 

ᾢ̆ ѿ ̔ ѿ̆Ҍ Ȃ ̆ ױ

№ ̆ ⱬȂ ̆ ԑᵬ ̔

̆ Ḡ ԅ Ȃ ̆

ԅ ױ ׂ ꜚ ѿ № ̔ᶛ ȁ

ҍ ̆₮ (Ҍ ׅ )Ȃ 

ῒ Ẽ ΐ Ȃ ֓ ҉ᵌӍ

Ҍ ’ ̔ ᶏ ΐ ⱬ̆ᵖӞ ץ Ȃ 

₮ (anomaly cancellation) ῒ Ҍѿ Ȃ׆ ҉ ̆

ѿҩᶛ - (GreenïSchwarz anomaly cancellation)̕ ‗ԅῒ

֓Ҍѿ Ȃ 

ֲ · (Edward Witten) ̆ ԅ ᴁ

ԍ ₮ф-ᴁҬפ ̕ ̆ ԅ ᴁ ԍ ₮ф-ᴁҬױ

*1Ȃ 

̆ Ҭ̆ ԑᵬ ӈ ₮̔ ῀

ԑᵬ Ȃ ԅ ⱬȁ ȁ ⱬȂ 

῏ԍ ⱬ̆ ѿҩ ̔ ҍ ԑ Ȃ ȁ

ȁ (Polchinsky, Horowitz, Susskind)₮ Ȃ ̆

ԅ Ȃ (Strominger)ҍ (Vafa) 1996 ԅ ѿ Ȃ 

ԅῃ ̆ ῒ ‗ Ȃ ≢ ̆

ῃ ᶫԅ ҍ ⱬӊ ┴ Ẽ Ȃ ‰ ̆ Ҭ

ҍ ֓ Ҭ ӊ ῏ Ȃ 

ӊ̆ ֲ Ȃ῍ Ҍ ῀ԅ Ȃ

ף (Virasoro algebra)ȁ῍ ȁ ῏ ҹ ᶫ

ԅ ֲ Ȃ 

 

 

ҹᵥ  

 

ҍ ף ѿ ̆ Ȃῒ ԍ ῖ

ꜚ ̆ ₮ ̆ ѿ ῀

ȁ ȁ Ẽ ȁ Ȃ ѿ ԅ Ȃ 

ῒ ̆ ⌠ Ώ₮Ȃ ҌἝ

‰ ӈ Ӈ Ȃᵖ

Ҍ ѿ Ȃ  

 
1* ҩ ̆ ҹ ӈ ‗ԅ ҩ Ȃ 
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ԍ̆ 4 ᵥ ῀⌠ 10 11 ҬȂ

Ҍ Ȃ ֲ ֓ Ȃ 

Ԋѿ↕̔ѿᵝ ҍѿᵝ ῍ ῏ԍ 11

Ȃ ῃ Ғ ғῐ ̆ ῃ Ȃ

̆ ̆ ↕ Ҍ Ȃñᵰ Ӈ қ ̙ò

Ȃñ Ҭ ˻ò ñp ᵰ Ӈ 11 қ ̙ò ñ ˻

ᾢ N Ҭ ̆ױ N ԍ 11Ȃò 

 

 

̔ ҍ  

 

ꜚⱬ (QCD)̆ ԑᵬ ̆ῒҺ ӊѿ ῏

̆ᶛ  

פᵫᵭᵪᵯᵪḐφױ
-β ɲɗױКϿ ҙ ;ת

//

0
̆ КϿ

/

03
&/0/' 

 

ῒҬ̆ КϿ ᾥ Ҋ ṿȂ ӊ̆ ԑᵬ (

) ̆ ᾥ ץ Ҋ ̆ Ȃ

КϿ /03¡ ѿҩ ԍ ᵌṿȂ 

ᴋᵥ ѿ ҈ҩ ̆ КϿȂ

╠̆ ҹ̆ ( ῀⌠ )

ҳ Һ Ȃ Ҍ ̆ Ȃ 

̆ ѿ ғ Ҍ Ҭ ѿ Ȃ ᵀ

̆Ṝ /.ϧїї⌠ /.фзфїїїӊ Ȃ Ҭ

/.ϔї̔ ⌠ Ҭ ⌠ѿ Ȃ ѿ ̆

ԍ ѿ ᴨלᵌӍ Ȃ 

ץ Ҋץ Ȃ ԅΐ ᾥ

Ȃֲױ ҹ ᴪ └ ױ ̆ҍ

ᾥ ̆ ҩ Ȃ ̆ └ ῒ ṿ ׆

Ҭ ₮ Ȃ 
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Es ist nichts GroÇes ohne Leidenschaft vollbracht 

worden, noch kann es ohne solche vollbracht werden.*1 

Ŀ (Friedrich Hegel) 

ȇ ῃӥ(Enzyklopªdie.)Ȉ 

 

῀ԅ Ȃ ԅ₮ט ᵣꜜⱬ̆ᵖ ׂ ₮ᴋ

ᵥ ץ Ȃᶛ ̆ ₮ᴋᵥ ̆Ӟ

₮ᴋᵥ ṿ̆ ԑᵬ ̆Ӟ

Ȃ(generation)ף ҉̆Table 1↓₮ ̆ ѿ ‗

Ȃ ֲפ ̆ ( ₃ᵝ )

Ḥ Ȃ 

ῒ ѿ֓ ԍ № ѿ ⱳ̆ ָӇ ̙

(complex)̔ Ҭ ꜚ̆ΐ ̆ ⱬ ғ (

)Ȃ ҉̆ ῒ ӈ ̆ ῒ ӈ

₮ԅ ⱬ Ȃ ᴪ ֲ ֓ Ẋ Ҍ

ԍ Ȃ 

ᵣ̆ ғ ֲ ӊ Ȃ ӊ̆

ⱳ̆ ҹῒ ׆ ץ Ȃ ᵀ 2010̆⌠1984׆̆

҉ ῀ԅ 10000ֲ ᵬ Ȃ ӊҊ̆ ꜚⱬ

῀ԅ ₃ҩֲ ̆ ӈ ῀ԅ ₃ҩֲ ̆

Ӟ ῀ԅ ₃ҩֲ Ȃ ӎ ѿ ̆

( Ŀ - (Murray Gell-Mann) )Ӟ Ȃ

̆ᵖ ⌠ׂ ̆ ῏ԍῒ Ȃ 

ԋҩ ԍ̔ ҉Ȃ

ױ ╠ ̆ᴋᵥ ѿ Ҍ ԍ Ȃ 

 

 

 

 
1* ñ ̆ӞҌ ᴯҙҌץ Ȃò ̆ ᵝ ⱬ ̆ ז ȇ

ῃӥ (Enzyklopªdie der philosophischen Wissenschaften im Grundrisse, Ä474, 296)Ȉ ҈ №

ΏҊԅ Ȃ 
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Е  

Wir m¿ssen wissen, wir werden wissen.*1  

Ŀ ᴿ (David Hilbert) 

 

ױ ԅ ̔ ԅ ᾥ Ҋ ȁ ȁ ȁ

ȁ ȁ ̕ ԅ ̆ ñ ò Ȃ ̆

ᾥ Ҋ̆ ֓ ̔ 
 

¥ ҍ Ҍ Ȃ 

¥ ҍ ѿᵣң Ȃ 

ױ ¥ ̆ ѿ № Ȃ 
 

̔ ҍ ᵥ῍ ̙ԋ ᵣ Ȃ

̆ ᾥ ҍ ̔ ȁ ȁ № Ȃ 

20ҕ ץ ҹ ( ȁ ⱬ ̆ӂ

ҍ ⱬ ) ԅ ̆ᵖ ᾥ Ȃ

ῒ ԍ̔ҍ ᾥ ῏ ȁ ӎ ȁ

Ẋ ̆ ῏ Ȃ 2014 ᴪ ҉̆

/ ѿ ̆ ῒז Ȃ 

̆ ױ ῃ № ̔ ԍ ᾥ ᵝȁ

ȁ ғ Ẋ ̆ Ȃ 

Ҭ̆ ױ 20ҕ Һ ( )

̔ ȁ Ẽȁ ȁ ȂῒҬ Ẽҍ ᾟ№(╠ )̆

ҍ ῍ ̔ ᾥ Ҋ̆ ҍ

ӈȂ ӊ̆ ᾥ Ҍ ̆ ᵠ

Ȃ ױ ң Ẋ ̆ Ȃ ̆ ԅ̔ 

 

 ҈ ԑᵬ ҍ ׄ*ת*Ἡ*ע ( ҍ ᾥ ) ᵥ ῏ ̙ 

 

ҩ ֲ Ȃ ֲ ԅȂ(ᵰ ̙)

⌠ ԑᵬ ᾥ ⌠ Ȃҹԅ Ҭ ⱳ̆

ױ ңҩ ΐ̔ Ȃ 

 

 

 

 

 
1* ñ ױ ̆ ױ ᴪ Ȃò ᴿ ҩֲḤ Ȃ 
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Chapter 7 

07.  

We havenôt got the money,  

so we have to think. ( ↕ ) 

ῤ Ŀ *1 

 

( ) Evam aya prajǕ ,  

tantra-Ǖkula-jǕta, gu a-avagu hita-bhȊta. 

muñja-balbaja-jǕta, Ǖjava-java-bhȊta.*2 

 

20ҕ ң ῒ ‰ ꜚ ĺĺ ҍ ӈ ĺĺ ↕

ᾥ Ҋ ҹ ᵞ ᵌȂҹ ᾥ ׆̆ ⌠

ѿ ꜚ ̆ ױ ҉ ̔ (simplest) Ȃ

↕ ⱳ ԅ ӈ ȁ ȁ ӈ Ȃ ̆ ץױ

ҹ ̆ ₮ΐ ⱬ ѿ ꜚ Ẋ Ȃ  

 

 

 

 

ᴋᵥ ѿ ̔ ׆ ᾥ ( ᾥ ᵝ)₮ ̆

₮ ȁ ‰ ӈ Ȃ ӊ( )̆ ѿ

ԍѿ℗ ̆ ᶫ ‰ Ȃ 

╠ ׃ ԅ ѿ Ȃ ̆ᴋᵥ ѿ ҍ

№Ȃ ׃ױ ԅ ̆ ֓ ҍ

ᴪ ̔ ᾢ̆ № ₮ ̕ῒ ̆ №

̕ ҈̆ №

̕ ̆ № Ҭ 1/2 Ȃ  

ᵖ ױ Ҍֽ ѿ ̆ Ȃ ₮ԅ ԋ ̔

Ғ ḷ Ȃ Ҋ ̆ Ṝ ḱ ȁ ȁ ҹ ᶛ ץ

ᴋᵥ ꜚ̆ Ҍ Ȃ 

 
1* ῤ Ŀ (Ernest Rutherford, b. 1871 Brightwater, d. 1937 Cambridge)̆ѿᵝ ₮

ҍ ץז̕ Ȃ 

2* :ñ The generations are Like knotted strings, entangled as strands. Like rush and grass, moving back and 

forth. ҕ̔ף ̆ ̕ ̆ Ȃò ֽ̆ ḱ ӈȂ 
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╠ ԅ ῒ ̆ Table 6Ȃѿ֓

ѿ ̆ѿ֓ ̆ ѿ֓

ѿ Ȃ ΐᵣ ̆ ҍ ̆

ᴪ Ȃṿ ѿ ̆⌠ ╠ҹ ̆ ᴍ↓ ῒ

Ҭ₮ Ȃ 

Table 6↓ ̆ ҹ ѿ ȂԊ ҉̆

̆ ҹ ץ ӊ╠ ѿҩ ֽֽ̔ ץ

ᵌҌ ̆ Ҍ Ҍ Ὲ Ȃ ↓ Ӟ ױ

Ȃԍ ̆ ױ ң ̔ 
 

 Ҭ̆ ᾥ Ҋ*1ץ Ҭ ꜚ

№ Ȃ № ȁ ȁ Ȃ 

 Ҭ̆ № ꜚ ѿ℗ ꜚȂ ᾥ

ꜚ ץ ῃ ‰ ѿ℗ ȁ ȁ ꜚ̆ ₮ѿ

℗ ̆ ѿ℗ Ȃ 
 

ԅ ױ ׂ ̆Ӟ ῏ Ȃ ᵰҌ ң

̆Ҍ Ả ̆ ῀╩ Ȃ 

( )̆ᴪ ֲӊԊ̔

ԍ ҍ ̆ᵖ ң Ȃ Ҍ

ԍ ף ң Ȃ ԍ ӈ ̆

Ȃ ̆ ҍ20ҕ

˻ ѿ Һ ȂԊ ҉̆ ױ

Ҍ ῒҬ ֓ Ȃ 

№ΐ ѿ ̆ ῏ԍ Ȃ ֓

№̆Ӟ ҹ (fundamental degrees of freedom)̆ ױ

⌠ ԅ ⌠ ѿ℗Ȃ ≢ ̆ ֓ № ȁ

ץ ȁ ȁ Ȃ № ҍ

̆Ҍ ң ׅ ᵌȂ ӊ̆

῏ Ȃ 

ꜚ №̆ ѿ ԍ ױ Ȃ ԍ ̆

Ṝ Ԋ ⱳṐȂ Ṝ Ҭ̆ ᵌӍ

ԍ (fluctuating featureless strands)Ȃ Ẋ ̔ ȁ ȁ

ҍ № ̆ (strands*2)Ȃ 

 
1* Ҍ ᾥ ӊ Ȃѿҩ ̔

ԍᴋᵥ῏ԍ ᾥ ӊ Ȃ 

2* ῌ ̔draden̕ ̔fils̕ ̔Fªden̕ ≠ ̔filiȂ 
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Table 6 ꜚ ѿ ̆ ѿ Ȃ 

 ѿ  

‰  (complete)̕ ‰ ѿ℗ ꜚ( ꜚȁ ꜚ

ꜚ)̆ (Table 1Table 8)̆  

ḱ  Ғ ḷ ̆ page 163 

 ( ↕ ᴺ) 

ҍ  ᾥ Ҋ̆ ̆ ҍ Ҍ ≢ ԋ̕ ῍

№  

№ ‗ ѿ℗  

ץ̆ № ╖₴  

№ (extended)ғ ꜠(fluctuating)̆ץ ȁ ȁ ȁ

ץ  

№ ҅Ғ (only unobservable) ᵣ( ױ ̆ Ҍ

̆ ҹ ֓ ᵣ ̕ ῒ Ҍ ᵣ̆

ҩ ̆ ) 

 ѿ №̕ Ҋ ץ Ҍ ̆ ᾥ

Ҋ  

 ̆Ҍ ̕ ҍ Ҋ ᵌ  

 ᾥ Ҋ̆ ԍҌ ̆ Ҍץ  

 ᾥ Ҋ̆ ̆Ҍ ̕ Ҋ ᵌ  

 ̆Ҍ ѿҩ  

 Ҍ ѿҩԊᴆ̆Ҍ ̆ ҹ ҍ Ҍ ҍ  

 ̆Ҍ  

ᾥ ᵝ ( ҹ1 Ҋ) ѿ℗ ẅ(limit values)̕ Ҍ

ṿ  

ᾥ  ₮ ȁ ‰ ȁ ӈ ȁ  

 ⱬ ׆ׄ ѿ ₮( QEDȁQCD ) 

ӈ  ᾥ Ἡ׆ ѿ ₮ 

ᾥ ᵝ ӈ ̆  

ҍ ῏ ץ̆  ╖₴  

ᶭ  ̆ ҹ ҉ Ҍ  

 Ҋ ҍ ̆ᵖ ῃ ᾥ Ҋ Ҍ  

ӈ ѿ ѿ №̆ ñ ò  

Ὲ  Ҍ ̆ ҹ Ҍ ̕ ᴿ Έ  

 ᾥ Ҋ ӈ ̆ ҹ ӈ  

 ᾥ Ҋ̆ ԍ └̆ ӈ  

 ԍ └̆ ᵌ  
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῀  
 

(strand model) ԍѿ↕ ̔ 

 

 Ҍ ȁ ȁ (strands) Ȃ 

 

ױ ̆ ⌠ ѿ℗̆ ȁ ȁ ȁ ̆

ѿ҆ ῍ № Ȃ Ҍ ғ ̆ᵖѿ℗ ԍ Ȃ 

 

 ѿ℗ ȁ ȁԊᴆ Ԋᴆ ̔֜ (crossings witch)Ȃ 

 

ѿ℗ ̆ ᶏ ѿ↕ ̔ 

 

 ᾫ ᵣ(planck units) ֢ (crossings witch) ӈ Ȃ 

 

Table 10 ̆ѿ℗ ԍ ӈȂѿ℗ ץ ѿ℗ Ԋ

ᴆ Ȃ ↕ ԅҹָӇ ᾥ ᵝ ᵣ̆ץ ױ

ᵥ ҹ ᵝ Ȃ ≢ ̆ ҩ ᾥ ᵝץ Ҋ ԑ῏ ̔ 

 

 ᾫ꜠ᵲ (planckôs quantum of action)Ἡ-0 ѿ ֜ ꜚᵬ

Ȃꜚᵬ Ἡ ң ֜ ̆ ѿ ѿ ѿ Ȃ  

 ḱ ᾫ (planck length)װКϿ; 2ׄ Ἡ-עо Ȃ ԍ

ᾥ ⌠ ̆ΐ Ҍ Ȃ 

 ᾫ (planck entropy)̆ ῗ ̆ת ҍ֜ ῏

ᵝ*1Ȃ 

 ḱ ᾫ (planck time)ᴃКϿ; 2ׄ Ἡ-עϧ ѿ ֜

Ȃ

 
1* ӊ̆ פ Ἡ;װКϿ;ᴃКϿ;ת;/Ȃ ױ ᵝ└(SI)Ҭ ΐ ṿ̆ᴪ

ꜚ ȁ ȁ ᾥ ӈ ₮Ȃ 

̔ ̆ Ԋᴆñ ò̆ ӈҹ҈ Ҭ

֜ Ȃ֜ ӈԅꜚᵬ Ἡ-0ȁ ᾥ ȁ ᾥ ȁ ῗ ѿ  0Ȃ-ת

Figure 10 

(strand model)  

     

҅֙ Ї 

ᵜҒ ԝ  

ל ;Ἡ0¡ 

 КϿװ;װ

ᴃ;ᴃКϿ 

 ¡0ת;ט
ᴃЕ ᴃф 
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ԍ ᾥ ֜ ℗ ӈ̆ ῒҌ ғҌ Ȃ

Ҋ̔ 

ᵥ ̙֜ ℗ ᴋץ ̆Ҍ ̙ Ӈ

ᾥ ᵥ׆ ̙ Ȃ Ӟ

̆ ӈ Ȃה № ̆ ӈ

ñ ò̔ ҉ ԍ Ȃ ᶏ ’Ҋ̆ Ӟ

ҹѿҩ ᾥ Ȃ ̆ ԍ ᾥ

֜ ℗ *1Ȃ 

Ҍ ̕ ̆֜ ԑ ꜚȂ ֜

ᶛ Table 11 Ȃ 

ᵰ ₮ ᾥꜚ ȁ ᾥⱬ ᾥ ̙ 

̆ ױ ̔ ҩ ᾥ ᵝ ҍ ῏

ṿȂ ̆ ԅ ӈ ӈ ȁ ꜚ

ⱬ (p Ҍ ˻)Ȃ׆ ҉ ̆ ҩ ץ ԅ

20ҕ ֓ №Ȃᵖ Ҭ̆ ӟ Ҍᴪ ̕

̆ ױ Ȃ 

 

 

 

 

 

 

 

 

 

 
1* Ҭ ᶭ Ȃ ҍ Ḡ ѿ ( ѿ "

" " " ץ )̆ ץ ҩ Ȃ ѿ ֜ ℗ ῒ

ꜚ ԍ Ҭ ׆̆ ҍ ῏ ̆ ҩ ṿ ῀

Ȃᵖ Ḃ ̆ ׅ ԍ ҬȂ 

 

 

 

 

  

 

҉ ̔ ֜ ᶛ̕Ҋ ̔Ҍ ֜ ᶛȂ Figure 11 
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ԊᴆĿ Ŀ Ŀ ԑᵬ  

 

Ҭ̆ ҩ ҹѿ ↓֜ Ȃᵖ ҩ

Ӟ Ԋᴆ ↓Ȃ ױ ̔Ԋᴆ (events are processes)̔  

 

 ᴋᵥԐᴌȁ ȁ ȁ ԑᵬ ̆ ₮ ң ֜ Ȃ 

 

֜ Ȃ ̆Ṣꜛ֜ Ԋᴆ ԑᵬ ̆

ף ₮ ‰ ̆ ԑᵬ ץ

Ȃ 

ΐᵣ ̆ ױ ̔ 

 

 ȁ ȁפ ;/15,.14&/' ԍ֜ Ȃ 

 

‰ ̆ ῒ Ȃ ӊױ ᴪ

ѿ Ȃ 

 

 

 

 

 

 

 

 

 

 

 
 

׆ ⌠ ף  
 

ѿ ѿҩ ̆ Ҍ ѿ ↓֜ Ȃ ֜

Ȃ ̔ ױ ѿ℗ ĺĺ ȁ

ȁ ȁ ₱ ĺĺ Ҭ ֜ Ȃ Ҋ

Һ ΐ Ҋ̔ 

 

 ֢ (A crossing of strands) ӊ ṿȂ Figure 12

̆֜ ᵝ ȁ ȁ ᵝ ӈȂ 

 

̆֜ ᵝ ȁ ȁ ᵝ ‗ ₱ ᵝ ȁ ȁ ᵝȂ

 
 

 

 

 

֜ ӈ̆ ῒᵝ ȁ ȁ ᵝȂ Figure 12 
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ᴋ ѿ ᵬҹ ӈ Ȃ ᵝ ӈҬ ᴋ

̆ ӊ ᴪ ̔ ҈ Ȃ 

 

 ѿ ֢ (A crossing switch) ᵝ ֜ Ȃ 

‰ ̆֜ ᵝ Ȃ 

 

≢ ₮̔ ֓ ӈ ⌠ԅ ῃ ҈ҩ ̆ ֜ ֜

ҍ ῗȂ ҍԋ Ҭ ֜ ӈ Ҍ ̔ ԋ Ҭ̆֜

‗ԍ Ȃ  

⌠̆ ҌḠ ֜ ̔֜ ᴪ Ȃ

₮ ҍ ῏Ȃ 

̆Ԋᴆ ҉ ̔ 

 

 Ԑᴌ(events) (ѿ )Ҍ ֜ Ȃ 

 

ԍѿ℗ ҹ Ԋᴆ̆ ѿ℗ Ԋᴆ ӈ

₮Ȃ Ȃ 

̔ ȁ ⱬȁ ↨ ȁ № ȁ ȁ

̆Ҍ ԑ ȁ℗◓ȁ Ȃ ̔ Ҍ

̆ ῒ֜ Ȃ №Ȃ ױ

̙ ױ ᴪ ҩ Ȃ 

 

 (strands) ҈ Ҭ ѿ ̆ғ ᵈ Ȃ 

 

҉̆ (border of space) ң ӈȂ Ẋ ̆

Ȃ ᵣ ̆ Ȃ 

ḂẊ ΐ ᾥ ׅ̆ ᶏӊ ̆ ҹ

( ᾥ ѿ℗ Ҋ )Ȃ ᵞ Ҋ̆ ᶃ ᵌȂ 

 

׆  Һӈ ӈ ̆ ̆ 

Ҍ ᾥ ̆ӞҌ ̔ ױ Ἕ ԐȂ 

 

Ҍ ȁ ̆ Ȃ ԍ ꜚ̆ ᴇ

̆ ԍ ꜚ̆ ץ ҹΐ ̆ ᵌԍ Ԑ

̕ ץ ꜛ Ȃ ԍ ԍ

ꜚ̆ ᴶῗ (boost)Ҋ Ҍ Ȃ ⌠ ñ ò

ӈȂᵖҹԅᶏ № ̆ ױ ΐ

Ҍ ᾥ ѿ Ȃ  
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№ Ȃ ҹָӇ ңҩ Ȃ ԍ

№̆ ̆ ҍ ȁ ҍ ̆ Ҭ

Ȃ ᾢױ ң Ȃ 

 

 (physical space)̆ ̆ ̆ ΐ ȁ

ῒ Ȃ 

 (continuous background space) ῀ֽֽ̆ ҹԅ

Ȃ ᵝ ῀ԅז Ȃ ҍ

̆ ᶏ ᵝ ӞҌᴪ Ȃ ᵝ

̆ ғΐ ҈ҩ ѿҩ Ȃ 

 

ғẐ Ȃ ₮ ץ̆ ҹᵥ ҈

Ȃ Ẋ ҹ ̆ ᴋᵥ Ȃ ’Ҋ̆

ҍ ̆ ץ ᾥ Ҋ̆ԋ Ҍ Ȃ 

 

 (fluctuations)ᴪ ᵝ ȁ ̕ ᴪ ֜

ᵝ ȁ ȁ ᵝ̕ᵖ ꜚ Ҍᴪᾛ ѿ ѿ Ȃ 

 

Ҍ ԑ ̆ᴋᵥ ꜚ Ȃᶛ ̆ └Ȃ

֜ ̆ ᴪ֟ ̆ ꜚȁ ̆

Ȃ 

 

  

Ҭ ∆ ̕ ױ ֓ Ȃ Figure 13 

 

1/2 

 

 

1 
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 (fluctuations) ῀(embedding) Ȃ 

 

Ҭ̆ ᶏ Ӟ ꜚ Ȃ

ȁ ̆ ῒ ῀ ѿ Ȃ ԍ Ȃ 

ԍ Ҍ ( ῀ ) Ҭ ѿᵝ ᴋᵥ ꜚ

(disturbance)ᴪᴶ (propagate)Ȃ № ֓ ꜚ̆ ῒҍ ᵥҌ Ȃ 

֜ ̆ ԅ Ԋ ̆Ӟ ԅѿ℗

Ԋ Ȃ Ҋ Һ №

̆ ῒ ѿ℗ ≢ԍ Ȃ׆ Ҭ ѿ℗

ȁ ȁ ̆ № Ȃ 

ᴪױ ̆ѿ℗ ץ ȂTable 7∆ ԅ ȁ

ᵥ Ȃ 

 

 (tangle) ѿ (linked) (knotted) Ȃ 

ῒ (ῒ ΐᵣ )┴ Ȃ 

 

Table 13ԅ₃ ̆ Ȃ ӊ ̆ ᴪױ ̆

ҬҌ ᵬ Ȃ 

ȁ ȁ № ̆ Ȃ ̆

№ ̆ ᴪ ₮ ‰ ̆

ғҌᴪ ₮ῒ Ȃ 

ױ ᴪ ̆ ꜚҍ֜ ̆ ץ ₮ ӈ

ҍ Ȃ ̆ ԅ Ҭ ⌠ ѿ℗

̆ ԑᵬ ҍ ꜚ Ȃ 

֜ ҍ Ȃ ₮̆ ҹԅ ⌠ ӈ

ᾥ ᵝ ѿ ̔ѿ   ̆

ѿ ꜚᵬ ȁ ӊ Ȃ 
 

 

 

 

 

 

 

 

 

 

ҍ ῏ Ȃ Table 7 

   

ҍ  ȁ  ₄  

ⱬ  ң   

ⱬ    

  ̆  

( ) ѿ  ѿ  

ῖ ( )  /  

ᾥ( ) ң   

( ) ҈   

 
̔ (linked/linking)Ҭѿ ҹñ òȂ 
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̆ ױ ׆ ₮ ̆ ȁ ȁ

Ȃ׆ № Ȃ 

 

 (vacuum)̆ (physical space)̆ ԍ

(many unknotted fluctuating strands) Ȃ 

 

Table 14 ԅ ѿ ӈȂñ òҍñ ò ᵬҹ ӈ ̕

̆ ңҩ *1Ȃᵖ ̆ №

Ȃ ῒ̆ ҍ № ̆ ӊ ̆

ӈ Ȃ ӊ ̆ ᶏ Ȃ 

̆ ҊҌᴪ₮ ֜ Ȃ ῀

̆ ӈ҉ (knot)Ӟ (tangle)̆ ױ ⌠

Ȃ Ҭ ₮ ҳ ̆ Ȃ 

( ) ᵬҹ ֜ ̆ΐ ȁ ᴼ῞Ғ

҅ ̆ ֓ Ȃ ̔ ץ ҍ

̆ ₮ ӈ Ȃ ԅᴰף ñ ò ñ

òȂ 

̆ Figure 14 ᵌ ̆ᵖ ῒ (isotropic)Ȃ

ҹ̔ ֜ ̆ Ҍ ̆ ғ ⌠

Ȃ 

 

  

 
1* ̆ñץ (aether)òҹΌᵩ̆ ῒҍñ (vacuum)ò ҉ №Ȃ 

bƻǘƘƛƴƎ 

 

Ȃ Figure 14 

 ӊ  

(vacuum) 
֜  

 

̔ 

(ֽ ) 
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Ҍױ  Ạᴋᵥ ̆ ᴇ ̆Ҍ

Ạᴋᵥ Ȃ ҹ Ҍ ̆ ῒ ӈ Ȃ ≢

̆ Ҭ Ȃ 

 

ӈҹ ̆ ԅ ң ̆

ԅԋ ӊ Ȃ Ӟ ̔ѿ ̆

₮ ̆ᵖ ӈ ̕ ѿ ̆

ѿҩ Ȃ ҹ֜ № Ȃ

יּ (Wheelerôs idea space-time foam) Ȃ 

 
 

ҍ  
 

ṿ Ҋ ӈ̔ 

 

 ң (distance) ԋ ⌠ ֜ Ȃ

̆ ᾥ Ȃ 

 ңԊᴆ (time interval) ԋ ӊ ⌠ ֜

Ȃ ̆ ᾥ Ȃ 

∆׆  ⌠ ꜠ᵲ (action) ֜ Ȃ

̆ꜚᵬ ֜ Ȃ ꜚᵬ

Ȃ 

 (entropy)ҍ ֜ ῏Ȃ ̆

֜ ӈ Ȃ ̆ᴋᵥ

ΐ ̆ ȁ ȁ Ȃ 

 

ῒ ҩ ӈ Ȃ ӊ̆ѿ℗

֜ ӈ Ȃ ⌠ѿҩ ̆ᵖ

ṿȂ ԍ ҍ ꜚ̆ ṿ ץ ᾥ ᵝ

ṐȂ ̆ ȁ ȁꜚᵬ ȁ ȁ ῒ ҉ ̆

Ӟ Ȃ ̆ ҍ ԅȂ 

֜ץ̔₮ ӈ ̆ ꜚᶏ ᾥ ᵝ ϩ-2ׄע*Ἡ*ע ת*

ץ ױ ҍ ῏̆ ṿȂ ֓

ѿ Ȃ 
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ҍ  

 

Figure 15 ̆ ӈԅ ̔ 

 

 ѿ (a quantum particle) ѿҩ (a tangle)Ȃ 

(core)̆ ԑ ̆‗ ԅ ᵝ ȁ

ȁ ᵝȁ Ȃ (tails) ᵈ⌠ Ȃ 

 

̆ ̆ ѿ ӈᴪ֟

ҹ̆ - Ȃ 

ᶏ ױ Ȃ ≢ ̆ ᶏ ױ

₮ ⱬ ң ⱬ ץ̆ ‰ Ҭ Ȃ 

ᶏ ױ ₮ ᾥ ץ)

)Ȃ 

ѿ℗ № ̆ ᴪױ ̆

̆ ғ ‗ ԅ ȁ ȁ ȁ ȁ

Ȃ Ӟױ ץ ӊҹ (tangle model)Ȃ 

̆ף1960 Ŀּי ₮̆ ѿ ñ ȁ

ȁ (mass without mass, charge without charge, field without field)òȂ ᴪױ

̆ ԅ ѿ Ȃ 

ף ӊ╠̆ ױ ᵬẢ ̆ ѿ֓ѿ Ȃ 

 

(tails) 

(core) ᵝ (positions) 

ᵝ(phases) 

֜  
(crossing orientations) 

֜    

      

 

ᵝ  

ᵝ 

1/2 Ȃ ₮ Ȃ Figure 15 

 ӊ (fermion) ⌠  
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̔  

 

ҹᵥ֜ Ҭΐ ᵝ̙ѿҩ ῒ ӈ

ᵬ Ȃ ̔ ᵝ ȁ ȁ ῒ ᴋᵥ Ȃ

̆ Ҭ ѿ℗ ᾣ Ȃ ̆ᾣ

ҍ ҍ֜ ℗ ῏̆ ױ Ҋ ԅ ⌠ Ȃ 

** 

̙ ץ ̆Ӟ ץ Ȃѿ ̆ ñ ò

└ Ȃ ѿ ̆ñ ò ԍ ᾥ ꜚҌᴪ֟ Ȃ ̆

ñ ò ñ ò ңҩ ⱴԅ ̆ ҹ ױ Ҍ Ȃ ῒ ꜚ

Ȃ 

** 

ָӇ ̙ ױ ѿ Ȃ

̆Ҍ ̆ № ̆Ҍ ̆ ῒ Ҍ №◓Ȃ ñқ

(substance)ò ᴋᵥ ̆ Ҍ ᴋᵥ Ȃ ӌѿ ᴪ ֲ ⌠

Ȃ ̆ ױ ᴪ ↓Ȃᵖ Ȃ Ԋ

ᴆ ӈ ̆ ȁ № ҉ Ȃ֜ Ҍᾛ Ặ

̔ ױ ҉ Ҍ Ȃ ҉ ñ ò Ҍ ̔

ױ Ҍ (not exist)Ȃ 

ױ ᴪ ҹ̆ қ Ȃ ᴪ ̆ Ҭ̆

̆ ץ Ȃ ѿ Ȃ ץ ̆

Ҍ қ ̆ ѿ℗ Ȃ ᵣ Ȃ 

** 

ѿ ̆ ѿ Ȃ ᾥ Ҋ̆ ѿ

ҩҌ №◓ ᵣȂ 

** 

ָӇ̙ Ҭ̆ѿ ѿ Ȃ ӊ̆ Ҍ

№ðð Ȃ ̆ Ҍױ Ȃ 

Ҭ̆ Ҍ ̆ᵖӞ ӈ ᵣȂ Ҍ

ӊ Ȃ ̆ Ḡ ԅ ᴇṿ̆ ԅῒ

Ȃ ץ ̆ ԅñ ò ñ ò Ȃ ԅᾢ╠ ѿ Ȃ 

** 
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(determinism, ‗ ) ׆ Ҭ֟ ̙  

** 

ᴪ ֜ ̙ң ᴪ ֜ ̙  

** 

֜ ҈ ҉ץ Ҭ ӈ ̙ 

** 

ᵰ ⌠ѿ ḱ ̙ 

** 

ѿҊ̆ ױ ᴪ ⌠ ҍ Ŀᴚ (David Deutsch, ӊ ) Ṥ

ñ̓ ԍ (IFQ , it from qubit)ò ӊ Ȃ

ӊ ָӇ ≢ ̙  

** 

⌠ԅῒ ̙ ̆ ₮ ₃ ̆

’ Ȃᶛ ̆ Ŀ≠ (Steven Carlip)ѿ Ҭ̆׆ ӈ

Ҍ ԅ ז̆ ₮ ̆ ֓

ѿҩ῍ ̆ ñ ┴Ҋ (space at a fixed time is thus 

threaded by rapidly fluctuating lines)òȂ ῤ Ȃ 

** 

Ҍ ⌠ԅῒ ѿ֓ Ȃ ֓ ̆ᵖ῏

ׅ ҍ Ȃ ԍ Ҍ ḱ ̆

ᴋᵥѿ↕ Ҍ ̆ ҩ ᴪ Ȃᵖ ╠ҹ

̆ ᴋᵥ ҍ Ȃ 

 
 

ѿԅ ̔  
 

Ҝ ╠₃ Ҭ ̙ Ȃ

ᾥ Ҋ̆ № ҍ ̔ ױ Ȃ

ᾥ Ҋ̆ ṿҌ Ȃ ₮ ҍ

Ҋ ҹ ѿ̔ ѿ Ȃ Ҭ

ӈ̆ ғ Ҍ ѿҩ Ȃῒᵩ ֞ ꜚ ₮̆ Ȃ 

̆Table 6 ↓ ᴆ₃Ӎῃ ̆ ңҩ῏

῀ ̔ ҍҌ ḱ Ȃ ׆ᾢױ Ȃ  
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ԅ ҩ ̆Ӟ ⱬ ⱬҍ ῏

Ȃᵖ Ҍ Ȃ ѿ ̆ ‰Ȃ ᾢ

ѿ℗ Ȃ ̆ ӈ ҍ ‰

Ạ⌠ԅ ѿ Ȃ ̆ ‗20ҕ Ȃ ԍ

̆ Table 8ҬῬ Ȃ 
 

 

 

 

 ԋ ץ  

‼ Е  

;/-/15,.14&/' ᵞ ṿ 

u  я ᵞ ṿ ṿ 

в ѿ ṿҊ ṿ 

У Έױ ᾥ ṿ 

Ͽ Έױ ṿ 

юױ  W ṿ 

 ϰ ṿױ

Еф*Ео*фо ҈ ᾥ ṿ 

 ᾥ CP ᵝ ṿ 

Еф*Ео*фо ҈ Ҭ ṿ 

*Е*ф ҈ Ҭ CP ᵝ ṿ 

1 ף 2 ץ ѿף  

H*N*A   

‼  

ҬҌ ת*Ἡ*ע ᾥ ᵝ  

1)/  

QM&1*/' ⱴ ̆ ȁᵝ ȁ ȁꜚ  

 ₱  

Q&ײ' ῃ ̆  

 ̆ ≢ ̔ 

S&/' ̆ ȁ ȁ  

QS&0' ԑᵬ ȁ Ҍ  

QS&1' ԑᵬ ῒ CP  

  

ל ;. ꜚᵬ  

ל ;  бЄbᴃב
‰  

̔ ‰ ӈ ̕ ̆Ӟ ԍ ꜚ

ѿ ѿ ↓ Ȃ 

 

Table 8 
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 ԋ ץ  

ӎ Ὴ  

. ⌠ ̆ ҹ  

/,0&/'/.фиk ̆ ñ ò( ҩ ӈ ) 

bc; ϩ-&6ע 'ׄ 

.,3lH-k1 

⌠ ȁ ṿ  

 

 

&3 2'/.зЌ Ҭ ( ӈ )̆ 

Ҭ  

bk  

./,ע*ї&/*µץ
Ќї' Ҭ 1090ҩ ∆ ᴆ( ֓ ᴆ ӈ )̆ 

№ ץ̆  

ӎ  

ׄ*ע  ӈ ҬҌ ᾥ ᵝ  

P Qо ⌠  

ׄ  ȁ ȁ  

ל ;. ӈ ꜚᵬ  

ל ;  EPbᴃב
ӈ  

 

 

ᴋᵥ ȁ ѿ ̆ ‗ Ҭ Ȃ

Ӟ ‗ Ȃױ ֓ ץ ҹң ̔ 

 

¥ ȁ ‰ ȁ ӈ ȁ Ȃ 

¥ ȁ ȁ Ȃ 

 

̆ ԋ ѿ Ȃᵖ ѿ Ӟ Ȃ Ҋ

ңҩ Ȃ 
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̔῏ԍ ҍḱ  

Һ ⱬ ԍῒ Ȃ ῒᴋѿ

ᴺ̆↕ ҩ ̕ Ҍ ᵣ

╠ Ҋ ḱ ̆ᵌӍ Ȃ 

 

ȇ (The Times, 28. 11. 1919)Ȉ 

 

ꜚ ̆ ꜚ Ȃ Ҍֽ

ҍ ̆ ΐ Ҍ ḱ Ȃ ӈ ₮ ѿ

ᵌ Ȃΐᵣ ̆ᴋᵥҌ ḱ ΐ ̔ѿ

ῒҌ ̆ԋ ῒ֞ Ȃ 

ҍ ץ ҹӏȂ ᴋᵥ ̆

ױז ĺĺ Ṝ ѿ ҈ ҉ץ ȁ

῀ ԍ҈ף ᾥȁ ȁ Ҍ ȁ ⱴ

̆ Ҭ ̆blah, blah, blahȂ ̆ ױ

ᴪ ᵣ̆ ָӇ ȁ№ ᵣ ᴋᵥ Ȃ  

 

 ̙Ҍ Ȃ 

 

̆ Ҍ ᴋᵥѿҩ ˻ᴋᵥ Ṝ ѿ

Ҍ Ȃ ӊ̆ ̆ Ӈ

ꞋȂ ╠ ԅ ѿ ̔

ᴋᵥ Ȃ 

ᵥ׆ ̙ ҉̆ ̆

֟ ΐ ̆ ҹ Ȃ ̆

҉̆ ᶛȂ ’ ⌠ñ ᵌ(approximation)ò ñ ᶛ

(special case)ò ᵬ ӈ Ȃ ₮ԅ ԋ Ȃ 

ӈ ҍ ‰ ҹ ᵌ̆ᵖ ױ ҹ

ѿ ᶛ̙ ӊ̔ 

 

 ѿ ѿ ̙Ҍ Ȃ 

 

ӈ ‰ ̆ ץ ױ ᴋᵥ

Ӟ Ạ⌠ ѿ Ȃ ⱬȂ ѿ ңҩ

̆ Table 8Ҭ ᴋᵥѿҩ ˻ ̆ ӈ

‰ ᵌ̆ᵖҌ ’Ȃ ѿ

̆ Ӈῒ ᵌ ̆ᵖ Ҍ Ȃ ѿ  
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ӊ̆ Ȃ ̆

ӈ ԍ ̆ғҌ ף Ȃ ױ ₮ ̆ ꜚ ѿ

Ҍ ̆ӞҌ ‰ ӈ Ȃ ѿ Ҍ ̆

ӞҌ ñ ò̕ ѿ Ҍ ḱ *1Ȃᵰ ץ ѿҊ̆ ѿҤ

ԅ ѿ Ȃᶛ ̆ ҩ ԅ ѿ (GUT)ȁ ȁ

ᵬҹ ѿ №̔ ֓ ԅ ‰ ̆ ғ

ױ ḱ ̆ Ҍΐ ⱬȂ 

ѿ ӈ ҍ ‰ Ҍ ḱ Ȃ

ȁ ȁ ⱬ ‰ Ҧ ѿ ̆

ῒ ḱ ̔ԋ ҕ ₮ Ṝ ῒҬѿ

Ȃ 

Ҋ ̔ Ҍ ḱ Ȃῒ ᴋᵥ ҩ ᵣ

̔ ׂ ᴋᵥ ḱ Ȃ ױ ⌠̆

‰ ̆ ӈ Ȃ ҹ ⱬṜ Ȃ 

 

 

ҍ  

Simplex sigillum veri. 

Ȃ  

 

 

Ẋ ױ Ҍ ḱ ׅ̆ ң Ḇᶏ ױ

ᵬҹ ѿ ̔ῒѿ̆ ѿ ҍ ӈ

̕ῒԋ̆ ῏ ̔ ѿ Ҍ ԍ ȁ ᴋᵥῈ ᵣ

Ȃ ᾢױ Ȃ 

҈ ȁ ᾥ ᵝȁ ҍ ̆ № ΐ ғ

ꜚȂ҉ѿ Ȃ № ѿ ̆ ҹ ̆

Ӟ ҍ҈ Ὶ ѿ ȂԊ ҉̆ѿ ԅ ҈ ̔

ҹѿ ԍ҈ ҬȂ ᴋᵥ̆҉ץ ץ

Ȃ 

Ȃ ῒ № ҹ ̆ ̔ ȁ

ȁ ȁ ȁẒ ȁ№ ȁ ȁ ᵣȁ (ribbons, bands, strings, membranes, 

posets, branched lines, networks, crystals and quantum knots)Ȃ ֓ ңҩ׆№ ⱴԅ

̔ ױ ⱴԅ № ̕ᶏ ҍ Ȃ 

 
1* Ŀ ᴚ (David Deutsch, ӊ ) ₮ ᵌ ̆ῒ ‰ҹ̔ ץ ꜚ(hard to 

vary) Ȃ ‰ ԍ ̆ ץ ̔ ӈ ҍ ‰

Ȃ ץ Ȃҍ҉ Ҍ ḱ Ȃ 
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ᾢ̆ῒ ᶏ № ׅ ̆ ΐ ̔ ⱬȁ ṿȁ

ȁ ȁ ȁ ȁ ȁ ₄ Ḥ (tension, field values, coordinates, quantum 

numbers, shape, twists, orientation, non-trivial topological information) Ȃ ѿ֓ Ҭ̆

ΐ Ȃ ֓ Ẋ ̕ ױ ֲҹ ⱴ⌠

Ҭ Ȃ ץ ῒ ̆ ῒ Ȃ ֓ ⱴԅ

Ȃ ӊҊ̆ Ҍ Ȃ 

ῒ ̆ ҍ Ҍ ѿȂᶛ ҍ

Ȃ ҹ̆ ᾥ ץ ӈ ̆ ԍ

֜ ׆̆ ҍ Ȃ ֽ ñ ֜ ӈԅ

ᾥ ᵝòѿ↕ ̆ ѿң ᵣ Ȃ ᴪױ Ҍֽ ԅ

̆ ԑᵬ ҹ ᾥ Ҋ

̆ῒ Ȃ 

ױ ⌠̆ ҈ ̔ ҈

̆ ᶏ ҉ ȁ ȁ ȁ ̆ ׅ ӈ ̕

ӊ̆ ҍ Ҍ Ȃ ӊҊ̆ ҈ ̆Ҍ ȁ

ȁ ̕ ῒ֜ ṿ̔ ῤ Ȃ 

ѿ℗ ̔ ԍ ȁ ꜚȁѿ № ̆

ѿ ̆ ╖₴ ↕Ȃ ᴪױ ̆ ȁ ԑ

ᵬ ̆ Ȃ 

ԇ ᴨ̔ל ᾢ̆ ̆ ᾧ ȁ Ḥᴀ

̕ῒ ̆ ̆ ̕ ῒḂԍ ῒ ‗

̆ ױ Ṣ ┴ Ȃ 

 

 

 

 

 

  

ᵣ Ṣꜛ ץ ҍ  

Ԋᴆȁ ȁ Ԋᴆȁץ  ȁ3+1  

 ῀ ץ ҍ  

 ᶭ ץ ҍ  

ץ  ҍ  

Ẽ ח-/ᾋח  Ẽ ץ ҍ  

Ὲ ᵣ ғ ӈ Ὲ ᵣ  

 

 

ҍ Ȃ Table 9 



 

 

 

07.  

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

 

157 

ҍ ӈ 

ᵝ ȁ ̆ Ҍ Ȃ [...] 

 [...] ѿ  Ȃױ

֒ ȇ (3.1)Ȉ 

 

Ҭ̆ 3+1 Ҭ ꜚȂ ҩ ῀Ȃ

̆ ᵝ Ҍ ̕ᵖ ҈ҩ ѿҩ

Ȃ ̆ ȁꜚ ȁֲ̆ ̆

֟ Ȃ 

ԅ ӈ̔ ̆ Ȃ ̆

ӈ҉ Ὲ Ȃ ԅ ѿ ӊѿȂ 

ҹᵥ₮ ӈ ̙ ῏ԍ ꜚ (ҍ )Ȃ ѿ

ꜚ Ȃ ̔ѿ ̆ҹԅ ̆

Ṣꜛ ᵬҹ ̕ ѿ ̆ҹԅ ‼ ̆ ѿҩ

̆ ғᶏ Ȃ ᵌ ȂTable 9↓ҽԅ

ᵌ ̔ Ҍ ѿҩ ̆ ̆ ̆Ӟ ̆ΐ

Ẽ ̕ᵖ ҹԅ ̆ ױ ѿҩҌΐ ֓ Ȃ

֓ ᵌ ̆ Ҍ  ̔ױ

 

 Ȃ 

 

ӊ̔ ѿ ‰ ꜚ̆ ᶏ ױ ᶏ

Ȃ ῒ ̆ ӈ Ȃ ҹ ̆ױ

ѿ №̆ ѿ ̆ױ ױ Ȃ 

̆ ̆ᵖ Ҍ Ҍ ԍ Ȃ ҉̆

Ҍ ԍᴋᵥ ѿ ̆ ԋȂ ᾢ̆Ҍ ̆

ӈȂ ҬҌᴪ₮ ̆ Ҭȁ Ҭ

Ҍᴪ₮ Ȃῒ ̆ ԍ ̆ Ҍ ԍ Ȃ 

ױ ̆ ᾢ (exist a priori)̆ ֒

̆ ҹ ԍ Ȃ ֟ ̆

Ҍ ᾢ ̕ ᴋᵥ ̆

ȂFigure 16 ԅ ₮ ‗ Ȃ 

ҍ ӈ̆ᴋᵥ ‗ ᴪ ῀ Ȃᶛ ̆

ץ ӈ ᾝ ( )̆ Ȃ

ׅ Ὲ Ȃ Ὲ ֓

№ ̆ᵖ ԍ ҩ Ҍ Ȃ ῖⱬ ȁ ꜚⱬ ȁ ȁ

̆ ӈ Ὲ Ȃᵖ Ҍ ҩ ðð ѿ

℗ ꜚ Ὲ ̆ӞҌ ѿҩ Ȃ  
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ѿҩ Ȃ ╠ ̆ Ҭ ̆ғ ֜

Ȃ Ȃ ӊ̆ ᶏ

ץ) )̆ᵖ ֓Ҍΐ ӈȂ Ҭ ȂԊᴆ

ᵝ ֜ ‗ ̆ ⌠ѿҩ ᾥ ̆ Ԋᴆ ᵝ

└Ȃ ῤ ԅ ᾥ ̆ ԅᴋᵥ ѿ

ѿҩ Ȃ 

ⱬԍ ѿ ҳ ̆ (ɒ ) ҹҤ ғ ֲȂ

̆ Ӟ ̆ᵖ Ҍᴪ ӈ̆

ᶏ ӈ ̔ ᵣ ῒ ᵣҌ Ȃ Ḃ

ᵬ ̆ ֲ └̆֞ └̔ѿ

ῒ Ȃ ⱬԍ ѿ ̆

ӈ̔ ꜚ ‰ ױ ⌠ᵬҹ Ȃ Һ

̔ ᶏ Ҍ ԍ ̆ Ӟױ ױ Ȃ 

ױ ₮ ̔ ҅ Ғ ῎ ЇҒ ԓ Ї ⅎ

ғ ЇҙҒ ῗ (A unified description cannot be axiomatic, cannot be 

based on observable physical points, must distinguish physical space from background space, and cannot be 

background-independent)Ȃ ԍ № Ӟᶏ ̆ᵖ ӈ ҍῈ

Ȃ Ҍ ѿ Ȃ ӊҊ̆ Ḡ

ԅ Ҍ ̕ Ҍᾛ Ὲ ֽ̆

ᵬҹ ᵌ Ȃ 

 

Ҭ̆ ̆ ( )ҍ

Ҍ Ȃ 

Figure 16 

 

( ) 

 

 

( )  

( ) 

 

 

( ) 

 

( ) 

 

( ) 

 

 

( ) 
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̔  
 

№Ӟ ѿ ᴆȂ Figure 17 ̆ ꜚ

(funnel) ףץ Ȃ Ҭ̆ ѿҩ҈ ̆

҈ Ȃ 

̆ ҹ ᾥ ̕ Ӟ ΐ

ῒ ̕ ̆ ԍ ̆ ῒ ꜚ ҉ ץ ҩ

ᵝ ׆̆ ᾟ ̆ ᶏῒ ᵞȂ 

ҍ ҩ Һ ᵌ ̔ ᵌ (wormhole)̆ᵖῒң

҈ ̕ ᵌ D (D-brane)̆ᵖ ῀҈ ̕ ᵌԍ

⌠҈ Ҭ (exotic manifold) ѿ №Ȃ ꜚ Ӟ ױ ⌠╠

⌠ Ȃ ̆ҍ ȁD ȁ ֓ ᵌӊ ꜛҌ ̔ ╠ҹ

̆ ֓ ֟ ѿ Ȃ 

∆ ̆ ᵌӍҍ ῃ *1Ȃ ̔

Ҭ ñ ò ҹñ ò̆ ᶭ Ȃ ≢ ̆ ₮ ȁ

‰ ҍ ӈ Ȃ ԍԋ Ҥ ̆ ֽ ‗ԍ Ẓ ̆

Ȃ └ Ҝ Ȃ 

 
 

ҍ  
 

2008 ₮ ∆ Ҭ̆ ᾛ Ȃ ҩ

̆ ѿҩ ѿҩ ̆ Ȃᵖ

ҍ ѿ ∆ Ȃ 

2015 ̆ ץ ף ( ԇץ )Ȃ

ҍ ҬҌῬΐ ӈ̆Ӟ ѿ ԅ Ȃ 

 
1* ңҩ ₮ԅ ̔ ̕ ᴶῗ Ҋ Ȃ ѿҩ

╠ Һ ̆ᵖ Ҍᴪ Ȃ ԋҩ ԍ ꜚ ⌠ Ȃ 

№ ң ̔ 

ҍ Ȃ 

Figure 17 

(funnels) 

(strands) 
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Е ғ  

 

ױ ῀ԅ ȁ ̆ ӊᵬҹ ȁ ȁ ȁ ῍

№Ȃ ױ Ԋᴆ ӈҹ ֜ Ȃѿ℗ Ԋᴆ Ȃ

Ԋᴆץ Ṣꜛ ᾥ ᵝ ӈ ̆ ᾥ ᵝ ԍ

֜ Ȃ ֜ ̆Ṣꜛ ᾥ ᵝ ӈѿ℗ ̆

Ȃ 

ԍ ̆ᴋᵥѿ ðð ȁ ȁ ȁ ₱ ðð

ԍ֜ Ȃ ҩ Ȃ  

ԅ Table 6 ↓ ѿ ѿ ̆╠ ‰

ѿ℗ ꜚ̆ғҌ ḱ Ȃ 

ԅ̆ ̆ ӊҍ Ȃ ‰

ѿ℗ ꜚȂ ̆ ᴋⱵ ̔ ‗ Table 8Ҭ

↓₮ ҩ Ȃ ‗ ֓ ̆ Ӈ ѿ℗ ꜚ

̆ ᶫ ѿ Ȃ Ҍ ‗ ֓ ̆ Ӈ ѿ

Ȃ 
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Chapter 8 

08. ҍ  

 

̆ ̆ ( Ἡ-0 ӈҹѿ ֜ )̆

ѿ ₮ Ȃ ℗ ̆ ̆ ץ

1/2 ҹ̆ ӈ ₱ ȁ ₮ ꜚ ᾥ Ȃ ᾢױ

̆ Ҭ ѿ ₱ № ᵝ̆ ֜ ᵝ‗

̕ Ῥ ̆ ᾥ ץ ₮Ȃ 

̆ ԅꜚᵬ ̆ ̆ ץ

Ȃ ׂҹ ̆ ᵌӍ Ҭ ѿ

Ȃ 

Ғ ԍ ̔ ױ ῏ԍ

ῒ ꜚ Ȃ῏ԍᾣ ȁ ԑᵬ ȁ ‰ ץ̆

ⱬ ̆ Ȃᶭ ᶛ̆Ẋ Ȃ 

 

 

Ŀ Ŀ  

 

Ҭ Ҭ ꜚȂ Ȃ Ҭ̔ 

 

 (vacuum) ȁ ȁ (fluctuating) ᵣȂ 

 

Figure 14Ȃ ̆ Ҋ ̆

ҹ Ҋ ֜ ̆Ӟ Ȃ (fluctuations)Ҭ ֜

̆ Ȃṿ ̆ᵬҹ

Ȃ Ӟ ѿ ̔ ѿ℗ ѿ Ȃ ̆

ԅ Ȃ ңҩ Ҍ ԑ Ȃ 

Ҭ ᴪ ꜚ̔ῒᵝ ҍ ᵝ Ȃ ӈ ֓ Ȃ

Ғ ԍ ̆ Ȃ Figure 18ҍFigure 19 ̆ ӈ̔ 

 

 ѿҩ (matter particle)̆ (feimion)̆ ң

̆ Ȃ 

 

ӈ ( ῏ (family) ) Ȃ ҩ ῏ №

ԍῒ / (tangle core)̔ ῒ ҍ֜ Ȃ

ñ òҍ Ȃ
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 ᵣ (position) Ҭ ₮̆ ֜ ᵝ Ȃ 

 ᵣ(phase) ѿ ₮̆

֜ ᵝȂ 

 (spin orientation) ₮̆ ֜

Ȃ 

 ⃰ (wave function) ῒ ֜ Ȃ 

 

֓ ӈ Figure 18 ̆ Ҋ Ȃ ̆ ֓ ӈ

ꜚ Ȃ ֓ ӈ̆ ױ ̔ 

 

 ꜠(motion) ῒ ᵝ ҍ Ȃ 

 

ꜚ Ȃ Һ ₮ ԅҌ ꜚᵬ ἩȂ

Ҭ̆Ἡ-0 ֜ ̆ ӈ̆ꜚᵬ ṿ Ҍ Ȃ 

ױ ꜚᵬ Ἡ ᵥ‗ ꜚ̆ ῒ ꜚ

ӥҬ Ȃᵬҹ╠ ̆ ױ ₮̔ 

 

 (free quantum particle motion) ꜚ (tails)

Ȃ ԍ ꜚ ̆ Ҍ ̆ ץ Ҍ Ȃ 

 

ӊ̆ ԍ ̆ ץ ᵌ ҹ ↨ ȂҊѿ

ҍ ԑᵬ ῏̆ ₮ Ȃ ̆ ֟ ԅ

(ғ ) ꜚȂ ӊ̆ ₮ԅ ⱬ Ȃ 

Ҋ ׆ ₮ ⱬ ̆ᾢ ̆ ῒ Ȃ  

 

 

 

 

 

 

 

 

 

(tails) 

(core) ᵝ (positions) 

ᵝ(phases) 

֜  
(crossing orientations) 

֜    

      

 

ᵝ  

ᵝ 

ң ҈ Ȃ Ҭ ֜ ץ̆ ֓֜ ̆

̆ᴪ ₮ ₱ Ȃ 

Figure 18 

 ӊ (fermion) ⌠  
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Ŀ 1/2Ŀ  

 

Ҭ ̆ ױ (rotation, )ҍ֢ (exchange) ᵬҊ

ҹ Ȃ ҹ ῒ ṿȁ ȁ ᵝ Ȃ ֜ Ҋ

ҹ ң ̔ѿ ץ ̆Ί

(particles with integer spin are bosons)̆ ΐ (particles 

with half-integer spin are fermions)Ȃ - (spinïstatistics theorem)Ȃ 

̆ ҍ֜ ץ ₮Ȃ׆ 1/2

̆ᾢ Ȃ( ᶛ̆ñ 1/2 (spin 1/2)òף ñ ᴉ№

ṿҹ Ἡ-0ò ΏȂ) 

̔ ԍ Ȃ ң ᾧ

Һ ̔ѿ ̆ ֲ 1/2 Ҍ ҹ ̕ԋ ̆

ѿ № ̆ᶏῒ ᵞԍᾣ ғ ᵞԍ Ȃ ֓

̆ᵖ ѿ ץ ̔ױ ҹ Ȃ Ғ ԍ ѿ

Һ ̔ ױ ץ ҹ Ȃ 

Ҭ̆ ԍѿ℗ ̆ ױ ̔ 

 

 (spin) Ȃ 

 

Ҭ ̆ 1/2 ̆ Ҍ ԍ ̆

≢ ԍ ̔ 

 

 (quantum particles) ῒ Ҍ Ȃ 

 

Ҍ ᵬ ̆ ҹ ̆ ꜚ

Ȃ ӊ̆ Ȃ Ҍ ӞҌ

Ȃ ῏ ̆ ױ ⌠̔ 

 

 ԅῒ ҹȁ֜ ҹȁ ꜚ ҹȂ 

 

≢ ̆ Ҭ ₱ ̆ ץ ҹ

₱ ѿ ҹȂ 

ҹ ῒ Ȃ ץ ױֲ̆ ̔ (belt 

trick) ῒ ᵣ ץ 1/2 ҹ( Figure 19ȁFigure 20ȁFigure 

21ȁFigure 22 )Ȃ ̔ ң ( ѿ )̆Ҍ Ῥ

( )̆ ῃ Ȃ Ӟ ҹ◄₴ ȁ ȁ

ȁ ȁ (scissor trick, plate trick, string trick, Philippine wine 

dance, Balinese candle dance)Ȃ ⱳԍ ᾥȂ  

( ̔ ñ òҌ ̆Ҭ Dirac belt trickȁ / /  /ᴞ

Ḭ/ Ȃ ariwatch.com/VS/Algorithms/Antitwister.htmVol I Figure 54Ȃ) 
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(belt trick) ̔ ΐ ҈ ᴋ҉ץ ̆ ̆ 

ғ 2 ԍ ῃ Ȃ 

 

⌠ 

ѿ  

ꜚ 

҉  

 

ꜚ 

Ҋ  

 

ꜚ 

 

 

 

( ) 

(belt trick) ₮ Ȃ 

2 ̆ 

ᴇԍ ̆ 

“ 

̆ ҈ ( ѿ )̆ ↕ 2

̆ ԍ ᴋᵥ Ȃ ᶏ Ȃ

̆ ̆ ң ̆ῒ ҹҍ 1/2 ѿ Ȃ 

Figure 19 
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̔ ң ( 4ˊ ) ԍ

̕ 

ꜚ ԅ ѿ Ȃ

̔ ̆

Ȃ(QuickTime film É Greg Egan) 

Figure 20 

̔ ң ( 4ˊ ) ԍ

̕ 

ꜚ ԅ ѿ Ȃ

̔ ̆

Ȃ(QuickTime film É Greg Egan) 

Figure 21 

180£ 540£ 360£ 720£ 

180£ 540£ 360£ 720£ 

720£ 720£ 720£ 

720£ 720£ 720£ 720£=  

̔ ң Ȃ ԅҌ ̆ ֲ̆ᵖῒ ̆

ѿ ̆ ң ץ ̆ ѿҊ Ȃ 
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ԍ 1/2 ῏ Ȃ Figure 19 ̆

Ҭ 1/2 ң ( ) ̆ (҉ץ)

ᵈ⌠ñ òȂ ̆ Ӈ 2 & ң ) ᴇԍ

Ȃᴋᵥ 2 ⌠ 1/2 Ȃ ҉̆ҹԅ

ᶏ ̆ Ҍ ̕ Ҭ ̆

Ҍ Ȃ ֽ̆ 0 ₮ Ҭ ԍ ₱

ӗץ /̆ Ῥ 1/2 Ȃ 

Figure 22Ҭ ҹῒ ̆ 1/2

ҹȂ Ḃѿ ̆ ( ) ѿ 1/2 Ȃ

ᵈ⌠ ΐ 2 ԍҌ Ȃ(ᵰ

ѿ ̙) 1/2 ӊ ̆ Ỳ ӊѿȂ 

֓ꜚ ̆ ԍ ⌠ѿ ҉ ᴋ ̆ӂ

Ӟ ̆ѿ ԋ Ӟ Ȃⱴ Ŀּי(Gareth Taylor)└ᵬ

www.youtube.com/watch?v=UtdljdoFAwgץ Figure 23Ҭ Ҍ ꜚ

ԅ ’Ȃѿ ҉ ᵣ ץ ̔ ᵬ

̆ Ҍᴪ₮ Ȃ 

ꜚ ױ ₮ѿҩ῏ԍ ҍ ̔ 

 

 ҈ ᴋ҉ץ ⌠ ѿҩ ѿҩ

ץ ̆ғ 2 ԍ Ȃ 

 

׆ ⌠ ̆ ᶏ ױ ץ 1/2 Ȃ 

 

 Ȃ 

 

ң ̆ ̆ ץ ҹ ꜚ Ȃ

̆ ױ ̆ ԍ 1/2 ̆ (spin) (rotation) ѿ Ȃ 

 

 

Ҍ ѿ 

 

ѿҩ ҬᵌӍ ̔ 2 ̆

ץ ȂFigure 20 Figure 21 ԅң Ҍ Ȃᵰ ֪ץ

ѿ ӊȂ ҉̆ ң ̆ ғ

ң ӊ ѿ ↓ Ȃ ֓ ץ ῏ ̔ ֓

ҩ ₱ Ȃ ױ ̆ ҍ

ӊ ץ ԑᵬ Ҍ ῏Ȃ 

 



 

 

 

08.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

 

167 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ẋ ⌠ ̆ᵖ ץ ⌠ ף) ѿ )Ȃꜚ ̆

( ) 2 ץ ⌠∆ ̆ 0 Ҍ Ȃ ñ ò ñ ò

1/2 ̔ 2 ԍ Ȃ ף ԅ ₱ ̕ᶛ ̆

0 ᴪ ̆ ₱ ̆ 2 ₱ Ȃ ң

ԅ ̆ᵖ ᴋ ˻ ץ Ȃ

(QuickTime film É Antonio Martos) 

Figure 22 

̔  

ᵣ  

(QuickTime film © www.ariwatch.com/VS/Algorithms/DiracStringTrick.htm) 

Figure 23 
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̔ ҍ  

 

̆ (apheresis machine,№ ) ᵬȂ

׆ ѿ ₮̆ ῀ Ҭ ̆ ̆▼ᵩ

ѿ Ȃ ҩ 1-2 ̆ ҍ ҹѿ

ᵣ̆ Figure 24 Ȃ ԍ (tethered rotation)Ȃ׆

̆ ҍ ̔ ѿ ̆ ѿ ̆

Ȃ 

Ҭ̆ 100Ȃҹԅ ᾧ

ѿ ̆ └ ᶏ ֜ ̆ ┼(anti-twister mechanism)

‰ ԅ 2 ꜚȂ ̆

50 Ȃ 

ԍ ᵬ ̆ ᴪ ̆ Ҭ №ᴪ ֲ

ᵣȂḠ Ҋ ԍ ᴴ Ҥ Ȃѿ

ץ ₃ Ȃ  

ӊ̆ ̆ Ḡ ̆ Ҍ Ȃ

̆ ׆̆ ֲז Ȃ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

  

№ Ҭ Ҭ ҍֲᵣ ̆ ׅ Ȃ ԍñ ò 

(photo © Wikimedia)Ȃ 

̔ Ғ≠ ariwatch.com/VS/Algorithms/DaleAdamsPatent.htm 

Ӟ ҆Ҍ ױז exe  ariwatch.com/VS/Algorithms/AntitwisterExe.htm 

Figure 24 

100/  

῀  
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№ ᵬ ̆ Ӟ ѿ ̆ ԅ 6

’(QuickTime film © Jason Hise) ( ̔ Jason Hise YouTube ) 

 

Figure 25 

└( ) ѿҩ ̔ 

ѿҩ ᵣ̆ 96

 

(QuickTime film © Jason Hise) ( ̔

Jason Hise YouTube ) 

Figure 26 
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ҍ  

 

Ҭ̆ (fermion) ӈҹ ֓ ֜ ₱ ᴪ Ȃ

Ῥ ѿ ̙ 

⌠̆ Ҭ̆ ₱ ̕ ץ

֜ ̆ ῒ ₱ ֜ Ȃ ̆ ֜ ѿ

ң ̆ Ḡ ֽ̆ ᶏץ ˻

1/2 ֜ ̆ Figure 27 Figure 28 Ȃ 

̔ ѿ ̆ ֜ (ѿ )ȂḠ ̆

ꜚ ֜ Ȃ ̆ᵖ ң ᴪ Ȃ ץ ң

ҩ( )ֲ Ȃ ғᵰ ץ ֜ ң ֜

ѿ 1/2 ԑ֜ ң ̆ ץ ᶏ ∆ Ȃѿ ֽ֜

ѿ Ҍ Ȃ ̆ 1/2 Ȃ Ҭ ԅѿ֓ ₮ ҹ Ȃ 

Figure 27 

ᴋ ңҩ ̆ῒ ֜ (ѿ ң )̆ ᴪ Ἕ ( ѿҊ) 
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≢̔ ң ֜ ’Ҋ̆ ᴪ ⌠ Ȃ 

֓ ̔ 

 

 ңҩ 1/2 ( ȁ ҉ ȁ )ѿ ֜ ԍӗץ

/̆ ԍ ȁ ȁ Ȃ 

 ңҩ 1/2 ң ֜ ץ ̆ ԍ ֜ Ȃ 

 

̆ 1/2 Ȃ ӊ̆ Ῥ ԅ 1/2 -

̔ Ȃ ӊ̆ ң ̆

Ҋ ֜ Ҋ̆ῒ ҹ Ἕѿ 1/2 Ȃ 

1/2 Ṣꜛ Ȃ҉ ₮

Ӈ Ҍ Ȃ ҉̆ 1/2 ץ ҈ Ҭ

̆ Ȃᵬҹ ̆ ץ 1/2 - ֟

Ȃ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Ẋ Ҍ ף̆ Ȃ ң ԑ ᵝ ң ̆ ᴪױ

⌠∆ (ѿ ԑ ↕Ҍ )̆ Ȃ( ѿ ԑ ᴪ ⌠

ῃ Ȃ) ץ Ȃ ң ԅ ̆ᵖῒ

(buckle) ᴋ Ȃ ꜚ 1/2 ҹ №̆

- Ȃ(QuickTime film © Antonio Martos) 

Figure 28 

̔ Ȃ 
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ҍ  

 

ԍ ѿ ( ң ᵈ )̆ῒ 0

ᴪ ⌠∆ Ȃ Figure 29 ̆ Ἕѿ ҹ 1

̕ Ҭ ԅ ֜ ⌠ ₱ Ȃ 

(boson) ѿ ֜ ̆ῒ ᵝҌᴪ Ȃ ⌠̆

ԍFigure 29 ̆ Ҍ ̕

(unknotted)̆ ѿ Ȃ ҉̆ ԍ ̆֜

ץ ℗ ң ̆ Figure 30 Ȃ 

֜    

      

 

Ҭ 1 ( ) ῒ֜ ( )Ȃ Figure 29 

 ӊ (boson) ⌠  

(tail) 

(core) 

 

֜ ╠ ∆ ’ ֜ ’ 

 

֢  

Ҭ̆ ץ Ҍ֟ ֜ ’Ҋ ̆ Ҍᴪ

ᵝ Ȃ 

Figure 30 
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 Ҭ / (unknotted tangle)̆

Ȃ 

 

̆ (ᾣ ȁW ȁZ ȁ ȁ )

Ȃ ױ ῏ԍ

ȂẊ Ҭ ⱬ (Ӟ ѿ ̆ ҹ 2̆ Ҍ )

῏ԍ ӈ Ҭ׃ Ȃ 

ӊ̆ ԅ - ̔ΐ

ꜚ Ȃ 

 

 

ҍ  

 

̆ ץ (Ӟ )

- Ȃ ԅ ↕ ̆ Ҍ ᵞԍ Ἡ-0 ̆

ғ ṿ Ἡ-0 ṐȂ ֓ ҍ Ȃ 

Ҭ̆ ҍ ̆ ҹ ԑᵬ

Ȃ ᴪ Ȃ ѿ ҍ ѿ Ȃ 

̆ ԅ Ҭ ̔

(permutation symmetry) ԍῃ ֜ ̕ ғῃ ΐ

Ȃ ̆ ׆ Ҭ⅞ ԅѿҩ Ȃ 

ӊ̆ ҉Ῥ ԅ ( )

ȁ ȁ֜ ҹȂ ױ Ҋѿ ̔ ꜚ ⱬ Ȃ 

 

 

 

₱ ̔  

 

Ҭ̆ ꜚ ԍ ꜚȂᵖ ̆ ҍ

Ҍ ̆ ֜ Ȃҹԅ ֜ ҍ ꜚӊ ῏ ̆ ױ

ᾢ ѿҊָӇ ֜ Ȃ 

 

 ֢ (crossing) ӊ ṿȂ֜ ᵝ ȁ ȁ

ᵝ̆ ӈ̆ Figure 31Ȃ ᴋ

ѿ ᵬҹ ӈȂ ᵝ ӈҬ ץ ᴪ ̆

ᴪ Ҍ Ȃ 
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ᵬҹ ֜ ꜚ ΐ̆ ӈ̔ 

 

 ѿҩ ̆ῒ ⃰ (tangle function)̆ ῒ֜ ᵝ ҍ֜

ṿ(Ҍ ֜ ̆ӞҌ )Ȃ 

 

₱ ҹñ ֜ (oriented crossing density)ò̆ ҹñ

(blurred tangle)òȂ ₱ ᵌԍѿ Ҭ Ԑ ̕ ׃ ῒ

Ȃ ₱ ԅѿ℗ ꜚ ȂFigure 32

ȂҌ ̆ ᶷ ₱ ̆ ῒ Ȃ ױ ᴪ ⌠̆

֜ ᵝ ( )̆ ₱ ѿ ֜ ᵝ ҍ Ȃ 

ᴋᵥ ┴̆ ₱ Ҍ ̆ ҹ ӈ Ҍ ֜ ̆

ֽ ֜ Ȃ ԍ֜ ֜ ̆ ₱

ΐȂ ױ ̆ ₱ ₱ Ȃ ӊ̆ ₱ ̆

֜ ̆ ץ ѿҩ Ȃ 

ӊ̆ ₱ Ἕ̆Ҍ ֜ Ȃ 

 

 ₱ ӈҬ ̆֜ (short-time average)̆ ῖ

№ (typical time resolution of the observer)҉ Ȃ ᾥ

̆ᵖ ῖ Ȃ ҩ № ñ

(instant)òȂ ( Ҭ)̆ ҩ /.фϧ ̕ ̆

ԍ׃ ᾥ /.ϩо /.фϧ ӊ Ȃ  

 

ң ӊ ꜚȁ ₮ ӊ Ȃѿ ̆ ῤ

Ȃ ץ ̆ ᵌѿ ԐȂ ₱ ҍ ⱬ

(Schrºdinger picture)Ȃԋ ̆ ᵬѿҩ ᵣ ᵝ

ҍ Ȃ Ḃ ֜ ԍѿҩ Ӎ ̆

Ӟ Ȃ ̆ ꜚ ̆ ԍ

Ȃ ԋ ⱬ № (path integral formulation)Ȃ(ᵰ

ң ᴇ ̙) ̆ ң ѿ ̔ ₱ ѿ ԐȂ 

 

 

 

 

  

 
 

 

 

 

֜ ӈ̆ ῒᵝ ȁ ȁ ᵝȂ Figure 31 
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ҍ  

 

Ҭ̆ ῀ ̆ Ӟ

Ȃ (fluctuations)ᶏ ᵈ ꜚ̆ ꜚ

ᵝ ̕ᵖҌᴪḠ Ҍ ̆ӞҌᴪḠ ᴋᵥ ̆ ҹ

└ └ ↕Ȃ ץ ̆ ▲ Ȃ Ӈ̆῏ԍ

̆ ױ ָ֓Ӈ ̙ 

/ ꜠/ (fluctuations of the vacuum) ӈ Ȃ

ȁ ̆ ӈ Ȃ ̆ ץ ӈҹ

ꜚ( ) Ȃ ≢ ̆ ꜚ ̔  

 

 ₱ ҹ Ȃ 

 

ҩ ӟȂ ѿҩ ̆ ῒҬ

ꜚ ȁ ꜚ ȁ ꜚ Ȃ 

 

 
֜    

       

  
 

 

ѿ֓ ȁῒѿ֓ ץ̆ ֜ Ȃ(

└ ῃ‰ Ȃ) 

Figure 32 
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꜠(luctuations of a tangle) ̆ᴪ֟ ₱ ̆Ӟ ֟ ₱

Ȃ ҍꜚ ̆ ꜚ Ӟ ֓ Ȃ 

̆ ױ ץ Ҍ ꜚӊ ’Ҋ ѿԋ(֓

ӈ )Ȃ ╠̆ ꜚ ҹҍ ѿ

Ȃ ᵣ ԅѿ↕Ḥ ̔Ҍ ̆

ѿ ӈ̆ Ὲ Ȃ ̆ᵖ

ᶭ Ȃ 

̆ ₱ ӈҌᴪ ῀ ( ѿ ᴪ ֲ

)Ȃ ץ ӈ ᵌ қ ̆ᵖ Ҍᴪⱴ ױ ₱

Ȃ 

 

 

₱ ₱  

 

Ҋ ̔ ⃰ (tangle function)̆ ֜ Ἕ̆

₱ Ȃ ᾢ ѿҊ ӥ Ҭ ῤ ̔ 

 

 ѿ ̆ ⃰ (wave function) ѿ Ԝ(rotating and 

diffusing cloud)Ȃ 

 

(rotation) ᵝ ̆ (diffusion) Ȃ ױ ₱ ΐ

₱ ץ֓ ῒ Ȃ ױ ₱ ӈ ₮

Ȃ ױ ѿҊ̆ᵬҹ ₱ ₱ Ȃ 

 

 ≠ ₱ ̆ ױ Ḥ ȁ ѿҩᵣ ῤ ֜ ̆

̆ҹ ҩ ӈ ֢ ᵣ (crossing position density)̆

֢ (crossing density)Ȃ֜ ( ̆ ῒ )ҩ

̆ ₱  ᴇ*ᴃ'Ȃ&ח

 

̆֜ ᵝ (probability density) Ȃ 

 

 ₱ ҹ ҩ ӈԅѿҩ ֢ (average crossing 

orientation) ѿҩ ᵣ(average phase)Ȃ ֜ ᵝҍ ₱

ᵝ ῏Ȃ ֓ ‗ԍ ᵌ Ȃ 

 

₱ ᵌ ̔ Ҭ̆Ẋ ҍ ᵝ ῏̆

Ҍ ̆ ᵌ ₮ Ȃ ᵌ ҩ ̆

ꜚ ֽ ѿҩ Ȃ ҩ ᵝ ₱
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̆ ᵝ Ȃ 

 

 ᵣ(quantu phase) ѿ Ȃ 

 

Ҍ ̆ ≢ Ҭ ̆ ᵝ

̆ №≢ ֓ ’Ȃ ױ ₮ ≠

ᾥ Ȃ 

ӊ̆ ץ ᵌҬ̆ ₱ ṿ ѿҩ ח

ѿҩ ᵝ Ȃ ̆ ҩ ҉̆ ₱ ѿҩ ̔ 
 

&ᴇ*ᴃ';ח&ᴇ*ᴃ'פᵤ&ᵳּᵯ'-ф &/00' 
 

̆ ₱ Ӟᴪ ̕ ᴪ ֜ ̕ ץ

֓֜ Ȃ ₮ ₱ Ȃ   

ѿҩ ̔ ԍ &ᴇ*ᴃ' ֜ ̆ῒ ӊ ҍ ₱

( ṿ)ח&ᴇ*ᴃ'̆ ָӇ῏ ̙ 

ױ ⌠̆ ̆ ₱ ᴪҹ ҩ №≢

ӈѿҩ֜ Ȃ 

₱ ѿҩ Ȃҹԅ ѿ ̆ ӈңҩ ₱

(linear combination) ꜘ(superposition) Еנ; Е)נф фȂ ӈң

̔ ӗ ⱴ Ȃ ץ ң Ȃ ѿ Ἕ ⱬ ҹ

₱ ӈ ̔ 

 

 ѿ ̆ ӈȂ ӝ (scalar multiplication)נ ҍꜘ

(addition) Е) ф̆ ҩ ̆Ӟ

₱ ṿ Ȃ 

 

ԋ ̆Ӟ ꜛԍ ⱬ ̔ᾢ ӈ

ⱴ ҍӗ ̆ Ῥ Ȃ 

 

 ԋ ̆ ӈȂ ҍ ᵤפᴁ;נ ӝ (scalar 

multiplication)נ ԍ̔ ₱ ԍ ѿҩ ̆

0 ̆ῬḠ ᴁ № ̆ / ᴁ №

⌠ Ȃ ⌠ ₱ נ Ȃ  

 

ӗ Figure 33 Ȃ҉ ₮ ӗ ӈֽ ᴁ /Ȃ

҉̆ Ҭ(Ẋ ₱ ѿ )̆ Ҍᴪ₮ ῒ ̆ ץ

ԍῒ Ҍ ӗ Ȃ 

  



 

 

 

08.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

 

178 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ӗ ҅(unique)̕ ᶏ Ḡ ᴁ № / ᴁ

№ ⌠ ̆ᵖᵬҹ ꜚӊ ₱ ҍΐᵣ

῏Ȃ 

ӗ ԍ 1 0 Ȃ ̆ ӗ

'סנ&;'ס&נ̔ Ȃ ӗץ / ԍ ҩ 0 Ȃ 

ױ ӈңҩ ₱ ⱴ ᵬȂ ҩ

ⱴ Ȃ ̆ҹԅ ̆ ᾢױ ӈ ҩ ̆

ṿ̆׆ ⌠ ₱ Ȃ  

ӗ ̆ ԅ ₱ ӗ Ȃ Figure 33 

֜    

      
 ӊ 

ӝ (strand multiplication) 
⌠  

  

 

.,6  

.,0  
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 ԋ ̆ ӈ̔ңҩ Еנ Е фנ ф ꜘ (addition)(ῒҬ Е

фΐ ̆ ғ Еנ
ф)נф

ф;/)̆ ֓ ᵈ⌠

̆ ⌠ № ӈ Ȃ

Ḡ ̕ ≢ ̆ (connection)Ҍ ῀ᴋᵥ֜

(crossing) (linking)Ȃ ⌠ ⱴ Еנ; Е)נф ф

₱ Ȃ 

 

ҹԅ ⱴ ⱴ ̆ ̔ ᵈ⌠

⌠ԅ Ȃ ̆ ҹ ӈ̆ ֓ (connection)

(unlinked)ȂFigure 34 ԅ ҬҌ ᵝ ңҩ ⱴȂ ⌠̆ ӈ

ᵥ̆ ⱴ Ҭ ҉Ҍᴪ℗◓ ᴋᵥ Ȃ 

ⱴ ӈ ̔ ȁ ҍ ң Е ф̆҈

Ȃ׆ ҉ ̆

ⱴ̆ ғ ̕ ꜚ ԅ Ҭ ∑(superselection 

rules)Ȃ ҩ ̆ ҹ ⱬ Ҭ̆ ↕ ֲҹ ⱴ̕

Ҭ↕ Ȃ 

ңҩ ₱ ӊ ҅(unique)̆ ҍ ӗ ’ Ȃⱴ ӈӞ

ץ ⌠ң Ȃⱴ҉ץ ֜ ȁ ̆ ғ ѿҩ (ᵝᾝ)̆

’Ȃⱴ ӈ ̆ ⱴ ⱴ ΐ № ȂӞ ץ

ӗ ⱴ ӈ ⌠ ѿ ̆ᵖ ױ Һ Ȃ  

ӊ̆ ₱ ѿҩ Ȃ ҍ ₱ ӈ

Ȃ 

 

 ңҩ ҍ (scalar product)ҹ z ; Ⱶⱶⱶⱷ&ẞ'&ẞ'bẞȂ 

 ѿҩ / (norm) ; z Ȃ 

 (probability density)&ᴇ*ᴃ'; Ⱨ&ᴇ*ᴃ'&ᴇ*ᴃ';חф&ᴇ*ᴃ'Ȃ ̆

֜ ̆ ֢ ᵣ (crossing position density)Ȃ 

 

ҍ ̆ ҹ ױ ӈ ץ ֜ Ȃ ҉̆

z ץ ҹ Ⱶⱶⱶⱷ ҹ ֜ ( ѿ ) ̆

Ⱶⱶⱶⱷ ֜ Ҭ ҩ֜ ⌠ Ȃ Ӟ ᵌ ̆

֜ ֜ Ȃῒ ᵬҹѿҩץ ӟȂ 

Ӟ ץ Ҍ ₱ ӈ ȁ ȁ Ȃ Ӟ

ᵬҹѿҩ Ȃ 

ӊ̆ ₱ ѿҩ ᵅ (Hilbert space)Ȃ Ҋ Ạ

̔ ᾢ ₱ ׆ Ȃ ῀ ӈ ץ̆

ӈ̆ ῒ ׆ ᾥ Ȃ
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׆ ⌠  

 

ҍ ѿ ̆ ԍ ₱ ӈҍ -ꜚ ῏

Ȃ ╠ ̆ Ẋ ̔ ᵝ

┴ Ȃ ’Ҋ̆ ץ Ҍ ̆ ₱ ҩ

ѿҩ ̆ ᵬ &ᴇ*ᴃ'Ȃ ₱ ᵥ ̙ ҩ

̆ ױ ̔֜ ӈꜚᵬ ἩȂ 

׆ ȂẊ ῒ ̆ᵖҌ ΐᵣ Ȃ

Ҭ̆ѿ ץ ꜚ ̆ ѿ ╠ Ȃ

ӊ̆ ֟ ԅѿҩ ̆ ץ ᵝ Ȃ  

̔ ԍѿ ҬҌ ᵝ ңҩ ̆ ԅ ₱

Ȃ 

Figure 34 

֜    

      
 ӊ 

ӝ (strand multiplication) 
⌠  

Ҍ ᵝ ңҩ  

; .,6Е) .,0ф  

    

Е ф 

 

 

 

 

 

 

 

 

ñⱴ ò 
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ꜚ ᴪ ֜ Ȃ ꜚ ̆↕ ᵝ ῤ ֜

̆ ꜚ ↕ ᵝ ῤ֜ Ȃ ̆ ̔ ᵝ ῤ ֜

ץ ᵝ ꜚᵬ ( ) Ȃ ӊ̆ ҍ ῏Ȃ 

 

 ̆ Ȃ 

 ᵞ ̆ Ȃ 

 

(energy) ᵣ Ὺ֢ Ȃ ᴪ ῒ ₮

֜ Ȃ Ҭ̆ ꜚ ׂ ԍῒ ֜ Ȃ

ӊ̆ꜚ ׂҍ ( ) ῏ ҹ 
 

ׂ;Ἡ &/01' 
 

₱ ᵝ Ȃ   
 

ᵯר; &/02' 
 

ꜚ ᵝ ῤ ֜ Ӟ ӈ Ȃ 

 

 ꜚ ̆ ᵝ ῤ ֜ Ȃ 

 ꜚ ̆ ᵝ ῤ ֜ Ȃ 

 

̆ ᵝ ῤ ֜ ץ ᵝ ꜚᵬ (꜠ ) Ȃ ̆

ꜚҍꜚ ῏̔ ꜠ ꜠ (momentum) ᵣ Ὺ֢

Ȃ ̆ꜚ ҍ״ ꜚ ( ) -0;ת ῏ ҹ  
 

תἩ;״ &/03' 
 

₱ ᵝ ꜚ Ȃ    
 

;ת ᵳר &/04' 
 

̆ ԅ ₱ Ȃ 

̆ ҩ ֲ Ȃҹԅᶏ ꜚ

’ҊӞ ̆ꜚ ̆ ҍ ꜚ Ȃ Figure 35

Ȃ ֜ ꜚ ״ ԋ ⱴ̔ ״ ѿҩ ⱴ̆

ѿҩ ԍ Ȃ ױ ⌠  
 

ׂ;
ф״

ױ0
װ ;

Ἡ

ױ0
фת &/05' 

 

ᵞԍᾣ ᵣ ῏ Ȃ ῏ ҍ ѿ Ȃ

ױ ѿҩ ‗ԍ ᶛ Ȃ  
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̆ ҉ ῏ ῀ף ῏ ̆ ⌠ ₱

ҹ 

Ἡᵯר ;
Ἡф

ױ0 ᵳᵳ &/06' 

 

(Schrºdinger equation)(ҹ ̆ ᵬѿ )Ȃ

ױ ȁ ԍᾣ ᴆҊ̆ ₮ԅ Ȃ

̆ Ӟױ ₮ԅ Ғ ῗ (Heisenbergôs indeterminacy relations)Ȃ 

̆ Ҍ ᵞ Ҭ̆ ₱ ₱ Ȃ ҉̆ ѿ

’Ҋ̆ ₱ Ӟ ₱ ̆Ҍ ᴪ ̆ ױ ᴪ ⌠Ȃ

ӊ̔ ⃰ (wave functions are blurred tangles)Ȃ 

֜    

      
 ⌠  

̔ 

ꜚ ̔ 

ꜚ ̔ 

ᴃЕ 

ᴃф 
ᴃф 

ᴃЕ 

ᴃЕ ᴃф 

ᴃЕ ᴃф 

ᴃЕ ᴃф 

ᴃЕ ᴃф 
ᵝ ҍ 

ꜚ 

ᵝ ҍ 

ꜚ 

ꜚ ᶛȂ Figure 35 
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ҍ  

 

Ҭ̆ ꜚᵄ ̔ ╠ ̆ῒ ᵝӞ Ȃ

ҍ ѿҒ ̔ (mass)Ȃ ̆

ת ̆ ᶛ ¡ф0תἩ;ױ ф״; 0ׂ¡ ҍ ῏Ȃ 

 

 ( ) ױ ԅ ҍ (coupling)Ȃ 

 

ױ ⌠̆ ԍ ꜚ ṿ̆ ↕ ȁ Ȃ 

Ҭ̆ Ȃ

₮ѿҩ ᴰ ̆ ԅ ҍ ̔ Ҭ

╠ ̆ ԍ ҍ Ҍ ̆ Ȃ ԍ ̆ ᵌ

ԍҌ ᵣ ᵣҬ ꜚȂ 

Ҍ ᵣ ᵣҬ ꜚ̆ ᴪ Ȃᶛ ̆ ѿ ῀

Ҭ Ҭ̆ ᴪ₮ Ȃ ᵣ Ҍ Ȃ

Ҍ Ȃ ̆ ̆ Ҭ ꜚ̆ ᴪ Ȃ

ӊ̆ ̔ 

 

 (knotted tangles have mass)Ȃ 

 (unknotted tangles are massless)̆ ᶛ ᾣ Ȃ 

 

ץ ̆ ̆ Ȃ 

₃ᵥ ̆ ̆

ῒ Ȃ ᵣ ᴪ ҍ Ȃ ᵣ

‗ԍ ῒ Ȃ ױ ̔ ԍ ̆

̆↕ Ȃ 

ӊ̆ ҍῒױ ̔

Ȃ ̔  

 

ץ  ̆ Ȃ 

 

ѿ ֲפ ˻ ӊ̆ ᵣ ꜛԍ ῀ Ȃ

( ) ԍ ᾥ Ȃ

‗ (mass hierarchy problem) ѿ Ȃ 

╠̆ ׅױ Ҍ ℗ ̆Ҍ ᵥ Ȃᵖ

̔ ᾢ ̕ ױ ṿ̆ ױ

- ῏ Ȃ Ҋ ѿҩ Ȃ 

̔ ṿ ᵥ ‗ԍ ̙ ᵥ ‗ԍ ̙ 
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 ל

 

ⱬ (potential)שׂ ԑᵬ Ȃ שׂ ᴇ*ᴃ'ᴪ&כ ᵝ ᴇ ҹ

ᴀ ̆ ҹ ᴪל ₱ Ȃ ל ’Ҋ̆

(128) ׆̆ Ἡ &ᴇ*ᴃ' ҹ &Ἡ ᴀכ'&ᴇ*ᴃ'Ȃ 

שׂ ᴇ*ᴃ'Ҍ&־ ̆ ῒ ̆ ᴪ

ꜚ Ἡẏ ҹ &Ἡẏ ᴀṫ'&ᴇ*ᴃ'Ȃ (minimal coupling)̆

ᴇԍ ꜚⱬ ΐ U(1) Ȃ ױ Ҋѿ Ȃ 

ⱬ ̆ ל῀ ҍ ⱬ ῃ ̆ ץ

⌠ Ҭ ̔ 
 

Ἡר& ᵯ ᴀכ' ;
/

ױ0
Ἡר& ᴀṫ'ф &/07' 

 

↕ Ȃ ױ Ҭ ⌠̆ ԅ №

׆̆ Ӟ ԅ ױ ѿ℗ ᵣ ̕ ԅѿ℗Ԋ ( )

Ȃ ↕ Ӟ ԅ ȁ ȁ Ȃ 

ӊ̆ ꜚ ԅ Ȃ῏ ̔

ᵥ ԑᵬ ҍ ̙ ӊ̔ҹָӇ ̙

ױ Ҋѿ ῏ԍ ԑᵬ ῤ Ҭ ҩ Ȃ  

 

 

ҍ  

 

̆ ԍ ѿ ᵝ Ҍ ᵝ Ȃ ץ

₱ (₱ ) ̆Ҍ Ἕ ΐ Ȃ 

╠ ̆ ᵝ ӗץ ᵝ ӈȂᶛ ᵤפ ԍ

0 ̆ 2 Figure 19Ҭ Ȃ 

̆ ╠ ӈ̆ ⌠ Figure 36

Ȃ ױ ̆ ѿ ᵝ -0( )̆ ҍ ∆

ⱴ̆ᴪ ⌠ѿ ᵝ ԅҬ -2 Ȃ 

Ȃ ₱ ӗץ / ⌠ ₱ ṿ̆ ⱴ

ᾝ ̆ԋ ⱴ ̔Ӟ Ҭ Ȃ ױ

Ҭ Ȃ╠ ⌠̆ѿ ṿ ῒ 0 Ȃ≠

ӈ̆ᴪ ҉Ҍ ѿ ̆ ₮ ₮ѿ

Ȃ ̆ ᵬ ̆ ֜ ҹ

Ȃ ӊ̆ ԅ ̆ Ȃ 
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֜    

      
 ⌠  

ѿᵝ ңҩ ̆ԋ ᵝҌ ̔ 

Е ф; Еפ
ᵤ-ф Е ф; Еפ

ᵤ-ф 

ᴇ ᴇ ᴇ ᴇ 

ⱴ ;
/
)

0
-0  

 

ᴇ ᴇ 

;
/
)

0
-0  

 

( ҍ ῏ ᵝ)̔  

 0  

ᴇ ᴇ 

̔ ѿ ᵝ ̆Ҍ ᵝ ⱴȂ Figure 36 
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ҍ ≠  

 

╠ ̆ ԅҌ ꜚ̆ Ẋ

҉ ȂҊѿ ҉ Ȃ 

Ҭ̆ Ȃ ױ ⌠̆ ̆

׆ץ ⌠ ₱ Ȃ ѿ ̆ ₱ ΐ ҈ҩ ̔֜

ȁ ᵝ̆ץ Ȃ 

* * ̆ ⌠ ₱ ҹ 
 

Þ&ᴇ*ᴃ'; ᵤ-фפ
amq&-0'פ)u -ф

ᵤ-фפ'qgl&-0ר
&/1.' 

 

Ȃ֜ &ᴇ*ᴃ' ̕ &ᴇ*ᴃ'

ᵝ̆ (ѿ )̕ ѿҩԋ№ ̆ ⌠

ңҩ &ᴇ*ᴃ' &ᴇ*ᴃ'Ȃ ԍ ̆ ₱ Ȃ ԍ

̆ ҩԋ№ Ҍ ̆ (spinor)Ȃ( ñspinoròѿ

ᴶ (Paul Ehrenfest) ñ (vector)ò ñ (tensor)ò Ȃ) ; ;.̆

⌠ӊ╠ ₱ Ȃ 

ᵥ ꜚ ̙ ̆ ᴰ ẏҍ

(spin operator) ӗ Ȃ ԍ╠ ₮ ₱ ̆ ӈҹ

҈ҩ  

;
. /
/ .

*
. ר
ר .

*
/ .
. /

&/1/' 

 

҈ҩ ⌐ (Pauli matrices)Ȃ 

̆ ̆ ꜚ ῀ף

῏ Ἡ ¡ױф0״;ׂ; ;Ἡфתф0ױ¡ Ȃ ⌠ ꜚ  
 

Ἡר ᵯÞ;
Ἡф

ױ0
& 'фÞ &/10' 

 

1/2 ⌐ (Pauliôs equation)Ȃ  

ѿ ̆ Ἕױ ̆ ῀ ל ȂῬל ᶏ

(minimal coupling)̆ Ἡר ᵯ ҹ Ἡר ᵯ ᴀ̆כ Ἡר ҹ Ἡר ᴀṫ̆׆

῀ ᴀҍלȂ ѿ֓ ף ̆ ⌠ ≠  
 

Ἡר& ᵯ ᴀכ'Þ;
/

ױ0
Ἡר& ᴀṫ'фÞ

ᴀἩ

ױ0
ṬÞ &/11' 

 

Ṭ; ṫ ₮ Ȃ ԅ - 1/2

ꜚ Ȃ῏ ԍ ᶷ ₮ ѿ ̆ Ҭ ѿ ̆
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̆ צ ҹ 2Ȃ Ҍ ̆ ѿ

̆ ԍҍ ῏ Ȃԍל ̆ ң ֟ ԅ -

Ҭ ⌠ ԋ№ Ȃ 

ӊ̆ѿ Ῥ ԅ ≠ ̆ ῒ

צ ҹ 2Ȃ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ѿҩ ̔ ( ) ( )Ȃ Figure 37 

ᾣ ̔ ( ) ( )Ȃ Figure 38 

 

constructive interference 
 

destructive interference 

 

constructive interference 
 

destructive interference 
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Ŀ Ŀ № 

 

ѿ ҍ ≠ ᴇ Ṣꜛ

№ Ȃӊ╠ ⌠̔ Ҍ ̆ ӈԅ ᵝ

ᵝ̆ ꜚ ԅ ñ òȂҌ ꜚ Ȃ 

̆ ԍ ז ꜚⱬ ӥҬ ⌠

ȂҌ ԍ Ҍ ꜚȂ ԅ ⱬ

№ Ȃ 

Ӟ ץ Ȃ ԍῒ ׆ -

ҹȂ ԅ 1/2 ҹȂ ҉̆ Figure 37

̕ᾣ Figure 38 Ȃ 

 

 

ҍ ₱  

 

ԍ ⱴ ̆ᴪ ⌠ ⌠ѿҩ ṿ̆ ᶏ ԍ

Ȃ ₮ ‗ԍ ⱴ Ҭ Ȃ 

ҹԅ ҩ ̆ ѿҊ ⱬ ῏ῤ Ȃ ת ᴪ

Ȃ ̆ ת ѿ ΐ ⱳ  ( ӊ̆

῝ )Ȃ₄ ΐ ⱳ ѿҩ ҩ Ȃ ̆ ת ᴪ

ѿҩ ҍ Ȃ ῏ ‗ԍӞ ӈԅ ת

Ȃ ҍ ᴪ Ȃ ᴪ֟

ץ ₱ Ȃ ӊ̆ ₱ ғ Ȃ 

ҍ ‰ ̆ғ ӊΐ Ȃ 

 

 (measurement) ҹ ת ̆ ᴪ

ñ ò ҩ Ȃ 

 ñ ò ԅ ₱ Ȃ 

 

Figure 39ѿ ᶛȂ ѿҩ ⱴ ̆ ץ ñꜘ ò

(the untangled óaddition regionô can be imagined to shrink into disappearance)Ȃ ѿ ̆ῒ

Ҭѿҩ ñ òῒ ̔ ₱ (the collapse of the wave function)Ȃ

ᶛҬ̆ⱴ Ӈ ̆ Ӈ ῤ ̆ ‗ԍ

Ҭҍ ̕ ̆ ‗ ԅ Ȃ ױ ץ ̆ ⌠ ҩ

‗ԍ ⱴ Ҭ (ⱴ )r Ȃ 

₱ ̆ ₱ Ҍ ᴋᵥ └̆ ҹ

ҩ Ҭ Ḥ ᴰ Ȃ ҉̆ ₱ ꜚ ץ

ꜚѿ֓֜ ̆ᵖҌᴪ֟ ᴋᵥ֜ Ȃ  
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ӊ̆ ҍ ῃѿ Ȃ ̆ ₱

ҹ̔҅הү ꜘ └҅ү (strands visualize 

the collapse of the wave function as a shape deformation from a superposed tangle to an 

eigenstate tangle)Ȃ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ⱴ ̔ ⱴ Ӈ ̆ Ӈ ῤ Ȃ Figure 39 

  ⌠  

ңҩ  

 ñ҉ò  

 ñҊò  

ⱴ(ңҩ ᴇ Ҭ ѿҩ) 

 

ⱴ  

ñ҉ò    ñҊò 
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ҍ ֠ï ᵹᾥ  

 

ӌѿ ̆ ᵌӍ ῀ ӊ Ȃ ҹ̆ (ῒ ꜚ)

ԅ Ȃᴧ ̆ ֠ï ᵹᾥ (KochenïSpecker theorem)(

ԍ ᴿ ) ̔ Ҭ ԑ (non-

contextual hidden variables)Ȃ ̙ Ȃ 

Ҍ ̆ Ҍ ̆Ҍ Ȃ ᶏ

ҹ ̆ Ӟ ῒ֜ Ȃ ֜

̆ ῒ ̆ Ȃ ̔ 

 

 ҍ֜ ԝ (contextual)Ȃ 

 

̆ Ҍҍ ֠ï ᵹᾥ Ȃ ӊ̆ Ҭ̆

̆ ̆ Ӈ Ҍ Ȃ

’Ȃ Ҍ ᶫ Ȃ ҉̆ ԍѿҩ ̆

ᶫ Ҭ Ȃᴋᵥ ₮

ԑ ȁ ̆ ֞ Ȃ 

ӊ̆ ץ ꜚ ҹ ̆ᵖ ҍ ᴇȂ

ῤ ҍ ῃѿ ̆Ҍ Ҍ Ȃ 

 

 

ҍ  

 

Ҭ̆ңҩ ҩ ץ (entangled)Ȃ Ҍ №

Ȃ ӊѿ̆ ῒ ̆ ׂׅ

Ȃ ᴪױ ̆ ȁ ȁ Ȃ 

ҹԅ ̆ ױ ᾢ Ȃ Ҭ̔ 

 

 ѿҩ (many-particle state) Ȃ 

 

ѿҩ ד ₱ ҩ ӈԅ ҩṿ̆ד ҩ ѿҩṿȂ

̆ ҹ Ҭ̆ ҩ ҍῒ ԑ Ȃ 

̆ѿҩ ד ₱ ѿҩ ד1 Ҭ ṿ₱ Ȃ ҹֲ

̆ ҉̆ѿҩ ד1 Ҭ ṿ ד ₱ ̆ ᴇԍѿҩ ҈

Ҭ ד ṿ ₱ Ȃ Ҍᴪױֲ̆ ד ṿ₱ ̆ Ҍӟױ ҩ

Ȃᵖ ҩ ӈԅ ҩד ₱ ṿ̔

̆ ғ ҩ ̆ ѿ ֟ ѿҩΐ ᵝ

ṿȂ ̆ ֽ ҈ Ҭ ҩד Ȃ  
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ӊ̆ Ҍ ѿҩ ד1 Ҭ ₱ ҩד ̕ ҈

Ҭ ₱ҩד Ȃ ץ

Ȃ Ҭ ץ ⌠ ῏ԍ ҩ ̆ ᵬ ҈

ҬҌ Ȃ ֓ᵬ Ҍ ҍ ̆ Ҍ

҈ Ҭ Ȃ ֓ ⌠̔ ҈ Ҭҹ ҩ

ӈ ῃ ₱ ( ₮̆ ₱ ҹ ₱ ̆ Ӈ Ҍ

)Ȃ ̆Ἕ (Richard Feynman) ֲ̆

҈ Ҭ ₱ Ȃ ҹ ᶫԅ ἝȂ

ꜛԍ ӟ ȁ Ȃ  

ѿ ԍ № ̔ ҍ Ȃ Figure 40 

 └  

ѿ № ̔ 

ᴇЕ ᴇЕ ᴇф ᴇф 

zέὴ 

ԋ № ̔ 

zὴέ 
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ӈ ̆ ץ ӈ Ȃ 

 

 (an entangled state) № Ҍ № ⱴȂ

ץ ғ ױ Ҍ ̆ ֓ ⅎ (separable)Ȃ 

 

Ҋ ̆҉ ᶏ ӈ ⱴ ̆ ץ Ȃ 

ѿҩᶛ ̆ѿ ̆Ӟ Ŀ (David 

Bohm) ₮ Ȃ Ҭ̆ ԍ № ң

1/2 ҹң ȁ ԑ ғ ȂFigure 40 ԅ

ѿ № ̆ ҹ 0 zέὴ zὴέ ңҩ Ȃ Ӟ ץ

Ҭ└ Ȃ ⌠̆ҹԅ Ḡ ҹ 0 ̆ ̆ ֜ Ȃ 

ױ ץ ₮ѿ ҹ 0 ⱴ 7.#zέὴ) /.#zὴέȂ ≠

ⱴ ӈ̆ ץ ⌠ Figure 41 ̕ ≠ ӈ ҩ

Ȃ ῒҬѿ ̆ ⱴ ᴪ Ȃ

Ӈ ⱴ ῤ ̆ Ӈ Ȃғ ԍң ̆

ӊ ̆ ᵥ̆ң ̆ ң Ȃ

ῒ ̆ ғ ᾣ ̆ᵖ ᴰ ᾣ Ȃ ̆

ԅ ⌠ 1/2 ҹȂ 

 

 

 

 

 

 

 

 

 

 

 

  

ѿ Ȃ Figure 41 

 ӊ (entangled state) ⌠  

7.#zέὴ) /.#zὴέ 

ᴇЕ ᴇЕ ᴇф ᴇф 

 

ñⱴ ò 

⌠ 7.# 

⌠ /.# 
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ԋҩᶛ ѿ ᾣ ̆ ᵹ(Aspect) Ȃ ҹ 0

̆Ӟ ΐ ( )ᾣ ̆ Ȃ ꜛԍ

’Ȃ ᾢױ ҉ ׃ ᾣ Ȃ 

Figure 42 ԅѿ № ῒ Ȃ ̆

Ҭ ѿҩᾣ ̆ ᴪ ⌠ңҩ Ҭ ѿҩȂ ғѿ ԅѿ

ҩᾣ ̆ ̆ῒᵄ ᾣ ᴪ ⌠ ṿ˻

҉ ⌠ԅ Ȃ ̆ ῒ ̆ᵖ

ᾣ ᴰ Ȃ ῃ ԅ Ȃ 

 

 

 

 

(statistical ensembles)Ȃ Ҭ̔ 

 

 (a mixed state) (ⱴ ) ֜ Ȃ 

 

ꜚⱬ Ȃ ױ ⌠ ױ ҹԅᶏ Ҭ₮ ҍ

ᶫ ῃ ᴇ̆ᵖ Ҍᴪ ѿ ҩ Ȃ 

ңҩ ᴰ ȁ ҹ0 ᾣ ѿҩ Ȃ Figure 42 

ԋ № ̔ 

 

ᵿ (Aspect experiment) 

ѿ № ̔ 

 

 

(50%+50%)̔ 

’Ҋ̆

ⱴ Ȃ 
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ñ ꜚԍ Ȃò ᾥ≠ ң ԓ ╠ Ȃ

ׂ̆ ױ ̔ ԅ Ȃ

҉̆ ᾥ≠ ̆ ̆ ץ ҈ Ȃ 

̆ ҩ Ȃῒ ԍ ӎ ῒ

Ȃ ֲ̆ ȁꜚ ȁ ̆ ҈ҩ

ױ ̆≢ Ȃ ҈ ֲ̆ ȁꜚ ȁ ̆ ֜

Ȃ 

ᵥ (Ҍ )҈ ̆ ғ ҈ ̙

̔(1) ѿ ̕(2)ῒ Ҍ Ȃ 

ҍ Ҭ̆ ӈ ̆ ץ ԑ ̆Ӟ ץ

ԑ֜ Ȃ ҍ ̆Ӟ ֲ ₮ Ȃ ⌠ ȁ

1/2 ȁ ֜ ץ ῒ ̆ ҈ Ȃ

ԍ҈ ҬȂ Ҭ̆ ᵝ ҍ ҉ ҈ ̕

̆ ӈ ’Ҋ̆ ҈ Ȃ(ѿ

ӈ ’ ᾥ ҊȂ) ӊ̆ Ҋ̆

҈ Ȃ ⌠ ̆ Ȃ 

҈ Ȃ ѿ ѿ ῒ Ҍ Ȃ

ԍ Ȃ ₮ԅ ѿ↕ Ȃ 

҈ ץ ҍ Ȃ ̆ Ҭ̆ ҩ

ҩ ץ ( ̔4 ҉ץ 1 ̆ᵖ ץ 2 ҉ץ

)Ȃ( ↕ Ҭ̆ Ҍ ӞҌ ᵬ 4ҩ ̆ ғẊ ׅ ѿ

ᵣȂ)῏ ̆ Ҭ̆ ԍ ԍ3 ҬҌ Ȃ ̆

ῒ ԍ3 ҬȂ ̆ ῒ Ҭ̆

Ȃ ӊ̆ ץ ᵬҹ ꜚ 3 Ҭ Ȃ

ԍ ԍ3ҩ Ȃ ӊ̆ ₮

ᵬ Ȃ 

ԍ ѿ ̆Ӟ ᵌ Ȃ ѿҊ ֓ ᴪ

Ȃ ӊ̆ 3+1 Ҭ ̆ ҌῚ ῒ Ȃ ̆

ױ ‗ԅѿҩ Ȃ ױ ӊ Ȃ 
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ҍ  

 

ҍ Ҭ Ȃ Ҭ̆ ᵊ

(Hermitean or self-adjoint operators) ᶏ Ḡ Ҍ ̕

(unitary operators) ᶏ ₱ Ḡ ῒ ̆ ̆ ̆ᶏ Ḡ

ῒ ҍ Ȃ 

⌠ң Ȃѿ ̆

̆ ױ ⌠ (Schrºdinger picture)̕ ԋ ̆

̆ (Heisenberg picture)Ȃ 

ң ᴇ Ȃ Ҭ̆ ̆ ֜ ҍ

Ἡ ᴇ ̆ ҹ ҹ Ȃ 1987̆ Ŀ (Louis Kauffman)

ꜚ ҍᵝ ῏  

 

רἩ;״ᴇᴇ״ &/12' 

 

ҍ֜ ῏Ȃ ↕ ԅ ѿ Ȃ 

ⱬ Ҭ ῏ ꜚ ӈ תἩ;״ ₮̆ῒҬ ;ת ᵳר

Ȃ Ἡ ᵝꜚ ̕ Ȃ Ҭ̆ѿҩ

ӗץ ר Ȃ ר ᴰ ̆ ҹ

ҩ № Ȃ ӊ̆ ῏ ₮Ȃ 

 

 

 

ҍꜚᵬ  

 

ᾥ ӊ╠̆ᾢ ̆ ᴪ ױ

ꜚȂ 

Ҭ ꜚᵬ ץ̆ ᵝ(ꜚᵬ Ἡ) Ṑ Ȃ

ꜚᵬ ̆ ѿҩ Ҭ Ȃ 

Ҭ̔ 

 

 ѿҩ ꜠ᵲ (action)ל ⌠ ֜ Ȃ 

ꜚᵬ ṿ Ἡ Ṑ Ȃ 

 

̆ ԍ Ṑ ̆ ץ ṐȂ ѿ ⌠̆ ӈ̆ꜚ

ᵬ Ҍ Ȃ ѿ Ҭ ΐ Ȃ 
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Ҭ̆ ᵝ ꜚᵬ Ȃ ̆ Ҭ̔ 

 

 (energy) ѿҩ Ҭ ᵝ ῤ ֜ Ȃ 

 

ꜚ̆ῒ ᵝ Ȃ ӊ̆ף ᵝ ñ

òץ Ȃ╠ ⌠̆ Ҭ ԍ ( )

̆ () Ȃ 

 

 ꜠ (kinetic energy)י ̔ ꜚ

ᵝ ῤ ֜ Ȃ 

 

ױ י ᵣ ᵬ Ȃכ-י; ꜚ Ȃ

ꜚ ̆ ; ̆ ꜚᵬ ԍꜚ ҍ ӗ

ל ; bכbᴃ;יᴃȂ Ҭ̆ѿ ѿ ╠

Ȃ ̆ ԍѿ ∆ ̆ ᶏꜚᵬ ל Ȃ 

ԍ ԑᵬ ̆ῒ ԑᵬ ץ ל ך ̆ ‰ ל̆

֟ ԑᵬ Ȃ Ҭ̔ 

 

שׂ  (potential energy)ך ̔ ԑᵬ ᵝ ῤ ֜ Ȃ 

 

ױ ך ᵣ ᵬ Ȃכ-ך; ӊ̆ Ҭ̆ ԑᵬ ᴪ

ꜚȂ 

Ҭ̆ꜚ ҍל ӊ ѿҩ ┴

Ȃ №Ȃ 

ӊ̆ Ҭ̔ 

 

 (Lagrangian density) ; ᾥ ҉

⌠ ̔ ᵝᵣ ᵝ ῤ ֜ Ȃ 
 

 ѿҩ ꜠ᵲ (action)ל ; ;bᴃב bכbᴃ ⌠

֜ Ȃ∆ ᵤ ᵡӊ ꜚᵬ ᵤᵡל Ҋ ₮ 
 

ᵤל ;χ zu bᴃ ᵡ ; zu & 'bᴃ ᵡ &/13' 

 

ԍ ҍ֜ ῏̆ Ҍ ֜ ꜚ Ȃ

ӊ̆ ̔ 

 

 ᶏꜚᵬ ל Ȃ 
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Ҭ̆ꜚᵬ ₮ ̆ ѿҩ ץ ֜

̆ῒꜚᵬ Ȃ ̆ ץ ꜚ

ᵬ (Schwingerôs quantum action principle)Ȃ 

ҹԅ ꜚᵬ ꜚ̆ ץ ӈꜚ ל Ȃ ԍ

̆ ᴇ Ȃ ѿ

ҹ̔ 

;
Ἡר

0
Ⱨ
ᵯ ᵯ

Ⱨ Ἡф

ױ0
Ⱨ &/14' 

 

̆ꜚᵬ ץ Ȃ ԍ ל ’ȁ ԍ

≠ ץ ῒ ̆Ӟ ץ ẠȂ 

ױ ץ ҹ̆ ԅꜚᵬ ̆ῒ └ ̔ ᶏ

֜ Ȃ 

 

 

 

 

ӈ ̔  

 

ѿҩҌ ע̆ ᾣץ ῒ

Ȃ ӈ ԅ Ҭ̆ ѿ ֟ Ȃ 

ӈ ̔ ԍѿ℗ ῃ Ȃ Ҭ

̆ ѿ ȁ ȁ (unknotted and unlinked)

̆ ԍᴋᵥ ̔ ῤ ȁ ȁ

ғ Ȃ ӈ ѿ Ȃ Ҭ̆

ᴼ῞Ғ (Lorentz-invariant)Ȃ 

(Ḃ ץ( ᴶῗҌ Ȃ ̆

ҹ ᵣ̆ ֜ Ȃ ӈ̆Ῥ

ⱴ҉ ꜚ └̆ Ḡԅ ᴶῗҌ Ȃ 

Ҭ ѿ ̆ ғ ҹ Ȃ

Ҭ̆Ҍ ̆ Ȃ ≢

̆Ҍ ᵞ Ȃ 
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ӈ ̔Ҍ  

 

Ҭ̆ ȁ Ȃ▲ ׃ ᾣ

̔ᾣ ̆ Figure 50 Ȃ ӈ̔ 

 

 ᾫ (Planck speed)ע Ҭ ᾣ ֜ Ȃ 

 

ҹ ӈ ԍ֜ ̆ ᾣץ ע (energy speed)Ȃᾣ

Ӟע ѿ ῤ ṿȂ ҉̆ ̆ ԍҌ ῏ ̆

ҩᾣ ᴰ ᾣ ̆ᵖ Ẓ ᵞȂ 

ᾣ ꜚ̆ ᵌ

ꜚȂ ҍ Ҭ ꜚҌ ̆ Ҭ ꜚ≠ ԅ

Ȃ ᴪᶏ ⁞ ̆Ҍ Ҍ ̆ӊ Ῥ Ȃ ӊ̆ ױ

ꜚ ᾣ ̆ ע ѿ Ȃ 

Figure 43 ̆ ꜚ₃Ӎҍᾣѿ ̆ ץ

ᾣ ̆ᵖ ע (limit speed)Ȃ 

̆ ҩ ̔ ᵥ Ҭ ꜚ ̙ ᴪ

ҩ Ȃ ӊ̆ᾣ ꜚ ҹ ₮ Ȃ

ῒ№ ꜚ̆ ѿ Ȃ ̆ᾣ ꜚ ᾣ

(finite)Ȃ 

ᾣ ע ӈҹѿҩ ṿ̆ ̆ᾣ ץ ԍ

ԍ ע ᴰ Ȃᵖ ԍ ᵝ ̆ ע Ȃ ̆

ע ṿ Ғ (invariant)Ȃ 

1905̆ ̆҉ ⌠ ᾣ ̔ ȁ ȁ

ȁҌ ̆ ᴶῗ Ȃ ≢ ̆ᾣ ע ҹ ױ

ׂҍ ꜚ ӊ״ ῏ ҹ 

 

ׂф;ױфעϩ)עф״ф Ἡф ф;ױфעϩ)עфἩфתф &/15' 

 

ѿ ῏ Ӟ ԍ ðð

ױ)  ᴪ )Ȃ 

ҩ ₮ֲ ̙ҌȂ Ҭ̆ ֜ ӈҬ̆ ױ ᾣ

ᵬҹ ᾥ ҍ ᾥ ṿ ῀Ȃ ̆֜ ӈҬ ԅᾣ

Ҍ Ȃ 

ꜚᶏ ᵝ ̆ ῤ ̆

ғ ғ ̕ ӊ╠ ₮  3+1 ̆ ץ ̆

ΐ ⱴ Ȃ ‗ԅѿҩ Ȃ 
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῏ ҍ ’ ң Ҍ Ȃѿ (energy scale)Ẓ ̆

ԅ їׂ;ע
фױȂԋ ̆ ꜚҌῬҍ ῏̕ ԍ

̆ ꜚ Ȃ ң ԍ Ȃ 

̆Ḃ ץ ῏ ₮ ᾥ - (Kleinï

Gordon equation)̔  

Ἡф ᵯᵯ;ױ
фעϩ фἩфע ф &/16' 

 

ӊ̆ ᾥ - Ȃ ױ ԍ ѿ

̆ ᾥ Ȃ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   

   

֜    

      
 ⌠  

̔ 

ꜚ ̔ 

ꜚ ̔ 

ᴃЕ 

ᴃф 
ᴃф 

ᴃЕ 

ᴃЕ ᴃф 

ᴃЕ ᴃф 

ᴃЕ ᴃф 

ᴃЕ ᴃф 

ȁ ᵞ ȁ ꜚȂ Figure 43 
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ᾥ  

 

ᾥ - Ȃ ᵌ Ȃ

̆↕ Ȃ 

ӊ╠̆ ᵝҍꜚᵬ ῏ ̆ -ꜚ ῏ ̆

̆ ₮ԅ ̕ ῀ 1/2 ₮ԅ ≠ ̕ Ῥ ≠ ᵝ

ҍꜚᵬ ӊ῏ ̆ -ꜚ ῏ ̆Ẋ ҹ ̆ ₮ԅᾥ -

Ȃ 

  

- (Battey-Pratt) (Racey) ѿ ԍ ñ ò

ᵣ ᾥ Ȃ(É Springer Verlag, from Ref. 171) 

Figure 44 
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̆ ᾥ ̆ Ҋ҈ҩ ⌠ ̔

(1)ꜚ ᵬ ҍ ₱ ᵝӊ῏ ̕(2) ῏ ̕(3) 1/2 Ȃ

ױ ץ ѿ ̆ ҹ ԅ ҈ҩ Ȃ 

ᾢױ ӥҬ ᾥ Ȃ Ҋ̆ Һ

̔ ץ ꜚ ңץ ꜚȂ

̆ ԍ ̆ң ᴪ Ȃң ѿҩΐ

ҩ № ₱ ̆ῒ№ ≠ ₱ № ңṐȂ

҉̆ ≠ Ẋ ѿҩ ̆ ̆

̆ ҹ ’Ҋ̆Ҍ Ҍᴪ Ȃ 

ҹԅ ̆ ₱ ҩ№ Ҭ ѿҩ̆

-ꜚ ῏ ̆Ӟ ᾥ - Ȃ ҩ ץ ᾥ Ȃ

יּ (Lerner)₮̆ ҊȂ 

ѿҩ ᵣץ ꜚ̆↕ ң Ȃ ױ

ҹ ᴄ̆ ҹ ᴅȂ ңҩᶭ ԍ ҍ Ȃ

ҍ 4- ҹ 
 

ׇ ;ᴄÞ ᴄ)ᴅÞ ᴅ &/17' 
 

̆ ῀ № ҍ 4× 4  
 

;
ᴄ
ᴅ

װ ;
.

. Ⱶⱶⱶⱷ
&/2.' 

 

ῒҬ ̆'*׆&; Ⱶⱶⱶⱷ;&׆* '̆ ׆ 2× 2 ᵝ Ȃ Ӈ4- Ώץ  
 

ׇ ; Þ &/2/' 
 

̆ ȁ ᴶῗҌ ȁ ҈ҩ ̆ ⌠  
 

Ἡר ϧעױ( ;. &/20' 
 

( ) Ҋ ᾫ (Dirac equation)*1Ȃ ѿ ᴪᶏ

Ȃ Ἕ҉ץ ≠ ̆

ל ῀ ↕ Ȃ  

҉ ԍ ᾥ ӥ ̆Ӟ ץ Ȃ

ȂṢꜛ - (Battey-Pratt)

(Racey)ԍ1980 Ȃ Figure 44̆ױז ԅץҌ (strands)ñ

 
1* ϧ ӈҹ 

ϧ;
. ׆
׆ .

&/21' 

ῒҬ̆׆ 2× 2 ᵝ Ȃ 
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(tails)òҍ Ҭ ᵣȂ ױז Ҭ̆Ҭ ᵣ ԍѿ

ȂҬ ᵣ Ẋ ҹ ׆̆ 1/2̕ Ẋ Ҭ ᵣ

 ( ױ Ҭ̆Ҭ ᵣ ҹ )Ȃ ̆ - ԅ

ѿ ΐ ᴋ ѿ ꜚᵣȂױז ̆ ᵣ ҩ

Ȃ ᵣ ᵝ ⌠ ᾥ Ȃ -

҉ҍ↨ ₮ ӥ ᴇȂ 

ץ ̆ ᾥ ԍ ȂҊѿ Ȃ

ᵬ ԍ2008 ̆L. (Lou Kauffman) ₮ԅ -

Ȃ ҉̆ԋֲ ̆Ḡ Ŀ ᾥׅ ҕ̆ ̆

ױז Ḥ₱Ȃ 

ӊ̆ ῃ ԅ ꜚ̆ҹ

ᶫԅѿҩ ἝȂ ̆ ԅ ֜

̕Ṣꜛ ̆ ᾥ ԅ ֜ Ȃ

҉̆ ץ ╠ ΐᵣ ̆ ԅ ֓ Ȃ 

 
 

ᾥ  
 

ᾥ ᵌ ̆ῒ ₃ҩ ̔ 1/2 ̆

-ꜚ ῏ ̆Ḡ ꜚᵬ Ҍ ̆ ғ Ἕ Ȃ

ѿ ̔ ҹ̆ -ꜚ ῏ ̆ ̆

ᵝ Ȃ ױ ѿҊ Ȃ 

֜ ֟ ₱ Ȃ ԅ

₱ Ȃ ѿ ̆ ₱ ΐ Ҋ ̔ 
 

 ѿҩ &ᴇ*ᴃ'̔ ׆ ̆ ̕ Ҭ̆

֜ Ȃ 

 ѿ ҈ҩ * * ׆̔ ̆ ױ ԅ

ᵝ̕ Ҭ̆ ҍ ᵝȂ 

 ѿ ҈ҩ ẚ; ᴅᵳ*ᴅᵴ*ᴅᵵ̔׆ ̆ ץ ᴶῗ

(boost)̆Ӟ ץ ѿ ҈ҩ ̕ Ҭ̆ ױ

ᴶῗ (boost) ̆ ץ ᵬ

Ȃ 

 ѿҩ ᵝ ׆̕ ̆ Ȃ

Ҭ̆ ҩ ᵝ ԅ Ȃ 
 

῍ ῇҩ ̆ ԍѿҩ ҂ҩ ᵝ̔ ץ ₱ ҹ 
 

; ח'ẚ&בᵤפ
0
*
0
*
0

&/22' 
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ῒҬӗ חב (boost)ҍ ᵝ Ώ̆ ᶭ

ҍ Ȃ ↕ ҍ ӥҬᶏ ҩ ᴇȂ ҉̆

₱ ץ ῒ ╠Έҩ ᵝ ΐ ̆ ף1960

₮ Ȃ ΐ ׆ץ ̆ ᵣ Ҭ

₮Ȃ ΐ ԅ ѿҩ̆ ҂ҩ ᵝ̆Ӟ ҩ ᵝ ԅ

̆ ԅꜚᵬ Ἡ ₮ ץ̆ ҹȂ 

ӊ̆ ҍ ̆ ҹ ₱ ῒ ᶫ

ȁ ȁ ΐ Ȃ ̆ ԅ

ҹ ѿ ̆ ץ ԍ ̆

ԍ ҹҌ Ȃ ‗ ԅ Ȃ֜

ӈԅ ₱ Ȃ ̕

Ȃ 

₱ ₃ҩ ꜛԍ ᾥ ̔ 
 

1. ₮̔ ᶏ ’Ҋ̆ Ӟ ᵣȂ 

ҹ ֓ ᶫԅѿ ΐ Ȃ 

2. ꜚ(Zitterbewegung) ᾥ ѿ №̆ ץ ᵬ ꜚ

└Ȃ ̆ ԍ ꜚ Ȃ 

3. ԅҹᵥ ΐ ṿ  Ȃע

4. ҹ ῖ Ȃ Ҭ̆ ԍ

Ȃ ̆ ҍ

῏Ȃ 

5. ҹ̔ ( ᵝ ) ᵣ(

)̆ғ Figure 19 Ȃ 

ץ .6 ᵬ (stochastic quantization research programme)

ᶛ̔ ꜚ ԍ ꜚȂᶛ ̆ ԅ ҍ

ᵌ ̔ ԍ֜ ץ ̆֜ Ҭ₮

ᵝȂ 
 

ӊ̆ ᴰ ̆Ӟ ╠ ѿ Ȃ

ӊ ץ ̆ ҹ ᾥ ֽ ҈ҩ ₮̆ Ῥ ԅ

҈ҩ ̔ 
 

¥ ꜚᵬ ҍ ₱ ᵝӊ῏ (ꜚ ҹ)̆  

¥ ꜚᵬ ҍ ҹӊ῏ (֜ ҹ)̆   

¥ ӈ ῏ ( ҹ)̔ ῏ ԍ Ȃ 
 

ױ ᾥ ̆ ῒ Ȃ ԅ ᾥ

̆Ӟ ԅ ̆ ᶏῒ ᵣץ Ȃ 
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҉̆ ױ ץ ̔ 

 

 ᾥ ԅ (belt or string trick)Ȃ 

 

ԍ ᾥ ῏ Ȃ Ҭ̆ ңҩ

ðð ңҩ ðð ֞ Ȃ ֟ ԅ

ᾥ ᾥ ҩ№ Ȃ 

ӊ̆ ᵬҹץ ΐ Ȃ ₱ (

₱ ) Ȃ ̔ Ҍ ̆ ֜ Ȃ 
 

 

ⱬ ҍ  
 

Ⱶ (quantum mechanics) ѿ ᵌ̆ῒҬ ̆

Ҍ Ȃ Ҭ ⱬ Ӟ ѿ ᵌ̆ ᵌҬ̆ѿ ѿ

Ҍ Ȃ ᵌᶏ ױ ₮ ᾥ ȁᾥ

- ȁ (Proca)ȁ ≠ ȁ Ȃ ᵌҊ̆

Ҭ Figure 45 ȂҊѿ ⌠̆ ᵌ ᶏ ױ

₮҈ ԑᵬ Ȃ 

ӊҊ̆ Ҭ ̆ ғ ץ ԑ Ȃ

ᶏ ױ ₮ ̆Ҋѿ Ȃ

Ҭ̆ Ҍ ̆ ҩ ᴪ ̔

Ȃ 

 

 

 

 

 

 

 

 

 

֜    

      
 ӊ ( ) ⌠  

 

 
Ԑ 

 

ⱬ Ȃ Figure 45 
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̔ ‗ᵍ≠ ҈ҩ  

 

ѿ℗ Ҭ̆ ҍ Ṣꜛ ȁ ӈ ̆ᶛ

̕ ѿ ̆ Ṣꜛ ȁ ӈ Ȃᶛ ̆

Ҭ ѿҩ ᵣȂ ӈ ף Ȃ 

╠ ̆ Ȃ ҍ

№ ̆ ҩ῍ ԅᵍ≠ Ҭ ᵌ Ȃ ̆

ӊ׆ѿҩ ҹѿ Ȃ 

̆Ӟ ̆ ӈҹ ֜ Ȃ ̆

ѿҩ Ȃ ҹ ѿ ᶛ̆ץ

Ȃᵖ ̆ᴋᵥ ᵣ ῒ ҍ ῒ № Ȃ

ᶏ ѿ ꜚ̔ ԍ Ȃ ѿ

̆ ⌠ ̆ ץ Ȃ ̆

̆ ̆Ӟ ԅҹᵥ ױ ץ — ҉̆ ꜛ̆

҉ ꜚ Ȃ ‗ԅ Ȃ 

ӄ ӄץ╠̆ ₮ Ҍꜚ ̆ ԍז ҹ ז̔

№ ꜚ ᵣ Ἕ( )ҍ ᵣ Ἕ( )Ȃ

ҩẊ Ҍ ̔ ᶏ( Ҭ) ̆Ӟ ₮ ꜚ

ҍ ≢Ȃ ̆ Ҍ ̆ Ȃ 

 

 

 

̔  

Urlaub ist die Fortsetzung des Familienlebens 

unter erschwerten Bedingungen.*1 

Ŀ ῌ  

 

╠ ӈ ₱ ⱴ ӗ ӈ̆ ԍ ₱ ̙ 

** 

₱ ₱ ӈ ֜ ̆ ԅ ֜ Ȃ

̙ 

** 

  

 
1* ñẊ ᴆҊ Ȃò Ŀ ῌ  (Dieter Hildebrandt, b. 1927 Bunzlau, 

d. 2013 Munich) ѿᵝ ȁ Ὶᵬ Ȃ 
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ꜚᵬ ҹ ꜚ ̆ ҩ ̆ᴨ

ᴪ Ȃ ѿ ΐ ҹῒ

̔ ꜚᵬ Ἡ ҹѿ ѿ ꜚѿ Ȃ 

** 

Ὲ ҍ ̙ 

** 

Ҭ ҍ ῏Ȃ Ҭ̆

ָӇҌ ̙ 

** 

ᵰҌ ₮ ⱬ ̆ ѿ ̔ᵰ Ἕץ

̆≠ ꜚᵬ ⱬ Ȃ 

** 

ף ᾥ ̆ Ἕ ԅף ἝȂ Ŀ ≠ (Hrvoje Nikoliĺ)

̆ Ἕ ԅ ᾥ ᴶῗ Ȃ Ἕ ᵥ

ҍ ᾥ ӊ ῏ ̙ 

** 

ⱬ Ҭ̆ Ҍ ̆Ҍ ԑ ( ῤ)Ȃ

ᾛ ԑ ̆ ₮ ⱬ ̙ ̙ 

** 

ѿҩ ғ ׃ ( ѿ ѿҩ )Ҭ̆ ѿ ᵣ̆

’Ҋ ̙ Ҍ (uncountably infinite) ̆

̙ 

** 

ӌѿ ̆Figure 24Ҭ ̆≠ ̆ꜚ ץ ₮

Ҍ Ȃ ҹָӇ ԅ Ҍ ̙ 

 

 



 

 

 

08.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

 

207 

ғ Е  

 

≠ ðð֜ ӈԅꜚᵬ Ἡҍῒ ᾥ ᵝðð

₮ ̆ ₱ Ȃ ӊ̔ 

 

 ₱ (blurred rotating tangle)Ȃ 

 

‰ ̆ ₱ ֜ Ȃ ₱ № ҍ ᵝ̆

֜ ҍ ᵝ‗ Ȃ ױ ₮̔ ꜚᵬ ᾥ

Ȃ 

ӊ̆ ꜚᵬ ΐ ҹ֜ ̆ Ȃ ԅ

(Bohr) ̔ ꜚᵬ (quantum of action) Ȃΐᵣ ̆

̆ ̆Ӟ ҈ҩ Ȃ

‰ ̆ ԍ Ȃ ≢ ̆ ̔ 

 

 ᾥ ҉ (belt or string trick) Ȃ 

 

ӊ̆ ױ ̆ Ῥ ԅ ԍ Ҭ־

̔ 
 

 

ῒҬ 

 
 

ױ ₮ ̆ ԅ Ȃ 

̆ ҈ ’Ҋᴪ₮ ҍ ( ҍ

ᾥ )Ẓ ̔ѿ ̆ ᵬ ̕ԋ ̆ ԑᵬ ᵬ ̕

҈ ̆ ̆ ⱬ ᵬ Ȃ ѿ ҍ Ȃ 

Ҋѿ ׃ ꜚⱬ ҍ ԑᵬ Ȃ ⱬ ̆ ̆

-ꜚ ᾥṿ̆Ӟ ⱬ ’Ҋ̆ ᴪ₮

ҍ Ẓ Ȃ ╠ ⌠ ᴆȂ ’Ȃ 

̆ ̔ Ҭ̆ꜚ ҍ ᾥṿ

ṿȂ ҍ ѿ Ȃ 

╠̆ ̆ ѿ ̆

ῒ ̆Ӟ ῒ ᾥ Ҋ Ȃ ῒ ̆

ᵣ ץ) ֜ )̆ ῏ Ȃ 

 

 

 

;Ⱶⱶⱶⱷ&רἩעB 'ױфע &/23' - 

B; B ; & '־ᴀר &/24' - 
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ױ ᵀѿҊ ╠ Ȃ ԍ ̆ ױ ԅ ᾥ ᵝ

ȁ ₱ ȁꜚᵬ ȁ ȁ ᴶῗ ⱴ

ȁ ѿ ץ̆ Ҭ №̆

( ) ץ̆ ԍ Ҭ Ȃ 

Ҋ ̆ ױ ‰ Ҭ №̔ ֓ ԑ

ᵬ Ȃ 
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Chapter 9 

09. ҍ ԑᵬ  

 

ԑᵬ ָӇ̙ ӥ ̆ ᾥ ᵝҍ ȁҍ ῏

̆ ₮̆ ᾥ Ҋ ԑᵬ ׅҌҹֲ Ȃ 2000̆

Ԋ ̔ ⱬȁ ⱬҍ ⱬ ̆ ԍ ױ

̔ ҈ ԑᵬ ԍ ԝᵲ (gauge interaction)Ȃ ̆

Ȃ 

̔҈ Ҭ ̆ ԅҹᵥ ҈ ԑᵬ

̆ғ ѿ ⌠ Ȃ ̆╠ Ȃ

ӊ̆ ױ Ȃ ҹ ԑᵬ ᶫԅѿ └̆

└ Ȃñ └(mechanism)òѿ ̔ῒҬ Ҍ ᴋᵥ

қ (mechanical)̕ Ҍ ̆ ҩ Ӟ ̆ ҹ ױ ᴪ ̔ ԝ

ᵲ ԓ Ȃ 

ᶛ̆ Ҭ Ȃ ⱬ

ԑᵬ Ҋ Ȃ ̆ ױ ⱬ ԑᵬ ӊ Ȃ 

 

 

ԑᵬ ҍ ᵝ  

 

̆ ԑᵬ ᴪ ₱ ᵝȂ ᵥ ̙

ᶫԅѿҩ ̔ ᵊ ᵣ Ȃҹ

ԅ ̆ ױ ᵝȂ 

ױ ҍ ᵌȂ Ẋױ Ἕ↨ᵣѿ

̆ ꜚ Ȃ ҹָӇױ Ẋ ̙ 

Ҭ̆ Ҍ ╠ Ȃ 

Ҭ̆ ꜚ ҹ ᵝ ̆ ҹ

ᵝ ̆ ױ Ẋ Ḡ ↨ ̆ Figure 46 Ȃ ѿ

₮ԅ ᾥ ̆ Ȃ 

ᵖ ԅѿҩ ̔ Ҍ ↨ ̆ ᵥ̙ ҩ

₮ԅ ԑᵬ Ȃ ׆ױ ̔ 

 

 ԝᵲ (interaction) ѿ ₱ ᵝ ̆ғҍ Ҍ Ȃ 

 

Ҭ̆ Ӟᴪ ᵝ ̆ ғ ԅ Ҭ ҈

ԑᵬ Ȃ
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vs.  
 

ץ ҉ѿ ῏ԍ ꜚ ῤ ҹ̔Ғ ԍ

ꜚȂ ҉̆ ̔ 

 

 (space-time symmetries) ԍ Ȃ 

 

ѿ℗ ( ȁ ȁ ȁ ȁ ֜ ) ԍ ̕

Ҭ̆Ẋ (ῒ Ҭ)Ḡ Ҍ ғҹ↨ Ȃ 

Ғ ꜚȂ*1   

 
1* ҍ ӊ ̆ҍ ⱬ/ Ẽ ( AdS/CFTẼ)ץ Ẽ

ᵌ Ȃᶛ ̆ Ҭ̆ ҉ ҈ ףꜚ ҈ ԑᵬ

̆ Ҭ ҈ ꜚ( ף( ⱬ Ȃ 

֜    

      

Ҭ̆ ᵝ Ẋ − (rigidly rotating) ’Ҋ ӈ ̕

ѿ ᵌӞ ԍ Ȃ 

Figure 46 

 └  

(tails) 

(core) 

ᵝ (positions) 

ᵝ(phases) 

(spin) 

ᵝ  

ᵝ 

 

ᵝ (positions) 

ᵝ(phases) 

̆ ᵝ Ӟ ̕ ᴪ ԑᵬ Ȃ Figure 47 
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ױ ᴪ ̔ 

 

 (gauge symmetries) ԍ Ȃ 

 

Figure 47 ῒ ᵝ Ȃ ᵝ ԍῒ ֜ ᵝȂ

̆ ᵝ ᴪ ԍ ꜚȂ 

Ҭ̆ᴋᵥ ₱ ᵝ ԑᵬ

Ȃ Ҭ̆ ̔ 

 

 ᵝ − ̆ ӊҹ (core rotation)Ȃ 

 ᵝ ̆ ӊҹ ԝᵲ (interaction)Ȃ 

 

ңᴆԊ̔ѿ ̆ ֓ ̙ԋ ̆ ᵝ( ) ᵥ

̙ ≢ ̆ ױ ֓ Ȃ 

№ ̆ ҌἝ Ӈ Ȃ (Ԋᴆ ֜ )

֜ ̕ῒ ᴋᵥ ( ̆

ԍ ֓ ̆ ֓ ᴪ ֜ ̆ ԍ ѿ֓ ↕ҌȂ

ᴪױ ⌠ ѿԊ Ȃ) 1926̆ Ŀ (Kurt Reidemeister)

ᴪ ֜ ԅ№ ̆ ׂ ҹ҈ ꜠

(Reidemeister move)Ȃ Figure 48 Ȃ 

 

 

 

 

 

 

 

 

 

 

 

 1 ꜚ̆ (twist)̔ ѿ ₮ ѿҩ Ȃ 

 2 ꜚ̆ (poke)̔ ѿ Ҭ ׆№ ѿ

Ҋ (҉ ) ̆ ѿҩ ñԋ òȂ 

 3 ꜚ̆ (slide)̔ ѿ ң ֜ Ҋ

( ҉ )β Ȃ 

 

ꜚ Ӟ Ȃ  

ꜚI ( R1) 

twist () 
ꜚII (R2) 

poke () 

ꜚIII (R3) 

slide () 

ꜚ̔ ҈ Ҭ ӈ ֓ ̆ᴪ ֜ Ȃ Figure 48 
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ᴪױ ꜚ ᴪ ֜ ( ᵌ )Ȃҹԅ

⌠ ̆ ӈԍԋ ꜚ ⌠҈ Ȃ 

̆ ҈ ꜚҍ҈ ԑᵬ ῏̔ 

 

 R1 ꜚ ԝᵲ (electromagnetism)Ȃ 

 R2 ꜚ ԝᵲ (weak nuclear interaction)Ȃ 

 R3 ꜚ ԝᵲ (strong nuclear interaction)Ȃ 

 

ױ Ҋ ֓ ῏ Ȃ  

ԍ ꜚ̆ ױ ң ̔ѿ

꜠(core fluctuations)̆ ԍ (virtual) ԑᵬ ̕ԋ

꜠(externally induced core disturbances)̆ ԍ (real) ԑᵬ

Ȃ ᾢױ ̆ 1 ( ) ꜚҍ ꜚ̆ ҍ ԑ

ᵬ ῏Ȃ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

* ̔҈ ꜚ̆ ᵌ ѿ Ȃ ғ ᵬñ ȁ ȁ òȂῒ҈

ғ ᵬñ ɻ ɻ òȂ 

 

Twistᵬ ̆ ҹ ȁ ̆twist ñ òȁñ ò ╠ᶛȂ ̔

ȁ ȁ ȁ ȁS ( ȁ )ȁZ ( )ȁ ̕ 

 

Poke ғ ᵬ ̆ᵖ Ҍ ֲ ̆ Ȃ 

ᾢ poke ̆ ̔ ȁ ȁ┬ȁ ȁᵈȁ ȁ ȁ ̆ Ҭ ҍ Ȃ  

⌠poke҈ ҉ ѿ₃ᵥ Ȃ 

 

Slide ᵬ ̆ ҹᵬ ֪ ⌠̆҈ slideץ Ạslide-rotationȂ  
 

ñ ò̆ ҹ ñ (torsion)ò ñ (torque)ò ̆ Ҍ №

῏ ̆Ҍ ̆ ̕ Reidemeister torsionȂñ ò  Ȃױ
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R1 ꜠Е ԝᵲ  

 

̆ ԑᵬ ץ ל ᴪל̆ ₱ ᵝȁ

ȁ Ȃ ̔ ԑᵬ ԍ Ȃ ԑᵬ

̆ל ȁ ȁҌ 1ᾣ Ȃᾣ

̕Ҭ Ҍ ᾣ Ȃ № ң Ȃ ӊ

ⱬҍ ⱬҍ ⁞ Ȃ Ȃ ̆

ғ ꜚ ᵞԍᾣ Ȃҍ ΐ U(1) Ȃ

ԑᵬ ѿ Ȃᵞ ’Ҋ ̆ ̆

ṿҹ ;/-/15,.13777/17&1/'̆ ῒ ᶭ Ȃ 

҉ Ḃ ԑᵬ Ḥ Ȃᶛ ̆ ᾥ

ב ῏ ȁῒ ץ ₮Ȃ ℗ ̆

ץ ꜚⱬ (QED) ₮Ȃ ӊ̆ ױ ̔

ꜚⱬ ץ ₮Ȃ 

 

 

̔ 1 ꜚ 

 

ԑᵬ Ҭ̆ᾣ 1 Ȃ

ѿ ᵥץ ѿ ᵝ ̙ Figure 49̔ ҉ (twisted loop)

ᴪ ̆ ҹ ԅ ꜚȂ ԍ Ҍ ̆ҳ

ᴪ ῒ ᴰ ⌠ ׆̆҉ ᵝȂ

ᵝ ̆ ֓ ᴰ Ȃ 

ѿ ѿ ̔ Ҭ̆ ᴰ (twist transfer)

Ȃ Ҍᴪ ℗ Ȃ׆ ̆ ᴰ Ҍ

ᵣ Ȃ 

Figure 49 

  

ᾣ  

 

ᴶ  

twist transfer 

 

Ҍ ᵝ 
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ӊ╠ ⌠̆ ף Ȃ ̆ ץ ң ̆

ң Ȃ ̆ ӊ̆ ᾣץ҉

ꜚ̕ ̆ Ȃ 

ҳ ᴪ ( ᵝ)Ȃ ԍ

Ȃᵖῒ ̆ ץ ⌠ᴋ Ȃ ֓ ӈ ұץ (concatenated)̆

ҹ ױ ҩ ̆ ғ ҹ ԍ ̆ ץ (twist)ѿҩ

U(1)Ȃ ױ ᴪ ѿ Ȃ 

ӊ̆ ҉ Ἕᾣ Ȃ ̆ Ҭ̔ 

 

 ᾩ ѿ (a photon is a twisted strand)Ȃ Figure 50 Ȃ 

 ԝᵲ (electromagnetic interaction) ң ᴶ (transfer of 

twist)̆ 1 ꜚ( R1 ꜚ) ̆ Figure 49Ȃ 

 

̆ѿҩ ѿ ⌠ ̆ ԅᾣ Ȃ Ῥױ

̆ ԍ ӊ Ҍ ԑ ꜚ ̔ ℗

Ȃ 

 

 

 

 

 

 

 

 

 

 

 

֜    

      

 ӊ ᾩ (photon)  

(helicity) 
ᵝ (phase) 

 (wavelength) 

ᴇ  

 

ꜚ 

Ҭ ᾣ Ȃ Figure 50 
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ᾣ ᴪ ȁ № ̙ 

 

Figure 50ᾣ ᴪ ֲ ᾣ ᴪ Ȃᶛ ̆ ᵈ

ң ̆ ᾣ ̆ ᴪ ̕ Ӟ ꜚ Ȃ 

ᾣ ῒ Ȃ Ҭ̆ᾣ Ҭ

ԍᾣ ҍ ҬȂ Ҭ̆ Ҭԍ

Ȃ ̆↕ ̆ ᴪ ֓ Ȃ

̆ ᴪ ӄ ῤ ⌠ ѿ ҉Ȃ ӊ̆

Ҭ̆ᾣ ץ Ҍ ӊ Ȃ 

ᾣ ῃ ѿ ῒ ⌠ѿ ҉Ȃ ҹ

ᾣ Ȃ 

ᾣ Ҍ № ₃ Ҍ ᾣ Ȃ

ԅ Ȃ 

ӊ̆ ԍ └̆ Ҍ ̆ ᴪ ᾣ

ȁ № Ȃ ꜚ ꜚ Ӟ ₮ Ȃ Ҭ̆ᾣ

Ȃ 

 

 

 

 

ᾣ ñ òҬ̆ᵖ ᴪ ᵝȂ ӎ

̆ ᴪ ᾣ ᵬ Ҋ ⌠‪ Ȃ ӊ̆ ӎ

ᴪ Ȃ ᴪ ָӇ ̙ 

ᾣ ñ òҬ̆Ӟ ѿ ᴪ 1 ñ

òҬ̆ ᴪ ⌠ Ȃ ӊ̔ 

 

 (electric charge) ԍ Ȃ 

 

ӊ̆ ױ ̔ 

 

 (electrically charged particle)ᴪ Ȃ ԍ

̆ ᴪ Ҍ ̆ ԍѿ ̆

ᴪ ̆ ԍ ̆ ᴪ Ȃ 

 

ҹ ̆ ץ ѿ֓ Ȃѿ ̆ ץ ̆

ץ ң Ȃԋ ̆ ҹ Ҍᴪ ̆ ץ ( )̆ Ȃ

҈̆ ԍ Ҭ̆Ӟ Ҭ̆ (

)ꜚ ᾣ Ȃ ̆ ῒ ֟
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׆ /-ᴁф ̆ Figure 51 Ȃ ̆ᾣ Ҍ ̆ ѿ ᵌҊҌ

ῒ ᾣ Ȃ 

ӊ̆ ץ Ȃ Ҋ ̆ ױ

ѿ Ȃ 

 

 

̔ Ҍ ̙ 

 

ԅ ̆ᵖ ץ ҹפ ᵝ Ȃ 

ҹױ ҍ ӈԅ Ҍ Ȃ Ғ (Topological invariant)

ԍ (knot) (tangle) ̆ ץ Ҍץ№ Ȃ

₃ҩҌ Ṝ ̆ ̔ (chirality)ע( ṿ )/ /)ȁ

֢ (minimal crossing number)̆ײ (topological writhe)ᴆ̆

֜ Ȃ  

ᾥꞋ Ŀ (Claus Ernst) ₮ ᴀ ӈ ᴀ;ײ&עkmb0'Ȃ ѿ ӈ

ᴀ;ᴆ-1Ȃ ᴇ ӈ ᴪ ⌠ (linking number)Ȃ ױ ᴪῬ

῀ ȁ ӊ Ȃ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

ԍ 

ҍ ԑᵬ  

Ҭ ̔ ԑᵬ ȁ ב ῏ Ȃ Figure 51 

ӥҬ  

(twist) 
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Ŀ Ŀל 

 

ӈᾣ ̆ᴪ ₮ Ҋ ӈ̔ 

 

 (electric field) ( )֜ ᵣ Ȃ 

 (magnetic field) ( )֜ Ȃ 

(electric potential)שׂ  Ȃ  

(magnetic potential)שׂ  Ȃ 

 

֓ ӈ ⌠̔ ᴪ ₮ ב

̔ңҩ ӊ ⱬҍ Ȃ ̆

’Ҋ֢̆ ғ (the crossing density is proportional to the square of 

the loop density)̕ ӊ̆ ל ṕ ⁞̆ Ҋ Ȃ 

ӈ ץ ⌠ ꜚ ׆̆ ӈ ₮Ȃ ң ӈ

Figure 52 Ȃ 

⌠̆ ӈҍ ₱ ӈ₃Ӎ ̔ң ֜ Ȃᵖ̆

(twisted loop) ֜ ̆ ₱ (tangle) ֜ Ȃ ≢ ԍ

Ҍ Ȃ 

Ҭ̆ ̆ ᵝ ӊꜚᵬ ̆ ᵝ ῤ ֜ Ȃ

̆ ᵝᵣ ֜ ₮Ȃ

֢̆ ֢ ҅ ꜘҏ֢ ҅ ₴

(the crossing switch density per time is given by half the square of the crossing density plus half the square 

of the crossing density flow)Ȃ ̆ ѿ ⱴ҉ ѿ Ȃ

׆ ᾥ ᵝ ⌠ ᵝ└(SI)̆ ῀ ᶛ̆ ױ ⌠ԅ ̔ 
 

ׂ

כ
; ї

0
ׂф)

/

0ї

ֿф &/25' 

 

̆ ԅ Ȃ 

ױ ⌠̆ Ҭ̆ ӈ ҬҌ Ȃ ҍ

ѿ Ȃ 

ԅ ṿȂ ̆ ֓

ṿ ᴪ₮ Ȃ ѿҩ ṿ ЅׂΦё;ע
ϩ-2ׄ פ /,7/.ифT-k

ѿҩ ṿ ЅֿΦё;ע
о-2ׄ פ 4,1/.ϧоRȂ ( ᵣ

̆ ᵍ ᵣ) ҩ Ȃ ѿ Ӟҍ

Ȃ 
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ῖ ꜚⱬ Ҭ̆ ₮ῒ Ȃ

ԅ Ҭ ῤ ȁҍ ῏ Ȃ ̆

ԋ ₱ ̆ ғ ѿҩ ᴶῗ Ȃ 

֓ ₮ԅ ׃  
 

ϒЄ;
ї

0
ׂф

/

0ї

ֿф;
/

2ї

׃ ׃ &/26' 

 

ῒҬ ׃ ל ־ ӈҹ 

 

׃ ; ־ ־ &/27' 

 

ԅ ̆Ӟ ԅ ῖ ꜚⱬ Ȃ ῒ ̆

ᾥ ׆ץ ҩ ₮ Ȃ ᾥ ᵬ

Ȃ ҉̆ᴋᵥ ב ῏ ғᶏᾣ Ḡ Ҍ

ᴪ ꜚ ᾥ Ȃ

 

  

 

 

 

 
twisted loop 

 

 

ꜚᶏ ױ

ӈ

ҹ ֜

̆ ӈ

ҹ Ȃ 

Figure 52 



 

 

 

09.ҍ ԑᵬ  

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

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

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

 

219 

 

 

 

 

 

 

 

 

 

 

 

U(1)Ҍ  

 

Ҭ̆ ל ־ Ҍ ѿ ̔ ҉ Ȃ׆ѿ

⌠ ѿ (gauge transformation)Ȃ ל

̆ ғ Ȃ ≢ ̔ Ḡ ҍ Ҍ

̆Ӟᶏ Ҍ Ȃ 

֓ Ȃ Ҭ̆ ױ ₮ Ҋ ӈ̔ 

 

 ԍ ̆ (gauge choice) ᵝ ӈ Ȃ 

 (gauge transformation) ᵝ ӈ Ȃ 

 

ꜚⱬ ̆ ԍᾛ ᵝ ֜ ῤ  

(ῒז ԑᵬ ↕ ԍῒז ᵝ )Ȃ ҩ ҉̆ ᵝ Ҍץ

Ȃ ( )ᵝ ӈ ( ) Ȃ ҩ֜ ᵝ ӈ

₱ ᵝץ ל ᵝȂFigure 54 Ȃ   

⌠̆ ֜ ֜ ҍ ꜚ ̆Ӟ ̆

ᶏ Ḡ Ҍ Ȃ ̆ ֜

Ӟ Ȃ 

2 Ҍᴪ ᵝ̆ ҍ ᵥ ӈ ῏Ȃ ̆ ᶏ

ĺĺ ᵝ ĺĺḠ Ҍ Ȃ ҍ ѿ Ȃ 

₱ ̆ ꜚⱬ ל Ȃ ̆

ң ῏ ̆ ῏ ҹ (minimal coupling)Ȃ ӊ̆

ѿҩ Ȃ 

 

 

 

 

 

ҩ֜ ᵝ ӈ Ҍ ѿ̔ Ȃ Figure 53 

֜ ᵝ/֜ ӈ ̔ 
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֜    

      

 ӊ  

֢ ᵣ  
 

֜ ᵝ ӈ ԅ ꜚⱬ Ҍ Ȃ Figure 54 

 

 
axis  

Reidemeister I movĕ  

(twist)̆ ץ

ҹҬ ̆

ҹ ́  

Ȃ   

ӊ ⌠ᴋ ̆↕

ᴪ ѿҩU(1)Ȃ 

 

҉ ѿҩU(1) 

ӈ ̆ ̆ ѿҩU(1) Ȃ Figure 55 
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U(1) ԑᵬ  

 

׆ ⌠ ԝᵲ ѿ Ȃ ᾢױ ѿҊ̔ 

 

 ԝᵲ (gauge interaction) ᵝ Ȃ 

 

≢ ̆ ԑᵬ ԍ ̕ ֜ ҈ ӊѿȂ 

ԍ Ҭ ̆ Figure 55 Ȃ

ᴋ ̔ ӎ (generalized twist) ᴋ Ȃ

Figure 55Ȃ ӈ ұץ ̆ғ (

)Ȃ ӈ ѿҩ ȂӞ ѿ ̆0 ӈ ԍ

̔Ḡ Ҭ Ҍ ̆ ꜚ ң ̆ ᴪ ̆ ҍ Ҍ Ȃ

ӊ̆Figure 55ӈ ѿ ӈԅU(1)̆ῒ ҹѿҩ Ȃ 

ӊ̆ ᾣ ҉ ⱴѿҩ ᴪ ῒ ᵝ̆ף ѿ

ԑᵬ Ȃ ꜚ֟ ԅU(1) Ȃ

U(1)Ҍ Ȃ ӊ̆ ꜚⱬ U(1)Ȃ ԅ ҩ

̆ ױ ₮ ꜚⱬ Ȃ 

 
 

ꜚⱬ  
 

U(1)Ҍ ̆ ₮ ꜚⱬ (QED)

̆ ҹU(1)Ҍ ԍ Ȃ ѿ׆ױ ԍ Ҭ Ҭ ȁ

ȁ Ȃ Ҋ ₮̔ 
 

;Ⱶⱶⱶⱶⱷ&רἩע 'ױфע
/

2ї

׃ ׃ &/3.' 

 

₮ԅ ̆ ғ ׆↨↨ױ ₮ԅ Ȃ 

ױ ⌠ ̆ Ȃ ԍ Ҭ (

ԑᵬ ) ̆ ҹ ꜚⱬ ̔ 
 

ᵒᵆᵅ; BעἩר& 'ױфע
/

2ї

׃ ׃ &/3/' 

 

ῒҬ̆B; B (gauge covariant derivative)̆ ҍ ᴀ

ӈҹ̔ 

B ; ־ᴀר &/30' 
 

QED U(1) Ҍ Ȃ ᴀ Ȃ 

₮ԅQED ̆ ԅ Ҭ Ȃ
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ҍ  
 

(Feynman diagram) ꜚⱬ (QED) Ὲ

Ȃ QED Ȃ ץ Figure 56 ᶷ ѿ

Ȃѿ֓ Figure 57 Figure 58 ᶷ Ȃ 

Ҭ̆ ץ ΐ ̆ Figure 56 ᶷ Ȃ

ꜚⱬ ӊ ̆ ꜚⱬ ӈҹ ֜ (

ΐᵣ ӊ ׃ )Ȃ ԍ ̆ ץ

ᶏ ױ ҹ Ȃᶛ ̆ ᾟ ԅ -

̆ Figure 58 Ȃ 

QED Ҍֽ ᴶῗҌ ғ Ҍ ̆ Ȃ

₮ԅѿ֓ Ȃ ױ ғ ῏ QED̆ῒ ԑᵬ ӊ Ȃ

ԅ QED Ȃ ’Ҋ̆

Ȃ QED ѿ ̆ғ ԅῒ ̆

Ȃ 

QED Ҭ ̆Ӟҹ ᶫԅ ̆

צ ̆Ҋѿ Ȃ ≢ ̆ Figure 56 QED

̆ QED ᵞ (strand deformations)Ȃ ֜ ῤץ

̆ ῤץ QED Ȃ ̆

QEDҬ ȂҌ ̆ ױ ҬҌ ῀ ҩ Ȃ 

 
 

 

 
 

 

 

 
 

 

 

 
 

 
 
 

 

 

 

 

 

 

֜    

      
 

 

 

ꜚⱬ ῒ Ȃ Figure 56 
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̆ ׆̆ ץ QED

Ȃ Ҭ̆ ꜚҹ Ȃ ӊ̆ ԅ

QED ̕ ҉̆QED ᵬ ҹ ᵌȂ ץ

̆ ̆ ≢ ̆QED ᴪ  (

ⱬ QED ѿ )Ȃ 

̆ ҍ ̆ҍ֜ ҍ

῏̆ ̆ҍ Ҋ ֜ ῏Ȃ ӊ̆

̆ ᾥ Ҋ (bare quantity)̆ ץ ᵬ ȁ ᾥ

₮ ̕ ҍ ṿ̆ ꜚ

Ȃ 

ҹQED ᶫԅΐ Ȃ Ҭ Ҭᶏ ѿҩ

Ȃ Ҭ̆ ԍ Ἕ Ȃ 

ӊ̆ ҹ ᶫԅῃ └Ȃ ѿ℗

҉̆ Ҍᴪ ᴋᵥ Ȃ ≢ ̆ ҹ ԅ

ᵞԍ ᾥ ̆ ԅ ץ

ñ ꜚ(running)òȂ ᾥ ̆ ᾥ

̆ ꜚⱬ ӊ ᴪ₮ Ẓ Ȃ 
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ᴃЕ 
 ᾣ  

  

 

ꜚⱬ ᵣ ῒ Ȃ Figure 57 
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ɛ צ ₮̔ 
 

צ

0
;/)

0
'ф&ה &/31' 

 

ῒҬ 0-צ צ ѿ ̆ ṿҹ 1.00116(1) ̆ ̆

ṿҹ 1/137.036(1) Ȃ ≠ Ŀ (Julian Schwinger)ԍ1948 ↕ ̕

Ҭ ₮ ѿ ץ ῏ ̆ҹז ԅ1965

Ȃ ֞ ┴ԍ Ὲ (Mount Auburn Cemetery)ῒ ҉Ȃ

ҹ ҩ ᶫԅ Ȃ 

 

ᴃф 

ᴃЕ 

 

ᴃо 

ᴃф 

ᴃЕ 

ᴃо 

 

֥ ̔ 

 

  

ᴃф 

ᴃЕ 
 

ᴃо 

ᴃф 

ᴃЕ 

ᴃо 

 

̔ 

 

  

ꜚⱬ ѿ֓ ῒ Ȃ Figure 58 
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ѿ ̆ 0-צ ñ ò ñ₃ᵥò (

)̆ҍñ ò ( )ӊ Ȃ ‰ ̆ ԍ

ҹ ҹ ,פ ױ צ, ӈҹ 
 

צ

0
;
פ-

ױ-ט
&/32' 

 

ῒҬ̆ ט̆ ῤ ꜚ ̆ Ȃ 

₃ᵥ ҍῤ ꜚ ṽ ױ ῏̆ ῖ ӈ

ṽ-ױ;ẖ ẚ̕ ҍ פ ῏̆ ῖ ’Ҋ̆

ҹ ẖ;פ- ẚȂ ̆ ῖ ץ) ≠- ᾥ ѿ )

Ҭ̆ ң ѿ ̆ Ȃ/;0-צ ̆ ╠ ̆ ҍ

ꜚⱬ 0ҍ-צ 1 Ẓ ̆ ҹ (anomalous magnetic moment)Ȃ 

Ҭ̆ ₃ᵥ ԍ ᵬҹ↨ᵣ ᵣ

ꜚ̆ ᵣ Ȃ ≢ ̆

ᾣ ( ) ҍῬ ᵝ Ȃ 

Ҭ̆ᾣ ҍῬ ‗ Ȃ ҍῬ

ᴪ ⱴѿҩ ̆ᶏ ñ ò ҍñ ò Ҍ Ȃ ԅ

ᾣ ֜ ᵝ ̆ѿ ᾣ ҍῬ ԍ

Ȃ ̆ ₃ᵥ ҍ ӊ Ҍ

1̆ ⱴԅ /0 Ȃ Ὲ Ȃ  

ӊ̆ ₃Ӎ ԅ Ὲ ̆

Ὲ ̆ҍ ױ ῏̆ Ȃ

ḱ Ӟ ₮ ҬȂ ̆

̆ ҹ ꜚⱬ ‗ ̆ ԅ῏ԍQED

Ԉ Ȃ 

῀ ̆ ȂFigure 59₮

ԅ῏ԍ ↕ ѿ ̔ ңҩ ᵬ ᾣ ̆↕ ₮

0-2 Ȃ ֞ Ȃ ҍ ⱴ

ȂҌ ̆ Ἕҍ҉ ῏ Ӟ Ҍ ῃ Ȃ Ȃ 

Figure 59 ₮ԅ ԋ ̆ ᾣ Ȃ ↕

҉ ₮ ⱬҍ ԑᵬ ≢̆ ⱬ ̆ ԑᵬ

̕Ӟ ₃ᵥ ҍ ≢̔₃ᵥ ↨

ᵣ ̆ Ȃ 

῏ԍ צ ң 0:0̕-צ:/ ≠ץ :/

̆ ̔ 

¡0/(/:0-צ:/ &/33' 
 

QED ̆ ҹ צ

ᶫԅ Ȃ Ȃ
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ᾥ  
 

ῖ ꜚⱬ ᾥ ̔  
 

ṯ;
ї

Ṭ;.

ṯ;
Ṭ

ᴃ

Ṭ;
/

фע
ṯ

ᴃ
) їṴ

&/34' 

  

 

ᴰ Ҭ ̔QED ҍ ң ῏ ȂҊ

ԅ҉ ᴰ ҩ ץ) )Ȃ(ҹ ̆ └ Ȃ) ѿ

Ҭ̆ ҹ ԍᴰ Ҭ ᾣ ̆ ҍ ῏̕ ԋ Ҭ̆

ԍ ᾣ Ȃ 

Figure 59 
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1. └ ָӇ̆ ѿ↕ Ȃ ҉̆

₮ ѿҩ ̆ ᴪᶏ /-ᴁф ̆ ֟ ҍ

Ȃ Ҍ ̔₄ ᵣ ᴪ֟

Ȃ ץ ѿ ̔ңҩ ᴋᵥ֜ ԑᵬ ̆֜

ҍԋ ᴁ ̕ғ ̆֜ ꜚ ҍ ᴁ ̆ ̔ⱬ̆

ᵝ ꜚ ̆ /-ᴁф Ȃ ῏ ҍ ΐᵣ ꜚ ῏̆ ҹ 3ҩ

̔ѿ℗ ᴪ ꜚ ᶭ ῏ Ȃ 

ѿ↕ ᶷ ᵝ ӈ‗ ̕ ̆

ԅѿҩᾝ Ȃ 

2. ԋ↕ (156) Ҍ Ȃ ꜚ ↕ ̆ ҹ

ӈ ԅ Ȃ ҉̆ ᴋᵥ ᵣ

ץ Ȃ ̆ ↕ ҍ ꜚ ῏Ȃ ѿ Ȃ 

3. ҈↕ ҍ Ȃ Ҭ̆

̆ ҹ ҉ ̆ Figure 52 Ȃ

̆ ̆ ӈ ̆ ↕῏ ҍ ꜚ

῏Ȃ 

4. ѿ↕ (156)̔ ῒ ᶷ ԋ ̆ ҍ ῏ Ȃ

ꜚⱬ Ҭ̆ Ṵ╠ ҹ ̆ғ ṿ ( ⱬҬ̆ ╠

ѿҩ ṿ ғ ҹ )Ȃ Ȃ ԅ ҩ

̔ ֟ ҍ (ᾝ ̆֜ )̆Ӟҍ ꜚ

( ̆ )Ȃ ԍ ҩ ̆ ץ ῖᾣ (ӈ

ҹ -ב ̆‗ ԅ₮ Ṵ╠ ṿ 1)Ȃ ̆ ѿ ҍ

ꜚ ῏Ȃ  

ᶷ ѿ ̆ ҍ ӊ ̆ҍ ꜚ Ȃ

ץ Figure 52 ̆ ғ ̆ ᴋᵥ ꜚ

Ȃᶛ ̆ ᾟ ̆ ᴪ Ẓ Ȃ Ҭ̆ ҉

ᴪ֟ Ȃ ̆ ᾥ ѿҩ Ӟҍ

Ȃ 

ӊ̆ ԅ ᾥ Ȃ ԅҌ ̆ ҹ ᵌ ᾥ

Ὲ Ҭ Ҍ ̆ᶛ ᵣ ᵣꜚⱬ ҬȂ

Ҭ ᵌ ᾥ Ὲ ӟץҹ Ȃ ԍᴋᵥ ꜚⱬ

( ῖ )̆ ҍ ꜚⱬ Ẓ ̆

≢ ᴆҊȂ 
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̔ ꜚⱬ  

 

ᵰ QED ᴋᵥ Ҋ Ҍ ῍ C P ̙ 

* * 

ᵰ QED Ҋ ҍ ̙ 

* * 

₮ U(1) ꜚⱬ U(1) ̆ U(1) ̙ 

* * 

ᵰ ⌠ ҍ ꜚⱬ ӊ Ẓ ̙ 

 

 

ҍ ̔ ꜚⱬ  

 

Ҭ̆ᾣ ̆ ӊ ֜ ̕

̆ ᾣ Ȃ ꜚⱬ (QED) Ȃ 

̆ 1 ꜚ( R1̆ /twist)ᴪ

U(1)Ҍ ȁ ב ῏ ȁ ꜚⱬ ᾥ ץ Ȃ ӊ̆

ץ ₮QED ̆ ѿҩᶛ ̔ Ȃ ӊ ̆ᵖ

ױ ‗ԅ ѿҩ ̔ ױ ԅ ԑᵬ ῒ

Ȃ 

ҍQED ̙Ҥ ̔ ҍQEDӊ

Ȃᶛ ̆QED ɛ ̆ צ ҬḠ ѿ ȂU(1)

ץ ҩQED Ҋ ׅ ȂҌ ̆ӞҌ ῒ

Ȃ ⱬҌ ᵬ ̆QED ’Ҋ ׅ Ȃ 

Ҍ ̆ Ҍֲפ Ȃ ̆ ҬҌ

ѿ̕ ҬҌ ѿ ̆  SU(5), SO(10) , E6 , E7 , E8 , SO(32) 

ᴋᵥῒ Ȃ Ӟ ԅ ⱬȂ ҩҌ ҍ

ױֲ ӟ Ȃ 

Ҭ̆ ҍ ᴇ ̆ ⱬ ᵬ ̆

ᴪҍQED Ẓ Ȃ ̆ ᴪ ᾥ Ἡעϧ-2ׄ

Ȃ ᵞ Ҋ̆QED Ȃ 

̆ ⱬҍ ᶏ ᾥ ᵝ ҹ ṿ̆ ҹ

̆ Ҭ ֜ Ȃ ≢ ̆ ԅ

ṿ ЅׂΦё;ע
ϩ-2ׄ פ /,7/.ифT-k ṿ ЅֿΦё;ע

о-2ׄ פ 4,1/.ϧоRȂ

⌠ ╠ҹ ̆ ֓ ҍ Ȃ 
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̆ ̆ ⱬ ₮ ṿ̆ ᴪ

⌠ҍ ꜚⱬ Ẓ Ȃᵖ Ҭ Ȃ ץ ױ ץ ̆

ҍ ꜚⱬ ӊ Ҍ Ȃ 

ױ ꜚⱬ ң ̔ ץ

Ȃ ױ ֓ ӊ╠̆ᾢ Ҋѿ ꜚȂ 
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R2 ꜠Е ԝᵲ  

 

Ҭ̆ ԑᵬ 1 ̆ ֓

ѿҩ ҈ ȂW Z ΐ (

) Ȃ ԑᵬ PȂW ᵝ ̆Z

ҹ ȂW ̆ᴪ ҍ ԑᵬ Ȃ

ӊ Ӟᴪ ԑᵬ Ȃ ̆ғ ꜚ ᾣ Ȃҍ

ΐ SU(2) Ȃ ΐ ҈

Ȃ ‗ ̕ῒ ᶭ

Ȃ Ḡԅ ԑᵬ Ȃ 

Ḃ҉ץ ῏ԍ ԑᵬ Һ Ԋ Ȃ ‰ ̆ ҍ ԑᵬ

῏ ῒ Ȃ ̆ ױ ԑᵬ

₮Ȃ 

 

 

  

 

 

ץ ҹ

Ȃ 

׆ ⌠ ֟

֜ Ȃ 

Ҭ̆ ᴰ ԑᵬ Ȃ ℗ ̕ ᴰ ֽ

Ҍ ᵣ Ȃ 

Figure 60 
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̔SU(2) 
 

╠ ̆ᴋᵥ ԑᵬ ̆

ᴪ ᵝ Ȃ ױ Һ׆ ӈ Ȃ 

 

 ԝᵲ (weak interaction) ᴶ (transfer of poke)̆ 2

ꜚ( R2 ꜚ) Ȃ Figure 60 Ȃ Ҭ̆

Ҍ ℗ ȁҌ ̆ ᴰ Ȃ 

( ԑᵬ ҉ )̆ ѿҩSU(2)

̔ ҈ҩ ԅ ̆ Ҭ ѿҩ ң Ȃҹ ̆

ң ̆ Ҍ Ȃ  

Figure 61 

҉ Ҏ (three basic pokes) №≢ ( )

҈ ҹˊ Ȃ ҈ ѿҩSU(2)Ȃ 

ҍ ̆SU(2) ᴪᵣ ҹ Ȃ 

(poke,  II ) 

 

ҹˊ Ȃ 

ҏ ꜠

҅үSU(2) 
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ԑᵬ ҹ ֜ Ȃ Ҭ̆ ᴪ

̆ Figure 61 ̔ ҩ ᴪᶏ Ȃ

҈ҩ ῏ ̆№≢ ҈ҩ ԑ ֜ Ȃ҈ҩ ᵳ*ᵴ*ᵵ

ᵬ ̆ ҈ҩ ԑ ֜ ᵬ Ȃ Ҋץ̆ Ҍ

ᶭ ԍ ҍ ң ȁ ֜ ѿ ̕Ӟ ῏ԍ ң

̆ ֽ ѿ ̆ ԍ ̆ ң ’

ᴪ ֜ Ȃ 

Figure 61 ̆ңҩҌ ӗ ҈ҩ ̆ ⱴѿҩ

(‗ԍ )ѿҩ ר Ȃ / ӈҹ 0 ̆ ᴪ

ҩ /Ȃΐᵣ ̆ ҈ҩ ӗ Ҋ̔ 

 

¥ ᵳ ᵴ ᵵ

ᵳ / ᵵר ᵴר

ᵴ ᵵר / ᵳר

ᵵ ᵴר ᵳר /

&/35' 

 

ӊ̆҈ҩ (≢ ῒ ) ҹ ᵌԍSU(2) ᾝȂ ԍ

ᵬ ̆ ץ ⌠ᴋ Ȃ ᴋ

ұץ ׆̆ ѿҩ SU(2)Ȃ ҍױ ᴇ Ȃ 

Figure 61 Ҍ Ȃ ԍ ᵳ*ᵴ*ᵵ

ץ Ҍ № Ȃ 

ӊ̆ ץ ̔ ᵝ ᴋᵥ ӈ̆ SU(2) ̕

̆ ΐ SU(2) ԑᵬ Ȃ ӊ̆ 2

ꜚ̆ ץ ₮ΐ SU(2) ԑᵬ Ȃ 

 
 

ҍ  
 

Ҭ ԅ ᵝ ̆↕ ΐ Ȃ

Ҍ ñ òҬ̆ ӎ ᴪ

Ҋ ᵝȂ ѿ Ȃ ῒ ӎ

ᴪ Ȃ ԍѿ℗ ӎ

̆ ̆ ѿ℗ ̆ ̆

Ṝ Ȃ ױ ױ Ȃ  

ң ң ҉ץ ף̆ 1/2 (

ԅף ⱬ )Ȃ ӎ ҍ Ȃ

̆ᴪ ңᴆԊ̔ ̕ Ȃ ԍ ꜚ ̆

ҍ ץ ̆Ӟ ץ Ȃ 

Ȃ Ȃ 
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ᵝӄ ̆ ΐ Ȃ ⌠

̆ ῒ Ҍ Ȃ ╠ ̆

ӎ Ȃ ̆ ᴪ₮ ễ ᵝ ̔

ῒ ҍ ̆ ᵝ ᴪ ⱴ̕ ̆↕ ᵝ⁞ ̆

ᵖ ⱴ ᴪ ѿ֓Ȃ 

 

 ֽ̆ ̆ ᴪ₮

(weak charge)Ȃ 

 

ӊ̆ ҍ ⱴ ̆ ᴪ Ȃ׆

̆ ᴪ Ȃ ̆

ԝᵲ ԋ (weak interaction violates parity maximally)̆ ҍ

ѿ Ȃ ӊ̆ ҍ ԑᵬ Ȃ ῏

Figure 62ҬȂ  

ң ̆↕ Ȃ ӂ

1 ̆ῒ ӎ Ȃ ᴪ Ҍ ̆

ᶏ ԍ Ȃ ̆ ̆ ᾥ(

) ҍ ԑᵬ Ȃ 

 

 

 

 

 

 

 

 

  

 
 

 

҉ (poke)ᴪ ѿҩSU(2)̆ Ἕ ̔ 

ֽ ΐ (identical)ҍ ̔ 

ԅ ⱴԍ

҈ҩ ̆ 

ҹ ̆ 

ӈԅSU(2) 

3ү ᾣȂ 

      ̆       ̆ҍ       Ҍ Ȃ 

Ҭ ҈ҩ ҍ Ȃ Figure 62 
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ҹ ӊ ᴪ ԑᵬ ̆ ץ ԑᵬ ѿ

̆ ⌠ Ȃ*1 

ѿ ̆ Ҍ Ȃ ̆

ᾣ ̆ ҍ Ȃ Ȃ 

ӈ̆ ₮ң ץ Ȃῒѿ̆

(ῒ ӎ ) Ȃῒԋ̆ ᴪ

ԑᵬ ̕ ҉̆ ᴪ ԑᵬ ̆ ҹ ױ

ӎ Ȃ ӊ̆ ꜚ ᾣ ̆ ӊ֞ Ȃ ңҩ

ҍ ѿ Ȃ 

ӊ̆ ԅ Ҭ Ȃ 

 

 

 

 

 

(gauge boson)ԑᵬ ӊ ֜ ̆ ᵝ

Ȃ ( ) ҈ ꜚ(poke move)*2̔ 

 

 Ҳ (weak intermediate boson) Ȃ Figure 63 Ȃ 

 

Figure 63ᶷ ԅ ԑᵬ Ҭ ᵝ ̆ ױ

ԍ҈ҩ ᵳ*ᵴ*ᵵ Ȃ 

ױ ⌠ ң Ȃ ᾢ̆( ) 1 Ӟ ץ ꜚ

Ȃ ᵬҹױ 1 ᵣ Ȃ 

̆ (unknotted tangle) Ȃ Ҭ̆

ҍFigure 63ᶷ Ҭ Ҍ Ȃ SU(2)

̆ ױ ᴪ ѿ Ȃ 

 

 

 
1* ῧĿ ≠(Wolfgang Pauli)₮Ȃ1950ז̆ף ѿ ↓ Ҭ ԅ

ѿ Ȃ ̆ ᴿ Ŀ (Robert Mills)ז Ȃ

ѿ ̆ ԑᵬ Ҭ Ҍ ̆ҍ ῍ Ȃ 

2* W Z ԍ2015₮Ȃ 
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SU(2) ԑᵬ  

 

₮Ȃ SU(2) ̆

SU(2)Ҍ Ȃ ₮ ԑᵬ Һ

№̆ SU(2) ’Ҋ Ȃ 

SU(2) ̆ ҹᴪ ̆ Figure 63

ᶷ Ȃ ҈ Ȃ ԍ ױ ץ ꜚ ̆ ץ ױ

ҹ 1̕ ԍ ױ ̆ ץ ױ ҹ Ȃ  

 

 

 

ï 

  

  

  

 

 

 

 
 

 

  

 

 

  

Z  
Ṝ  

( )  

֟ ҍSU(2)  

ᾣ  

W  
Ṝ  

( )  

 

 

 

 

 

 

ꜚ( ) ̆ ҹ (

)Ȃ ҍ ῏̆ῒ Ȃ 

Figure 63 
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ᵝ ῤ ֜ Ȃ SU(2) ̆ғ ̆

Ӈ ( ῒ )̆ ҍᾣ ₮Ȃ

≢ ̆ ҍ ԋ ῏ Ȃ ҈

ⱴ̆ ̔ 

;
/

2
ᵜלᵜל

о

;ᴥЕ

&/36' 

 

SU(2) Ҍ Ȃ ҉̆SU(2) Ҍ ꜚ

֜ Ȃ ̆ Ḡ Ҍ ̆ Ḡ ̆

Ȃ 

ױ ₮Ώץ ҍ ԑᵬ Ȃ ԍ

ñ ᵝ ӈò ѿ ̆ ױ ҍ

SU(2) Ҍ Ȃҍ ꜚⱬ ᵌ̆ ױ ⌠

̔ 

 

 

 

ῒҬ B SU(2) (SU(2) gauge covariant derivative)̕ ѿ

Ȃ Ҭ̆ Ȃ ̆

Ҍ ̔ ᵣ ⌠ SU(2) Ȃ 

 
 

SU(2) 
 

Ҭ̆ ԑᵬ Ҍΐ Ҥ SU(2) ̆ ᵌ

̆ (broken)ȂSU(2) Һ ҹW Z ΐ Ҍ

׆̆ ԑᵬ Ȃ ̆ ԑᵬ

ҍ ԑᵬ ̔֟ ԅ ԝᵲ (electroweak interaction)Ȃ

ҹ ñ ѿòȂ 

₮ԅ Ҋ ̔ 

 

 ֥ (mass generation)ץ ῏ SU(2) ̆ 

ԍ / (tail braiding)ȂFigure 63 ԅ Ȃ 

 

Ẋ *1ԍ ӊ ̆ ( ץ )̆

Ҍ ̆ ץ Ȃ ᵞ̆ ҹ֜ ᾢ ꜚ⌠

̆Ῥ ꜚ Ȃ ̆ Ȃ  

 
1* 2008∆ Ҭ̆ ᵬ ֜ Ȃ 

sl`pmicl uc_i; ⱵⱶⱶⱶⱷχרἩעB ױ χעф ᵡ

ᵡ

/

2
ᵜלᵜל

о

;ᴥЕ

&/37' - 

- 
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₮ ԍ ԑᵬ ̆Ҍᴪ₮ ԍ ң ԑᵬ ̆ ҹῒ

Ҍ Ȃ Ҭ SU(2)ᴪ Ȃ

ӊ̆SU(2) 2 ꜚ Ȃ 

̆ ȁ ̆ ҹ W Z Ȃ

ᴪ֟ ̆ ѿҩ֟ Ȃ ֟ ṿ

Ȃ ̆ ̆ ֟ ҍ ԑᵬ ῏Ȃ 

ᶏW0ҍñ òᾣ ̆ Figure 63 Ȃ ԍ ң

҉ ᵌȂ ֟ Z ̆

Ҭ ̆ ҍ ѿ Ȃ ױ ⌠̆ Ҭ Z ̆

Ҭ Ҭ ̆ 1974 ⌠Ȃ ԍᴋᵥ

Ӟ ̆Z ᴋ ңҩ ץ ֜ ᾣ ԑᵬ

̆Ӟ ץ ֜ Z ԑᵬ Ȃ ӊ̆SU(2) ̆

̆ ñ ѿòȂ 

ԑᵬ Ҭ̆ Figure 66 Ȃ

̆ Ȃ ̆ ԑᵬ ᴪ

̆ ᶛ (ғ ԑᵬ )Ȃ ҍ Ȃ 

ѿ ̆ Ҭ̆ Ҍᴪ ℗ ̆ ᶏ ԑᵬ

ҬӞҌᴪȂ ̆ ԑᵬ ᴪ ҍ ̆ ғ

̆ ᴪ ȁ Ȃ ֓ ҍ ѿ Ȃ 

╠ ̔Z ҍW ҍ

῏ ̕ (tangles) (open knots) ᴰ

Ȃ ñ ò̆ ΐ ӈȂ 

ӊ̆ 2 ꜚ ԅ ̕ ԅ ⌠ SU(2)

Ȃ( ᴇ ̆ ԑᵬ ₮ SU(2)

̆ (knotted tangle)ᴪ Ȃ) ṿҍ

ṿ̆ Ȃ 

 

 

̔W Z ̙ 

 

2008 ף∆ Ҭ(Figure 64)̆ W ҹ

(open overhand knot)̆ Z 8 (open figure-eight knot)Ȃ 

2014 ̆ · (Sergei Fadeev) ₮ѿҩ῏ ̔ W Z

(tangle) Ҍ ᴋᵥ (knot)̆ ғ ֜ ̆

Ӈ ᴪ ⱴ ᴨ Ȃ ῀ ̆ ̆

₮ Ȃ 

Ҍ ̆ ң Ҭ 2015/2016 (Figure 63) ׅ

Ҍ Ȃ ѿ Ȃ  
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SU(2) ̆ ױ ץ ₮ (electroweak 

Lagrangian density)Ȃ Figure 63 ̆ ᶏᾣ Ḡ ̆̆ ԇ

Ȃ ᵘג ᵛג Ҭҹ ⱴ

ԅꜚ Ȃ 

ԍ ̆Z ( )ᾣ ֟ Ȃ

ץ ѿҩ ̆ я Ȃ ῒ ̆

amqя;גю-גѕȂ 

̆ ⌠

̆Ҍ ѿ Ҍ ҍ ῏ Ȃ( ᴪῬ Ȃ)  

ΐᵣΏ₮ ԑᵬ ̆ᵖῒ ҍ

‰ Ҭ ῃѿ Ȃ ѿҩ ≢̔ ₮ Ҍ

ᾥҍ Ȃ ҉̆ ҍ ԑᵬ

ԑᵬ Ҍ ̔ ᾥᴪ ̆Ҭ ֞ Ȃ ԅ ̆

ᴪ ץ Ȃ 

ӊ̆ ₮ ԑᵬ Һ №Ȃ

ׅ ‗̆ ғ ѿ֓ Ȃ ֓

ȁ ױ ȁ ȁ CP ᵝ̆ץ

ṿȂ 

 

 

   

 

 

 

 

2008₮ ̆ ׂ Ҍ Ȃ Figure 64 

SU(2)  
 

 

SU(2)  
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ԑᵬ  

 

Ҭ̆ ԑᵬ ₃ Ȃ ֓Ҍ

Figure 65 Ȃ ֓ ԅ ԑᵬ Ȃ 

Ҭ̆ ꜚ ֟ ԅ ̆ Figure 66

Ȃ ԅ ԑᵬ ̔ ѿ ֽ ֜ ȁғ

ᾥ ᵌҹ Ȃ ≢ ̆ Ҍᾛ ԑᵬ ᴋᵥῒ

Ȃ 

( ) Ҍ ̆ ԑᵬ Ȃᶛ ̆

ԅ ñ ꜚò̆ ҹ ꜚ ץ

Ȃ 

 

 

  

 

 

 

 

  

 

 

  

 
 

 

 

 

  

 

 

 

 

 

 

 

 

 ɔ 

 

 ɔ 

 

 ɔ 

 

Ҍ ԑᵬ  Figure 65 
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Z  

 

 

 Z  

 

 

 

 

 
  

 

 
Ҭ  

 

Ҭ  

 

W 

 
  

 

  

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

  
  

  

  

  

  

 

 
ɔ (ᾣ ) 

 

ɔ (ᾣ ) 

ԑᵬ Ȃ ׃ Ȃ Figure 66 
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̔ ԑᵬ  

 

̆W ῒ ԑᵬ ̆֟ ңҩ ᾣ

Ȃ (tangle) (knot) ΐᴨ̔ל Ȃ 

** 

ҍ ‰ ѿ ̆ ̆ ԑᵬ ѿ℗ ҹֲ ̆

ῃȂ ׅ ԑᵬ ððҬ ̆ᵖ

̆ ֓ Ҍᴪ Ȃ 

** 

̔ ԑᵬ ҍ ԑᵬ ̆ᵖҌᴪ ѿȂ

̆ Ҍ ѿ̆ ᴪ ῒז Ȃ

҉̆ ñ ѿò · (Sheldon Glashow)Ӟ ѿ ̕

· ̆ ῒ Ҁ· (Martin Veltman)(זӞ ҍԅ ῏ )Ӟ

ז̆ Ҭ ⌠ԅ ѿ Ȃ ҹñ ѿò̆ ѿ

Һ ӊѿ̔ ֲ ⱬ Ȃ 

Ҭ̆ ԑᵬ ᵬ (knot)₃ᵥ ̔ ԑᵬ

(poke) ᾝӞ ԑᵬ (twist) ᾝȂῒ

ᾝӊ Ҍᴪ ԑ ̆ӞҌᴪҍ ̕ ғ ҉̆ Ҭ

⌠ῒ ԑᵬ Ȃ 

 

 

ҍ ̔ ԑᵬ  

 

ױ ׆ ₮ԅ ԑᵬ Һ ̕ ̆

Ҭ R2 ꜚ( )ᴪ SU(2) ȁ֟ Ȃ ױ

̔ҍ Ẓ ץ ̆῍ ԅ ̆ ғ ԑᵬ

Ȃ ױ ԅ ԑᵬ ԅ ̆ ғҍ ԑᵬ

Ȃ ӊ̆ ױ ₮ ԑᵬ Һ Ȃ 

ҍ ‰ ̙ ῃ

ҍ ‰ ӊ╠̆ ᾢ ‗ Ȃ

Ȃ 

ᵥ̆ ̆ SU(2) Ҋ ׅ Ȃ

ҬҌᴪ₮ ῒ Ȃ ̆ Ῥ Ҍ ѿ ̆Ӟ

Ҍ ̆  SU(5), SO(10) , E6 , E7 , E8 , SO(32) ᴋᵥῒ

Ȃ ѿ Ӟ ԅ ⱬ Ȃ 
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̆ ⱬҍ ᴪᶏ ᾥ ᵝ ṿ̆ ҹ

̆ Ҭ ֜ ҉ Ȃ ̆ ѿҩ

ᾥⱬ ץ ṿȂ ðð ᵣ

̆ Ҭ ȁ ᾥ ȁᵍ ᵣðð ѿ Ȃ⌠

╠ҹ ̆ ⌠ ṿ ѿ ̆ ץ ҍ Ҍ Ȃ 

⌠ ╠ҹ ̆ ױ ԑᵬ Ҋԅѿ֓ ‗ ̔ ױ

ȁ ‰ Ҭ ( ) Ȃ

ȁCP ץ Ȃ ֓ ‗ ̆

ױ ‗ԅ ѿҩ ̔ ױ ԅ ԑᵬ ῒҺ Ȃ

֓ ӊ╠̆ ᾢױ ҈ ꜚȂ 
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R3 ꜠Е ԝᵲ  

 

ԑᵬ ȁ Ҭ ȁ ҹ 1 ҍ ̆

ҹ (gluon)Ȃ ҍ ᾥ ԑᵬ ̆ ᾥ ѿ (colour) Ȃ

ץ ҈ Ҍ ̆ ↕ ҈ Ҍ Ȃ ѿҩῇ

ᾝ (octet)̆ ױ Ӟ ̆ ӊ Ӟᴪ ԑᵬ Ȃҍ

ᾥ ΐ SU(3) Ȃ ҈ ̔ѿ

ᾥ- ԑᵬ ̆ ң - ԑᵬ (ѿҩ ҈ ̆ѿ

)Ȃᵞ ’Ҋ̆ ҹ 0.5̆ ῒҍ ῏ Ȃ 

Ḃ҉ץ ῏ԍ ԑᵬ Һ Ȃ ҍ ԑᵬ ῏

̆ ѿᶛ ῒ ҬȂ ̆ ױ ԑᵬ

ץ ₮Ȃ 

 

  
  

 

 

 

ӥ ̔ SU(3) (ѿᶛ)̔  

3 ꜚ( R3)̆ Ḛ (slide) 

ᵝ̔ Ҭ̆ ᴰ ԑᵬ Ȃ ԑᵬ

Ҭ̆ ℗ ̕ ᴰ ₮ԍ Ҍ ֟ ᵣ Ȃ 

Figure 67 
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╠ ̆ ԑᵬ ̆ ᵝȂ 

 

 ԝᵲ (strong interaction) ҍ ᴶ (transfer of slide)̆

Ӟ 3 ꜚ( R3 ꜚ) Ȃ Figure 67 ̆

ҩ Ҭ Ҍᴪ ℗ ֽ̆ ῒҌ ᴰ Ȃ 

 

ᴰ ᴪ ᵝȂ ̆ ᴰ ѿ ԑᵬ Ȃ 

 

 

SU(3)  ׃

 

ԑᵬ ӊ╠̆ᾢ ѿҊ SU(3) Ȃ

↓ ҹ )/ 1 1 Ȃᵬҹ (group)̆ ץ ӗ

ȁ ᵝ ȁ ȂSU(3)Ӟ (manifold)̆ ῇҩ

Ȃ ӊ̆SU(3) ѿҩ (Lie group)̔ῒᾝ ҹ ᵌԍ ҉ ӗ Ȃ

ȂSU(3) ѿ ᾝ ׂ ץ ҹ ῖ ̔ 

 

ׂ;c ᴳᵤ
Ȭ

ᴳ;ɭ ᴳ-ф &/4.' 

 

ῒҬ ῇҩ ᵩ ץ ᵬ ᾝ ҉ ῇҩ ̆ ԍ SU(3)

̆ ֓ ᵬ ̕ ᵝ̕ ר̆ ᾝ ᵩ ȁ

1 1 ̆ ԍ ӈ ᾝ ̆ ῇҩ ᾝ ᾝ ̆ ױ ԅ

ᵝ ̕ ԍ ̆ ‗ ԅ ҩ Ȃҍ

ᴋᵥ ѿ ̆ ѿ ῇҩ ᾝ ᵩ Ҍ ѿ̆ Е⌠ ϔȂ 

(Gell-Mann matrices) ᵩȁѿ ᾝ ׁφ ץ  

ᾝ ׂφ Ҋ ̔ 

 

 

 

 

 

 

 

 

 

Е;
. / .
/ . .
. . .

̆ Еׁ&';c
gɭ-ф;

amq0¡ ¡qgl0ר .

¡qgl0ר amq0¡ .

. . /

̆ Еׂ;c ɭu-ф;
. ר .
ר . .
. . /

 

ф;
. ר .
ר . .
. . .

̆ фׁ&';c
gʜ-ф;

amq0¡ qgl0¡ .

qgl0¡ amq0¡ .

. . /

̆ фׂ;c ʜu-ф;
. / .
/ . .
. . /
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8ҩ ᵩ ȁ ȁ ֜ Ȃ ᾝ ׁφ ׂφ ץ

ᵬ ѿ ѿ Ȃ ϔׂ ӈҍῒ ᾝ ׂφ ӈҌ

̔ ѿҩ 1̕ ԅ ϔ̆ῒᵩר ᵩר ᵝ ̕

ᾝ ϔҍ Е*ф*о ̆ᵖҍῒ ᾝҌ Ȃ 

Ҍ 9ȁ 10 ̆ ҹ ҍ╠ῇҩ ῏ȂԊ

׆̆҉ ׆ о ₮ ңҩ ̆  

 

 

 

  

о;
/ . .
. / .
. . .

̆ оׁ&';c
gʖ-ф;

amq
0
qglר(

0
. .

. amq
0
qglר
0
.

. . /

̆ оׂ;c ʖu-ф;
ר . .
. ר .
. . /

 

ϩ;
. . /
. . .
/ . .

̆ ϩׁ&';c
gɁ-ф;

amq0¡ . ¡qgl0ר

. / .
¡qgl0ר . amq0¡

̆ ϩׂ;c Ɂu-ф;
. . ר
. / .
ר . .

ᴇ

ϧ;
. . ר
. . .
ר . .

̆ ϧׁ&';c
gȿ-ф;

amq0¡ . qgl0¡

. / .
qgl0¡ . amq0¡

̆ ϧׂ;c ȿu-ф;
. . /
. / .
/ . .

ᴇ

и;
. . .
. . /
. / .

̆ иׁ&';c
gʐ-ф;

/ . .
. amq0¡ ¡qgl0ר

. ¡qgl0ר amq0¡
̆ иׂ;c ʐu-ф;

/ . .
. . ר
. ר .

ᴇ

з;
. . .
. . ר
. ר .

̆ зׁ&';c
gʏ-ф;

/ . .
. amq0¡ qgl0¡

. qgl0¡ amq0¡
̆ зׂ;c ʏu-ф;

/ . .
. . /
. / .

ᴇ

ϔ;
/

1

/ . .
. / .
. . 0

̆ ϔׁ&';c
о gȬ-ф;

amq
0
qglר(

0
. .

. amq
0
qglר(

0
.

. . amq qglר

̆&/4/'ᴇ

ϔׂ;c
о Ȭu-ф;

ר . .
. ר .
. . /

ᴇ

Ќ;
/ . .
. . .
. . /

̆ Ќׁ&';c
gɤ-ф;

amq
0
qglר
0
. .

. / .

. . amq
0
qglר(

0

̆  
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ױ о ϔ ̕ ≢ ̆ о) Ќ) Еї;.ץ 1ϔ) Ќ; ЕїȂ

̆ Ќ ЕїҌ Ȃ( Ῥ ӈңҩҍ ϔ ̆ғ҈ ӊ

Ӟҹ 0Ȃ) 

ᾝ Е⌠ ϔ ӗ ↓ԍTable 10Ȃҹԅ ҈

̆ ↓₮ԅ ῏ Ќ Еї ӗ Ȃ ( Vol V Equation 

73) ҩ ̆ ץ ֓ ᾝ ѿҩ ף Ȃ 

SU(3)Ҭ ̆ ҍ Ҭ ῒ ᾝ ̆ о̕ῒ҈ן

ꜛԍ ᾝ ᾝ Ȃ 

҉ ᾝ Еׂ⌠ ϔׂ &ׂᵩ'
ϩ ᵝ Ȃ╠҈ᾝ Еׂ*ׂф*ׂо̆Ҭ

҈ᾝ ϩׂ*ׂϧ*ׂЌ ҈ᾝ иׂ*ׂз*ׂЕї ѿҩSU(2)Ȃ ԅSU(3)

Ҭ ҈ ̆SU(3)҈ҩ ῏ SU(2)Ȃ ᾝ ϔׂҍ╠҈ᾝ

Еׂ*ׂф*ׂо ̆ ҩᾝ SU(3)ѿҩU(2)Ȃ ҩU(2)̆

ҌҤ ᵬSU(2)×U(1)̆ ױ 1 1 ̔ῒ ҉ ѿҩ 0 0 ̆

Ҋ ҹ 0 0 ↓ ṕ ̆ ҩ ᾝ ҹ Ȃ ӊ̆SU(3)҈ҩ

῏ U(2)Ȃ 

SU(3) ԍSU(2)҈ᾝ Ȃӗ оׂׂ Ќׂ Еї ᵝ ̆

ԅ҈ҩ ᾝ ᵩ ῏Ȃ ϔׂׂ Ќ; Еׂї̆ ғ ϔׂҍ ңҩ҈ᾝ Ҭ

ᾝ ӗ Ӟ ᵝ Ȃ 

Ҭᴋ'5*4*3*2*0*/&׆̆ ҍת װ̆ ғԋ № Ҍ ҈ᾝ ̆↕ &ׂ ᵦׂ 'γоӞ

ᵝ Ȃ ҈ ̆ ῒҬ ҈ ̆ ץ ҹ №SU(3)ҍ

ῒ Ȃ 

ױ ⌠ ̆ ꜚ ӈԅѿҩSU(3)Ȃ  

 

 

Ќׂ;c ɤu-ф;
ר . .
. / .
. . ר

ᴇ 

Еї;
. . .
. / .
. . /

̆ Еׁї&';c
gɭʯ-ф;

/ . .

. amq
0
qglר(

0
.

. . amq
0
qglר
0

̆ &/40' 

Еׂї;c ɭuʯ-ф;
/ . .
. ר .
. . ר

ᴇ 
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 Е ф о ϩ ϧ Ќ и з Еї ϔ 

Е 
0-1 

 фר оר(
) и-0 רи-0 Е-0 ) ϩ-0 רϩ-0 ) Е-0 

) Е- 1 
) ϔ- ( з-0ר( 1 з-0 )רф-0 )רϧ-0 ) ϧ-0 )רф-0 

ф רо 
0-1 

 Еר(
( и-0ר( и-0 רЕ-0 רϩ-0 ϩ-0 רЕ-0 

) ф- 1 
) ϔ- 1 з-0 )רз-0 ф-0 ) ϧ-0 רϧ-0 ) ф-0 

о )רф רЕ 
0-1 ) ϩ-0 רϩ-0 /-1 1-1 и-0 )רи-0 /-1 1-1 

) о- 1 
) ϔ- ( ϧ-0ר( 1 ϧ-0 ) Ќ-1 רз-0 з-0 ) Еї-1 

ϩ 
) и-0 רи-0 ) ϩ-0 0-1) о-0 

 ϧר( Ќר
) Е-0 )רЕ-0 ϩ-0 ϩ-0 1 

ϧ-0 ϔ-0ר з-0 з-0ר  1ϧ-0ר ϧ-0ר ф-0 ф-0ר( 1

ϧ 
( и-0ר( и-0 )רϩ-0 

 Ќר(
0-1) о-0 

 ϩר
( Е-0ר Е-0 )רϩ-0 )1רϩ-0 

) з-0 רз-0 ) ϧ-0 ϔ-0 1 ) ф-0 )רф-0 ϧ-0 ϧ-0 1 

Ќ 
Е-0 )רЕ-0 /-1 1-1 

 ϩר( ϧר
0-1)0о-1 ) и-0 )רи-0 /-1 7-1 /  

( ф-0 ф-0ר Ќ-1 ) Ќ-1 רз-0 ) з-0 ) Еї-1 ) Еї 

и 
) ϩ-0 )רϩ-0 и-0 ) Е-0 )רЕ-0 ) и-0 0-1 о-0 

 зר Еїר(
и-0 1 

( ϧ-0ר ϧ-0 )רз-0 רф-0 ) ф-0 )רз-0 ϔ-0  1з-0ר 1

з 
( Е-0ר и-0ר ϩ-0 ϩ-0ר( Е-0 רи-0 

 Еїר
0-1 о-0 

 иר(
 1и-0ר(

) ϧ-0 )רϧ-0 з-0 ф-0 רф-0 ) з-0 ϔ-0 1 з-0 1 

Еї 
Е-0 רЕ-0 /-1 1-1 ϩ-0 רϩ-0 /-1 7-1 

 иר зר(
0-1 о-1 /  

( ϧ-0 ϧ-0ר( ф-0 ф-0 Еї-1ר( Еї-1 ) Ќ-1 ) Ќ 

ϔ ) Е- 1 ) ф- 1 ) о- 1 
ϩ-0 / 1ϩ-0ר 1  и-0 / 1и-0ר 1  0-1 

1ϧ-0 ϧ-0ר( 1 ) Еї )1רз-0 з-0 1 ) Ќ ϔ- 1 

 

SU(3)ᾝ Е⌠ ϔ ӗ ̆ Ќ; о-0 ϔ 1-0 Еї; о-0) ϔ 1-0( ױ

Ҍ ᾝ)Ȃ  ϩ
ф; ϧ

ф; Ќ
ф̆ץ и

ф; з
ф; Еї

фȂ 

Table 10 

 

 

ҹ ̆ ⱴԅ Ȃ ӥ Ҍ֟ ֜ ̆ Ҭ

Ҍ ̆ ӎ ӈȂ 

̆ 3 Reidemeisterꜚ ӥ їׂ̆ Ҭ ̆

ҹ Ҍ ֜  Ȃ 

Figure 68 
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̔SU(3) 

 

(slide)̆ 3 ꜠(third Reidemeister move, R3 ꜚ)̆ 3

Ȃ ӥ R3 ꜚ̆ ҹ їׂ̆ Figure 68 ̔ ѿ (

Ҭ ҹ ) ԍ ң ֜ ñ òȂ ᴇ ̆ ױ ץ

ң Ḡ ᵝ Ȃ ӥ ñ (pure slide)ò

Ҍ ᴋᵥ֜ ̆ Ҭ Ҍ ȁ Ȃ 

ҹ҈ױ ῀ԅῇ ӎ ̆ (slide-rotation)̆ Figure 69

̕ ֓ ӈ ꜚ ҹ Еׂ⌠ ϔׂ̆ ҹ ױ ԍ╠ ׃ ΐ

SU(3) ᾝ Ȃ ӊ̆ ױ ꜚ ׂφ SU(3) ᾝ ̕

ῒ ̆ ҍױ SU(3) ᾝ ᵩ ̔ 

 

ׂφ ;c ᵤG 0¡ &/41' 

 

Ҭ̆ ᾝ ᵩ ԅ ꜚҍ ӊ Ȃ

ԍ ԍ ӗ ̆ Ȃ ѿҩ Ȃ ױ

ᾝ ׆ Table 10 ӗ Ȃ 

SU(3)ӗ ץ Figure 69 ₮Ȃ ᾢ ⌠̆ ̆ 3

ꜚ ҍ SU(3)Ҭ ҈ Ȃ ≢ ̆

Ἕ SU(3) ᾝҍ ѿ ̆ Ҭ Ӟ ҹ҈ҩ҈ᾝ№ץ Ȃ 

ױ ԍ ѿҩ҈ᾝ ̆ Еׂ*ׂф*ׂо ҈ᾝ Ȃ 

ҹ ̆ ֓ ꜚ ԍ

ҍ Ȃ ץ ֓ ꜚ̆ᵖֽ ⱴԍ Ẋ

҉Ȃ ӈ ֜ ̆ ̆ ӈȂ 

ԍ ӈ Еׂ⌠ ϔׂ ̆ñ (slide)ò ̆Ҍ ӊҹ

(slide-rotation)̆ ҹ ױ Ẋ ץ - (slide-rotation)Ȃ

̆ᵖ ֓ ӈ ץׅꜚ ӥ їׂҹ ̆ ῒ ̆

҈ Ȃ ԍ ӈ ӈ ꜚ̆Ҍ ԍ╠ ᵬ ȁ ᵬ Ҭ

(twist)ҍ (poke)̆ Ҍ ԍ 1 2 ꜚ̆ ֓ ӈ

ꜚׅ̆ ҹ (slide)Ȃ 

ҹ ̆ Ẋױ ( ᵌԍ ԑᵬ Ạ ) ҈ ( )

ѿҩ ῤȂ ѿ ’̕ ҉̆Ҋ ₮ Ӟ ԍ҈

ῒ ҈ Ȃ ≢ ̆ ҈ ̆ Ҍ῍ ׅ̆ᴪ ⌠

Ȃ 

Еׂҍ фׂ Ҍҍ Ȃ Еׂ*ׂϩ*ׂи ԍѿҩ

ᵣᶷ Ȃ фׂ*ׂ ϧ*ׂ зҍӊ Ȃ ѿҩ҈ᾝ Еׂ*ׂф*ׂо ѿ ֜

ѿ ̆ ңҩ҈ᾝ ֞ Ȃ 
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ḷ 

ṛ 

Ṛ 
ṍ 

ḻ 
Ḻ 

Ṋ; о-0 

ϔ 1-0 
ṗ 

Ṗ 

ṍṨ; 

о-0 

) ϔ 1-0 

 ɜ ᶉ 

ᵺ 

∆  

 blue  green  red 

 

 

 

 

 

 

 

 

 

Cḻ;פ
ᵤ Ɂ-ф Cṍ;פ

ᵤ ɭ-ф 

Cṛ;פ
ᵤ ʜ-ф 

CṚ;פ
ᵤ ʖ-ф 

CḺ;פ
ᵤ ȿ-ф 

CṊ;פ
ᵤ ɤ-ф 

Cṗ;פ
ᵤ ʐ-ф 

CṖ;פ
ᵤ ʏ-ф 

CṍṨ;פ
ᵤ ɭʯ-ф 

Cḷ;פ
ᵤ Ȭ-ф 

1 

   

   

   

8 ᵬ̔ ⱴ҉( ) ң

Ȃ ֓ (Һ )ᵝԍѿҩ ῤȂ 

ԍ SU(3)ῤ ҩ SU(2)҈ᾝ ̆ ᾝ ׂφ

̆ ᶷ ᾝ ᵩ Ȃ

оׂ*ׂЌ*ׂЕї ԍ ԑ Ȃ Ҭ ԅ҈

ҩ SU(2) Ȃ 

(slide-rotation)Ї ӎ Ї ꜘԓҎ Ї ҅ү SU(3)  

ӈ ꜚׂφ Ȃ ᾝ ᵩ ԅSU(3)Ȃ ̔ ᾝ ᵩ

ҍ ӈ ׂφ ԑҌ Ȃҹ ̆ Ҭ ̆

ԅ ң ԑ Ȃ 

Figure 69 
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ױ ѿ҈ᾝ ӈԅѿҩ SU(2) Ȃ 

҈ᾝ Еׂ*ׂф*ׂо ұץ Ȃ ױ №ң ’̔ѿ ̆ᴋ

ҍ ұ Ȃ ԍ ῒẊ 0 ׆̆

(twisting)Ȃ ҉̆҈ᾝ Ҭ ᴋᵥ ҍ ұ ̆ ԍ

ᵬȂұ ң ұ ̆ ≢ֽ ԍѿ (entangling)̆ ף׆ ̆Ẋ

ѿҩ Ȃ ԅ SU(2) ѿ Ȃ 

ԋ ̆҈ᾝ ҬңҩҌ ұ Ȃ ҈ᾝ Ҭ ҈ҩ (

‗ԍұ )Ȃ ҹ ԅ ѿ Ȃ ӊ̆ ױ ╠

҈ҩ ӈ ҈ᾝ ̆ ӈԅѿҩ SU(2) ̕ ‰ ̆ҍ SU(3)ᾝ

Еׂ*ׂф*ׂо Е*ф*о ԅѿҩ SU(2) SU(2) ף Ȃ

ҩ SU(2) SU(3) ҈ҩ ῏ SU(2) ӊѿȂ ѿҩ ꜚ҈ᾝ

ᾝ ԅ Table 10 ҉ Ӝҩ Ȃ ҹ̆ Ẋ

҈ҩ ֜ ̆ ╠҈ҩ ӈ Ȃ 

SU(3) ῏ ԍ̔ ᵩ ҍ ׂφ ҈ Ҭ Ҍ Ȃ

U(1)Ḃ Ȃ 

҈ Ҭ ῒᵩ ̆ ҈ ₮ ̆ Figure 69

Ȃ҈ Ҭ ѿ ̆ ѿ ҈ҩ ̆ ԍ ӈ

̆῍ 9 Ȃ ԋҩ҈ᾝ Ҭ ϩׂ*ׂϧץ ҈ Ҭ иׂ*ׂз

ԍ Еׂ*ׂфȂ ҈ҩ оׂ*ׂЌ*ׂЕї̆ ңҩ ᾝ ῏ Ȃ

҉̆ Ҭ ̆ оׂׂ Ќׂ Еї( ױ ԑ ) ᵝ ̆ SU(3)

Ȃ ҈ҩ ᵬ оׂ*ׂЌ*ׂЕїҍ ῒ ᵬ ̆ ױ ԅ ׂ ӈ

Ҭ Ȃ Ҭ ԅ ѿҩ ῏ ϔׂ̆ Ќׂ*ׂЕї

Ȃ ԅ ϔׂ ӈҬ 1 Ȃ ӊ̆ ױ ⌠ԅ 8ҩ ῏

ӈ ( )Ȃ ԅ ϔׂӊ ̆ ᵬ ԍ Ẋ Ȃ 

ԍ Еׂ*ׂф*ׂо ᾝ ԅѿҩ SU(2) Ȃ ҈ᾝ

ϩׂ*ׂϧ*ׂЌ; оׂ0¡ ϔׂ 10¡ ( Ќׂ ԍ оׂ)̆ץ ҈ᾝ иׂ*ׂз*ׂЕї;

оׂ0¡) ϔׂ 10¡ Ӟ SU(2) Ȃ ҩ ұ ̆ ⌠ ᵬ̕

ғ ҩ҈ᾝ ῤ ңҩҌ ұ ̆ ⌠ ҈ҩ Ṑ Ȃ ӊ̆ ԍ

ҩ҈ᾝ ̆ ѿҩ SU(2) ̕ ҈ҩ SU(2) ῏ Ȃ

̆ ױ ԅ SU(3) ѿҩ №Ȃ ̆ ױ ⌠ԅѿ SU(3)

̕ ԍ ҩ SU(2) ץ ѿ Ẋ ̆ SU(3) )ץ ᵖҌ

҈ץ( Ẋ ȂFigure 69 ҉ ԅ Ȃ 

ѿҩ҈ᾝ ӈ ̆ ҍӗ ῏ ᴪ ⱴ Ȃ

ѿ Ҭ̆ ҈ Ҭ Ẋ ҹѿ ̆҈ ѿ ᴪ ̆ ҹ ԍ

ѿ ̆ ԍ ң ӊ Ȃ ̆ ׅ ѿҩ ѿҩ Ȃ

ғ ѿ ׅ SU(2) Ȃ  
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SU(3) ̆ ϔׂҍῒ Ҍ Ȃ ң

̆ Figure 69 Ȃ Ҍ ϔׂȂҌ ̆ ϔׂҍ

Еׂ*ׂф*ׂо ̆ғ ҍ ̆ᵖҍῒ Ҍ Ȃ ̆ ϔׂҍ ѿҩ

҈ᾝ ῍ ԅѿҩ U(2) Ȃ ̆ ױ ϔׂҍ Ќׂ Еׂї ̆ ғ

ϔׂׂ Ќ; Еׂї̆ SU(3) Ȃ ϔׂҍῒ ҈ᾝ Ҭҍӊ

ңҩᾝ ӗ ᵝ ̆ Ӟ SU(3) Ȃ 

ҍ SU(3) ᴇ ѿ ̆ Ҍ ҈ᾝ ׂφ ӊ ̆

ᾝ ᵩӊ ӗ Ȃ ԍҬ ҈ ̆ Ҍ ҈ᾝ ӊ

ң ӗ ̔ѿ о ϔ̆ ѿ Ҍ Ȃ 

ᾢ оҍ ѿҩ҈ᾝ ╠ңҩᾝ ӊѿ ӗ Ȃ ӗ ᴪ ⌠

҈ᾝ ᾝ ⱴ Ȃ ᾝ ӊ ῏ ϧׂׂ оׂ ϩ; оׂ ֓ӗ

ᴪ Ȃ ̆ 5 , 3 , 4 ↓ ᴪ ⌠ ҩ Ȃ

ץ ↕῏ Ȃ ᵌ Ӟ ԍ иׂׂ оׂ з; оׂ̕ Ќׂ ӗ ̆ᶛ

Еׂׂ Ќׂ ф; Ќׂ̆ Еׂї ᶛ Еׂׂ Еїׂ ф; Еׂї̕ ϩׂׂ ϔׂ ϧ; ϔׂץ

иׂׂ ϔׂ з; ϔׂȂ ץ ֓῏ Ȃ 

ױ ⌠̆ ϧ з ᾝӗ ҍ ᾝӗ ҩ

Ȃ ϧ з ӗ Ҍᴪ ⌠ ҩ ᾝ̆ ⌠ ᾝӊ Ȃ

̆ ≠ ӗ ϧׂׂ з SU(3)ף Ȃ 

╠ ̆ SU(3)Ҭ̆ ԍ ╠ңҩᾝ ӗ ̆҈ ұ ׂuׂv о ᵝ

Ȃ ҉̆Figure 69 ԅ &ׂ фׂ ϩ'
о &ׂ ϧׂ з'

о ᵝ Ȃ ̆ῒ ӗ

Ӟ ҈ꜛṢץ Ȃ 

҈ ̆ ץ Table 10Ҭ ᾝӗ ȂFigure 69

̆ фׂ*ׂϧ*ׂз҈ҩ ѿҩSO(3)̆ ҈ Ȃ ҈ҩ

ԅҬ ҈ ҈ Ҭ Ȃ Еׂ*ׂϩ*ׂз̆

Еׂ*ׂϧ*ׂйץ фׂ*ׂϩ*ׂйӞ№≢ SO(3)Ȃ ױ SU(3)ҩ

SO(3)Ȃῒᵩ ҈ ᵬ ̆ Еׂ*ׂϩ*ׂ й Еׂ*ׂϧ*ׂ з̆  

фׂ*ׂϩ*ׂ з̆ фׂ*ׂϧ*ׂй↕Ҍᴪ ᴋᵥ Ȃ ץ ꜚ

Ȃ 

ץ ₮ ̔ ҈ ֜ Ҭ̆ 8ҩ ῏ ӈԅSU(3)

Ȃ ӊ̆SU(3)ԓ 3 ꜠Ȃ 

ҍῒ ᵌ̆ ҈ ᴪ ⌠SU(3) ԑᵬ ̆Ӟ

ҍ ԑᵬ Ȃ ԝᵲ ԓ 3 ꜠Ȃҍῒ ԑᵬ ѿ

̆ ᴪ ҍ ԑᵬ ̆ ҊҌᴪ ‪ ԑ

ᵬ Ȃ ױ Ҍ ΐᵣ ҍ Ȃ 

 

 



 

 

 

09.ҍ ԑᵬ  

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

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

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

 

252 

 

 

҉̆ҍ 8 ᵬ̆ף ԅ8 ᵬ Ȃ

(gluon) ԑᵬ Ҭ ̆ ᵬץ ԍѿҩ Ȃ 

 

 8 Еׂ⌠ ϔׂף ԅ8 ᵬ ̆Ӟף ԅ Ȃ 

 

ԑᵬ ̆ ѿҩ ⌠ ѿ ҉Ȃ  

 

 ̆ ⌠ ѿ ҉Ȃ  

 ̆ ⌠҈ Ȃ  

 

ҹԅ ѿ ΐ ̆ ץ ̆ ѿ SU(3)ᵬ

̆Ӟ ѿ Ҍ Ȃῒ ԑᵬ Ӟ ᵌ ῏ Ȃ

ԑᵬ Ҭ ̆ᾣ ̆ ҹѿ U(1)ᵬ( )

̕ ԑᵬ Ҭ ̆ ҹ SU(2)ᵬ(

ѿ ᵬ) Ȃ Ҭ ҹ Ȃ 

Ӟ ץ ᵬ ̆ ꜚ ѿ Ȃ

ҍ ҹ ȁ ҹ 1Ȃ

ᴪΐ Ȃ 

SU(3)ӗ ԅ8 SU(3)ɐ (ғ ) Ȃ ̆

Ҭ ѿ ѿ↓ ԍ ԑᵬ ҈ ӊѿȂ ұ

̆ңҩ Ҍ ӞҌ ̆SU(3) ̆ ӊ ᴪ

ԑᵬ Ȃӗ ̆ңҩ ԑᵬ ֟ץ ѿҩ ңҩ

̆ᵖҌᴪ ̆ Figure 70 Ȃ ̆ SU(3)̆

ӊ ᴪ ԑᵬ ̆ᵖֽ ҈ Ȃ 

( ) Ҍᴪ ̆ ῒ

Ȃ ̆ ԑᵬ ᴪḠ ȁ ȁ ᵝ ȁ ȁ

Ȃ ҍ ῃ Ȃ ≢ ̆ ᵬ Ҍᴪ C(

῍ )ȁP( )ȁCP( ῍ ҍ ) ̆ Ӟ Ȃ 

ҹ Ҍᴪ ױ ᵬ ̆ ᴪ ױ

̆ Ҭ̆ ӊ ᴪ ԑᵬ ̆ᵖ Ȃ ғ

ҹ ӊ ᴪ ԑᵬ ̆ ץ Ҍᴪ₮ ԍ Ȃ ֓

ҍ Ȃ 

ӊ̆ Ҭ̆ ԑᵬ ῒ ԍ (R3ꜚ )Ȃ ≢

̆ ԑᵬ ΐ SU(3)Ҍ ̆ Ҍ

Ӟ Ȃ 
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1 ̆ῒ ҍ ᾣ ̔

֜ ̆ ñ òȂ ԍ 8 ̆ ҹ 
 

ϫϿцЏЋ;
/

2
ׄᵜ ׄᴥ

ϔ

;ᴥЕ

&/42' 

 

ῒҬ̆ ңҩ ҹ  
 

ׄᵜ ; ׄᵜ ׄᵜ ᵜᵝᵞׄᵝׄᵞץצ &/43' 
 

ғ ᴥץᵝᵞ SU(3) ̆ ╠׆ץ ӗ ₮Ȃ ѿҩ

ׄᵜ Ȃל ӈҬ ѿ ԍ ԑᵬ Ҭ ҈

̆ ױ Figure 70 Ȃ ↕ ᾣ׆ U(1)⌠ SU(3)

Ȃ ӊ̆ ׆ױ ⌠ԅ Ȃ 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

   

 

 

 

 

 

 

  

 

  

 

- ԑᵬ ң ̔ ҍ Ȃ Figure 70 
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Ҭ̆ ᴪ

Ȃѿ ̆ ᵝ̆ ΐ (colour charge)Ȃ

̆ ӎ Ȃ Ҭ ̆ ñ ò

Ȃ ̆ ῏ ̙ 

̔ᾣ Ҍ ̕W Z ӞҌȂ ֓ ԅȂ

֓ Ҭ ̆Ӟ ñ ò ̆ ⌠ Ȃ 

̆╠ ӗ ᴪױ ԑᵬ ̆ ΐױ Ȃ ҉̆

̆ ‰ ̔ ΐ ѿ (colour)ҍѿ (anti-

colour)̕ ῒ Ȃ ꜚ ₮ñ - ò Ȃ 

Ҭ̆ ҈ (triple belt model)̆

↕ ΐ Ȃ ⌠ ҈ ̆ᶛ Figure 69 Ȃᵖ

ⱴ ᴪ ̆ Ҭ ̆ ñ ò Ȃ ⌠̆

Ҭ ̆ ñ ò Ȃ ↕Ҍᴪ ’Ȃ ( R3

ꜚ) Ҭ̆ ᴪ ⌠ ̆ Ȃ 

Ȃ (rational tangle) ץ

ꜚ ȂFigure 72Ҭ ԅѿᶛ Ȃ ԅ҈

҈ ̆ Ȃ ҍ ᾥ ῏ Ȃ 

  

 ̔ 

  

 

ȁ ( )Ȃ Figure 71 
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ץ ̔ 

 

 ҈ 0 1¡ Ҍ ̆↕ΐ (colour charge)Ȃ 

 

҈ ̔ 

 

 Ҏ (three colour charge) ѿ ⌠҈ ҈ Ȃ*1  

̆ Ҳ ҅ Ȃ 

 

̆ᶛ (prime tangle) (locally knotted 

tangle)̆ ᴪױ ‗ԍ Ȃ ̆ Ȃ

҉̆ Ҭ̆ ᾥ Ȃ 

ӊ̆ ҍ ῏Ȃ҈ ҍ ҈ҩ

Ȃ 

 

 

 

 

 
1* ᵰ ӈѿҩ₃ᵥ Ҍ ץ̆ ̙ 

  

ᾥ 

 
 

 

 

 

ᾥ   

 
 

 

 

ȁ ( )Ȃ Figure 72 
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ԑᵬ  

 

Ҭ̆ ԑᵬ Ȃΐᵣ ̆ ԑᵬ

ԍ ֜ Ȃ ӎ ӊ҈ (three-belt symmetry)̆↕ ΐ

̆ Ȃ (colour change)̆ ῒ⌠҈ ̆

̆ Ȃ 

ԑᵬ ӈ̆ ץ ̔ ֜ ̆Ӟ

֜ ̆ᴪḠ ̆ Ȃ ԍ ԑᵬ

ҍ ̆ Ӟ ȁ ȁ ῒ ðð ̆

Ȃ ֓ ҍ Ȃ 

 
 

ꜚⱬ   
 

ñ׆ױ ᴪ ᵝ ӈò ₮ ̆ ̔

ԑᵬ ΐ SU(3)Ҍ Ȃ ң Ҍ

῀ ᾥ Ҭ̆ ⌠ 
 

ᵒᵄᵅ; Ⱶⱶⱶⱶⱷ
ᵬרἩעB עᵬױ

ф
ᵬᵬ ᵬ

ᵬ

/

2
ׄᵜ ׄᴥ

ϔ

;ᴥЕ

&/44' 

 

ῒҬ̆ ᴀ ( ᾥ) ̕D SU(3)  
 

B; צ ׄᵜ ᵜ &/45' 
 

ῒҬ̆צ ̆ ᵜ SU(3)ᾝ̆ ӊ╠ ₮ ̆ ғ ׄᵜ

ӊ╠ѿ Ȃל ѿ ԍFigure 72 Ȃ

ꜚⱬ (QCD, quantum chromodynamics) Ȃ 

ӊ̔ ԅQCDȂҌ ̆ ₮ ᾥ ᵬ̆Ӟױ

₮  Ȃצ

 
 

ԑᵬ  
 

ԑᵬ ̆ ҈ QCD ̔ ᾥ ѿ ̕

ӊ ҈ ң Ȃ ᶏ ױ ₮QCD ̆Ӟ

QCD (renormalization) ῏ ̔ ꜚ Ḡ ԑᵬ Ȃ 

ӊ̆ ҹ ԑᵬ ᶫԅ Ἕ̆ғҌᴪ ᴋᵥ

Ȃ ≢ ̆ ԅ ꜚ Ȃ ױ ⌠̆

Ҭ̆ ᾥӊ ᴪ ꜚ₮ ᵌ (flux-tube-like bond)Ȃ ꜚ

Ҋ ̆ ᾥӞ Ἕ Ȃ ӊ̆ ԅ (asymptotic 

freedom)̆ Ӟҹ ᾥ (quark confinement) ᶫԅ └ Ȃ ҩ Ȃ

- 

- 

- - 
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̔SU(3) 

 

҈ ₮ SU(3)̆ ѿ ̔ ῒ SU(3)ᵬҹ

(deformation gauge group)Ȃ ῌᾥĿ ℗ᾥ(Frank Wilczek)ȁ Ŀᵹ (Alfred 

Shapere)ȁ Ŀ (Alden Mead)ȁ Ŀ (Jerry Marsden) ֲ ̆ ╠̆

Ҭ ԅ₃ᵥ SO(3)ῒ Ȃ Ạ₮ԅ ⱬ Ȃ(

̆ ╠ ֲ ⌠̔ ԅ Ҭ SU(2) Ȃ) 

* * 

SU(3) ̕ ӇȂ SU(3)Ҍ ֜ ΐᵣ ᵝ

ᵥ̙(what are the precise phase choices for a crossing that lead to SU(3) invariance?) 

* * 

2 ῏ ̆ҍῒ 6 ΐ ̙ 

* * 

҈ Ӟᴪץ ѿ ԑ֜ ̔҈ (interlocked)ȂҹָӇ ױ Ҭ ץ

’ ̙ 

* * 

↕ѿ׆ ₮ U(1)ȁSU(2)ȁSU(3)̆ҍ ѿҩ Ȃ

҈ҩ ҍ ȁ ᾝ ȁῇᾝ ῏Ȃ ԅ

ðð ̆ ץ ԅ ῏ Ȃ 

* * 

W Z Ȃᵰ ѿ ̙ 

* * 

SU(3)Ӟ ҈ Ȃ SU(3)ҍ҈

SU(3)ӊ ₃ᵥ῏ ָӇ̙ 

* * 

̔ ҍ Ҭ῏ԍ - (ColemanïMandula)

Ҍ Ȃ 

* * 

̔ ҍ Ҭ῏ԍ ᴿ - (WeinbergïWitten)

Ҍ Ȃ  
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* * 

ԑᵬ (Wightman)Ὲ ̙ - יּ

(HaagïKastler)Ὲ ̙ (Haag) ԅ ̙ 

* * 

̔ ₮ (tree level gluon scattering) BCFW ῏ Ȃ 

 

 

ҍ ̔ ԑᵬ  

 

Ṣꜛ ꜚ̆ ױ ₮ԅ ꜚⱬ (QCD) Ȃ

ҍQCD ̙ ̆ ⱬҌ ᵬ ≢Ȃ ⱬ

ᾥ Ἡעϧ 2ׄ¡ ᵬ Ȃ ⱴ Ҭ̆ ᴋᵥҍ

QCD ̆ Ӟ ᴋᵥҍ ԑᵬ Ȃ 

Ҭ ԑᵬ CPҌ ̆Ҍ ҹԅ CP Ẋ

(axion)̔ ῒ Ȃ ң↕ ҍ Ȃ 

ԑᵬ SU(3) Ҋ Ȃ ԑᵬ

Ҭ ῒ ҍȂ ̆ Ῥ ҬҌ ѿ̆

ӞҌ ̆ SU(5), SO(10), E6, E7, E8, SO(32) Ҍ ԍ

Ȃ ↕ Ӟ Ȃ 

̆ ⱬҍ ᴪᶏ ᾥ ᵝ ҹ ṿ̆ ̆

ѿҩ ṿ̆ ᾥⱬ ץ ᾥ ₮Ȃѿ℗ ðð ᵣ

̆ Ҭ ȁ ᾥ ȁᵍ ᵣðð Ҍ ҩ

Ȃ ╠̆ ↕ ҍ Ȃ 

ӊ̆ Ҭ 3 ꜚðð ððᴪ SU(3)Ҍ

ѿҩ ԑᵬ Ȃ ҍ ֓ ῏Ȃ

ԅ ԑᵬ ҍ ̆ ‗ԅ Ҭ ѿҩ

Ȃ ׅ̆ ₮ ΐᵣ ץ̆ ᾥ ȁ ̆

Ȃ 
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ғ Е ԝᵲ  

 

̆ ױ ₮ԅ ץ ҈ ԑᵬ Ȃֽ

ԅ ȁ ᾥ ᵝȁꜚᵬ ̆ U(1)ȁ SU(2)

SU(3)₮ ̆ ȁ ᴶῗ ץ Ȃ ̆ ₮ԅ

‰ Ȃ 

≢ ̆ ԍ ̆ ԅ ᾥ Ҋ ҈ ԑ

ᵬ Ȃ ҈ ꜚ̆ ₮҈ ԑᵬ ̆ ғ ╠ ѿ ҈

ⱬ Ȃ 

ױ ̆ ѿ ᵌ̕ ̆

ᵞԍ ᾥ ’Ҋ Ȃ ӊ̆ҍ ῒ ѿ Ҍ ̆

Ȃ҈ ԑᵬ Ӟ Ҍ ḱ Ȃ

֓ ҍ ױ Ȃ 

ױ ₮ ‰ ׅ̔ ֓ ̆ ΐױ ֓

ץ̆ ֟ױ ᵥ Ȃᵖ ԅ₮

‰ Ҭ Ȃ ҉̆ ԑᵬ ᶏ

ױ Ạ₮ѿ֓ Ȃ 

 

 

̔ Ҭ ԑᵬ  

 

1926̆ Ŀ (Kurt Reidemeister) ԅѿ↕῏ԍ

̔ ԋץ ̆ ֜ ץ

ҹ҈ ꜚ̆ ׂ ᵬ҈ ꜚ(Reidemeister moves)Ȃ

Ҭ̆ԋ ԅ ѿҩ Ȃ ҍñ

ԑᵬ ᴇԍ ֜ ò̆ Ҭ ҈ ԑᵬ Ȃ ≢ ̆

Ҍ ԓ ⱬȂ ׂҹ ̆ ῒ ⱬ ⱳ Ȃ  

 

 

ԑᵬ ѿ 

 

ץ ̆ ҉ ѿ ꜚȂ ҈ ԋ

̆ ѿ ҹ ̔҈ ꜚ ₮Ȃ

ԋ ԅ ҈ Ȃ ̆

ԑᵬ ӂ ѿ ( ꜚ)Ҍ ̆ғ҈ ԑᵬ

ץ ≢Ȃ ̆ ԅ҈ ԑᵬ ѿȂ 

ӈԅ׆ ⌠ ꜚ Ȃ

ӈ̆Ӟ ӈȂ Ҍ ̆ѿ ᴪ ҹҌ
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ꜚȂ Ӈ̙ ԑᵬ ᶭ ̙ Ҭ

˻ ҉ ̔ Ҭ̆ѿ ԑᵬ ԍῒ

Ҍ Ȃ ֓ ꜚ ԍ ׆̆ Ҍᴪ ԑᵬ Ȃ

ӊ̆ᵬҹ Ḡᵞ ԑᵬ ҍ ῏Ȃ 

ӊ̆ ᶫԅ ԑᵬ ѿ̆ғ ԑᵬ ѿҍץ

ᴋᵥ Ҍ Ȃ ̆ ‗Ȃ 

 

 

Ҍ  

 

ҬҌ ̆ ҹ ṿ

Ȃ ╠ ̆ ñ ꜚ(shivering)ò ԍ ̆ ₱

῀ Ȃ 

ӊ̆ Ҭ ᴋᵥ ԑᵬ Ҍ ̔ ⱬ

ԑᵬ ̆ Ҍ ̆ӞҌ Ȃ ѿ׆ ᾧԅᴋ

ᵥ ȁ ȁ Ȃ 

 

 

ѿĿ Ŀῒ  

 

҈ ԑᵬ ԍ҈ ꜚȂ ̆ Ҍ

ԍ ԑᵬ ѿ Ȃ ӊ̆ Ҍ ѿȂҌ

ѿ Ҍ ̆Ҍ ȁ ̆

Ҍ Ҭ -Ҭ ץ̆ Ҍΐ Ẽ Ȃ ╠ ֓

Ҭ̆ ֓ ᴪ Ȃ 

(supersymmetry) ῒ ̆ ץ ѿҹ Ȃ ̆

╠ ̆ Ҍ ̆ ӞҌ ⱬȂ

Ҍ ñ (super-particle)òȂ20162017̆ (CERN)

ԅ ѿ ̔ Ҭ Ȃ 

ꜚ ԍ҈ ̆ Ӟ ԍ҈ ̆ Ҍ ῒ

⌠ Ȃ Ҍ ̆ ׆

̆ ҍ Ȃ ̆ Ҍ Ҍ ̔

ѿ Ȃ 

ӊ̆ ҉ Ҍ ԍ20ҕ ѿ Ȃ ≢ ̆

ҊҌ ῒ Ȃ ѿҌ

Ȃ Ҭ ӎ ֓ פ

ֲ ̔ ӄ ҹ Ȃ ᶏ Ҍ ̆ᵖ

֓ ҍ ױ ̆ ғ ֓ ҍ ׂ Ȃ
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ҬҌ ⱬ  

 

Figure 1ñ ᵣòҬ̆׆ ѿ Ҭ ⱬ̆ Ẋ ̆

ҹ ̕ ҍӊ ᵌ̆Ҍֽ ⱬ̆ Ȃ

̆ ⱬ ׆ׄ Ҭ ῃ Ȃ 

ץ Ҋ ױ ̔ 

 

 ̆ ҍ Ҭ ѿ ⱬ Ȃ 

 

ѿ ѿ ( └ԅ ⱬ Ҭ ) ᾟȂ

ӊ̆ ₃Ӎ ῃ ҍ ӈ № ̔ ҹ

֟ Ҍ Ȃ ̆ ̆ ҬҌ ⱬ ̆

ҍ⌠ ╠ҹ Ȃ 

 

 

 

 

‰ ԅ҈ ԑᵬ ̆ ױ ҈ ̆

҈ ꜚ̆№≢ U(1)ȁ SU(2)ȁSU(3) Ȃ 

̆҈ ԑᵬ ȁ Ҍ ̆ ғ ꜚᵬ

̆ ץ ₮ ‰ ҈ ԑᵬ Ȃ ̆

Ҍ ῒ ԑᵬ ȁ Ȃ 

̆ ױ ‗ԅ ҍ ‰

῏ Ȃ 

 

 Ҭ ԍ Ȃ 

 

ҩ ̆ ꞉ ױ Ȃ ң ‗̔ ӈ ҍ

Ȃ ױ ҩ₯ Ȃ 
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Chapter 10 

10. ҍ ӈ  

 

 

ӈ ԅ Ȃ ⱬ ױ ѿ ⌠ Ȃᵖ

҉̆ ⱬ ₮ ̔ ᶏᾣץ Ẓ ̆֟ ⱬ ̕

ץ ̆ ⱬ ̕ ֟ ץ ֲ Ȃ ֓

ӈ Ȃᴋᵥ ѿ ӈ Ȃ 

Ҋ ̆ ᵥץ ₮ ⱬ ̆ ₮ ӈ ȁ

ץ Ȃ ױ ѿ֓ ⱬ Ȃ ̆ ₮

̆ ѿ Ȃ ῏ԍ ᾥ

Ҭ̆ ᵌӍ Ạ₮ ֓ Ȃ 
 
 
 

ӈ ῒ  
 

╠ ⌠̆ᴋᵥ ᴪ ῀ѿҩ 3+1 Ȃ ױ ⌠̆

Ҭ̆ ̆ ꜚ ̆ 3+1 ғ

Ȃ ⱬ ’Ҋ̆ ҍ Ȃ 

ױ ₮ԅ Ҍ ע̆

(ᾣ ) ⌠ ҩ Ȃ ̆ױ ꜚ ᾣ

Ȃ ӊ̆ ԅ ӈ Ȃ 

̆ ⱬ ̆↕ ӈ ̆

ⱬ ̆ ӈ Ȃ ҌῬ Ҭ

Ȃ 

ҹ̆ ᾥ Ҍ ᴪ ѿ ñ ӈ

(doubly special relativity)ò̆ Ẓ ӈ Ȃᵖ ԍң Ẋ ̔ѿ

ᾥ Ҋ̆ ᶭ ̕ԋ ᾥ Ҋ̆ ҍ ׅ

№Ȃᵖ ң Ẋ ҍ ҬҌ Ȃ ӈ ̆

Ҍᾛ ̔ Ҭ ᵣ ̆ ғᴋᵥ Ҍ

Ȃ Ӟ ҍ Ȃ ̆ ᾥ ̆ ҍ

№Ȃ ӊ̆ ᾥ ӈ ⱬ̆

ñ ò ȂFigure 1Ӟ ԅ ѿ ̔ ӊ ̆

Ῥ ῒ Ȃ 

ӊ̆ ӈ ( )Ẋ ̔ ᵣ ץ ԍ

ҬȂᵖ Ҭ ĺĺ ῒ ᾥ ĺĺ ԅ

Ҍ Ȃ
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ῖ ⱬ 

 

Ҭ̆ ᵞ ’Ҋ̆ ץ ⌠ ⱬᶏ ᵣ

֟ ⱴ ̆נ ⱴ ҍ֟ ⱬ ̕ 
 

ׄ;נ
ג

фח
&/46' 

 

ⱴ ҹҌ Ⱶ ῝ ⱵȂ ԍ ץ Ҭ

̆ ѿ ᵌȂ 

Ҭ̆ ⱬ ῤ ҹȂ ҩ

ᵣ̆ ̆ ҍ Ȃңҩ ᵣ ̆ԋ

ԑ֜ ȁ ȂFigure 73ѿ Ȃ ̔ 

 

 Ⱶ(gravitation) ֜ ꜚ Ȃ 

 

֜ Ҍ ꜚ̆ ̆↕ ֜ Ȃ ֟ (

ᵝ ῤ֜ )ҍ⌠Ҭ ᵣ ṕ Ȃ ⱬל

ҍ /-ᴁ̓͂ ץ ⱬⱴ ҍ /-ᴁф῏ Ȃ( ԍ

’Ȃ) ӊ̆ Ҭ̆ ⱬⱴ ̆ ԍ

҈ ҍ ѿ Ȃ 

̆ ҍ ̔ Ȃ

̆ ̆֟ ⱬ ̆ ҹ ᵣ Ȃ ױ

̆ ҍ Ȃ 

Ҭ̆֜ Ҍֽҍ ῏̆ ҍ ῏Ȃ ױ

Ṝ̆ᴪ₮ ѿ Ҍ ᵖ ᴇ ⱬ Ȃ 

 

 

 

 

ⱬ Ȃ Figure 73 

ᵣ  ᵣӘ 

ⱬ ׆  

|/-ᴁф 

ᴁ 
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׆ ҆ ⱬ 

 

̆ ҆ ⱬ Ȃ ң Ȃ 

ᾥĿ (Erik Verlinde) ₮ԅ ҹ ̔ᴋᵥ ᵣ ג ᴪ ῒ

֟ Ȃᵬҹ ⱬ ג ӊ ᴪץ ᵣ̆ ҹ

Ҋ Ҭ̆ ᴪ⁞ Ȃ ѿ Ҍ Ȃ 

ῒҬ̆־ ⱬ ᵣ ג ̆ᵝԍ ҉ ᵣ

ⱴ נ י ₮̔  
 

י;נ
0 עת

Ἡ
&/47' 

 

ῒҬ ת ῗ Ȃ ↕῏ ҹ - - (Fulling͠Davies͠Unruh 

effect)̆ ҍ ⱴ Ȃ ᵣ Ҋ ᵣ(

) ҹ Ȃ 

Ҭ̆ ԍ ᵣ ₮ ֜ Ȃ ᵣ

ῤ ׂ ץ ᵣ ט ңṐ̆ ץ Ȃ

̆ ΐ ̕ ױ ᴪ ⌠̆ ץ

₮Ȃ ̆ י Ҋ ₮̔ 
 

;י
ׂ

ט0
;
ג

־

0ׄ Ἡ

עת
&/5.' 

 

2 ѿҊ̔ ҍ Ȃ 

̆ ױ ץ ф̆ח2;־ ⌠ ҹ̔ 
 

;י
ג

фח
Ἡׄ

0 עת
&/5/' 

 

῀ף - - ⱴ נ (169)Ҭ̆ ⌠̔ 
 

ׄ;נ
ג

фח
&/50' 

 

ᾥ(Robert Hooke) ̆ (Isaac Newton) ҆ ⱬȂ ԍ ԅ

̆ғẊ Ҭ ̆ ȁᵞ ’Ȃ ׆̆ ᵣ

₮ԅ҆ ⱬȂ ̆ ’Ҋ̆ (Jacobson)

╠ ₮ ᴪ ₮ ӈ Ȃ  

҆ ⱬ ѿ ҊȂ 
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ᵬ ᵣ ҉ױ ⱬ ‗̆׃ ԍҬ ᵣ ג ֟ י

ץ ꜚ ᵝ ̔ 
 

י;׃
bט

bᴇ
&/51' 

 

ᵣ ױ ꜚ ᴇ̆ bט-bᴇ Ḃ Ȃ Ҭ̆

ᵣ ױ ꜚѿҩ( ) ̆ ᵣᴪ ѿ ̔ ̆

ꜚѿҩ( ) ̆ Ȃת0 ̔  
 

bט

bᴇ
ױ;

0 עת

Ἡ
&/52' 

 

(171) ₮ ̆י ױ ⌠ ⱬ ҹ̔ 
 

ׄ;׃
ױג

фח
&/53' 

 

҆ ⱬȂ׆ᵬҹ ⱬ ᵣ֟ ҍ ̆ ₮ԅ҆ ⱬȂ 

ױ ⌠̆ ҍ ṿ̆ ̆ ױ ץ ̆҆ ⱬ

ṿ Ȃ 

 

 

׆̔ ҆ ⱬ 

 

҆ ⱬ ԍ ҍ ҍ Ȃ Ҭ̆ ֓ ҍ

֜ ̆ ױ ᴪ ѿ Ȃ ̆҆ ⱬ(Ῥ ) ҹ

֜ Ȃ 

ױ ԅ₃ ҆ ⱬ ׆̔ ȁ ȁ

҆ ⱬȂ Ӟ ⱬ ₮҆ ⱬȂ ӊ̆

ԅ҆ ⱬ Ȃ 

Ḃ ѿҊ̆ ҹ ֜ ӊ ̆ ֲ 18ҕ ӓ -

Ŀ (Georges-Louis Lesage) ⱬ Ȃ ₮̆ ⱬ

ᵣ ⌠ԅѿ Ȃ ױ ⌠̆ ֓Ẋ ҍ ⱬ ӊ ᵌ Ȃ

Ҍ ̆ ̆ Ҭ ҌῬ Ȃ ᾢ̆ ԍῤ ӈ

Ҍ ̆ ꜚ ᵣҌᴪ⁞ ̕ῒ ̆ ᵣҌᴪ ̆ ҹ

ף ⱬ ̕ ҈̆Ӟ ѿ ץ̆ ⱬ

ף (corpuscules ultra-mondains)̆ ץ ⱬ ѿ ̆

Ҍ ῏ ̔ Ȃ 

 



 

 

 

10.ҍ ӈ  

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

 

266 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

̆ ᵣ ᵣ Ҍ ̆ ̆ ⱬ

’Ҋ Ȃ ̆ ׅ 3+1 Ȃ ӊ

╠ ץ ̔ ᾣ ҍע ⱬ ׄ Ҍ ̆ Ȃ 

ױ ̆ Ȃ 
 

 (curvature) ԍ Ҭ ȁ ȁ Ȃ

Figure 74 Ȃ 

 ̆↕ ֜ ̆Ҍ ԍ ̆

ԍ℗ Ȃ Figure 74Ҭ̆ ץ

ᵬ Ȃ 

 (mass) ̆ ԍ Ȃ ᴪ

Ȃ 

 ᵣ ῤ (energy) ᵝ ῤ ֜ Ȃ ԍ Ȃ

Ӟᴪᶏ Ȃ 

 Ⱶ(gravitation) Ȃ 
 

֓ ӈ ̆ ̆ ( ) (defects) Ȃ

ꜚ ̔ ᴪױ Ȃ ̆ ⱬ ̆

ԍ Ȃ ҉̆

ꜚ Ȃ 

ᵬҹѿ ̆ ғ ѿ Ȃ ‰ ̆

̆ ҍ Ҍ ̆ ( Figure 74Ҭ )Ȃ 

Ḃѿ ̆ №Ӟ ᾧԅ ñ ò̕ ҉̆

№ᶏ ̆ ҹ ԅ Ȃ

  

№  

The partial link 

ῒ  

̆Ӟ

̔ №

Ȃ 

Figure 74 



 

 

 

10.ҍ ӈ  

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

 

267 

ҍ  

 

ӈ Ҭ̆ ᵬ Ȃ Ҭ̔ 

 

 (horizon) ᶷ (tight, one-sided weave of strands)Ȃ 

 

Ӟ ̆ ̆ Ӟ ȁ ᾣȁ ̆

Ӟ ̔just nothing Ȃ ᴋᵥ Ȃ ̆ץ ѿ

└ ̆ᵖ Ҍ └ Ȃ 

ҹֲ ̔ 

 

 (black hole) ᶷ Ȃ 

 

↕҉̆ ץ ᴋᵥ Ȃ ’ ̆ ӈ

ԅ Ȃ Figure 75 ᶷ Ȃ 

ԍ ӊ ̆ ₮ ῤ ָӇ ̔ ȁ

ᾣ̆Ӟ Ȃ ̆ ҹ ᶫԅѿ Ȃ

Figure 75 ̆ ( ) ̆ ( ᴧ

)Ȃѿ ̆ ⌠ ֜ Ȃᵖ

̔ ῤ ̆Ӟ ˻ ̆ץ ӈȂ

ץ 2 Ῥ ץ̆ ᵬҹ Ȃ ̆ ӈ ѿ

̆ ῒ ӈῒ Ȃ 

⌠̆ ҹ ӊ ᶫԅ Ȃ 

 

 

 

 

 

 

 

 

 

 

 

 

ѿ (ʊ )  

ѿ Ȃ Ȃ

Ҭ̆ ѿ ̆ ̆ Ȃ 

Figure 75 
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қ ̙ 

 

Figure 75 ԅ ҍ ≢Ȃ ױ

̕ ↕ ֜ Ȃ ԍ

ѿᶷ̔ ᶷȂ ̆

̆ ҍ ѿ Ȃ ῤ ̆ ̆ᵖҌ

Ȃ ӊ̆ ̔ ԍ ̆ ῤ ָ

Ӈ ̆ Ȃ 

 

 ῤ ȁ ȁ Ȃ 

 

ᶭ ̆ ᶭ Ȃ ױ ⌠̆ ҍ ӈ

Ҭ ’ ῃ Ȃ Ҭ̆ ԍ ָӇ

̆ ̆ ῀ ⌠ ̆

қ ̆ ң Ҍ Ȃ Ҭ̆ ң ᴪ

ԑ Ȃ ҉̆ ң ԅ ῏ Ȃ 

̆ ᴇ ץ ѿ ̆ ԍ ӈ ҍ

Ȃ ҹ ̆ ̆ Ҍᴪ ₮ ֓ Ȃ 

ӊ̆ ѿ ӈȂ 

 

 

 

 

ץ Ȃ ᵝ ῤ ꜚᵬ Ȃ

Ҭ̆ ᵝ ῤ ֜ ηвד ₮Ȃ

Ҭ̆֜ Ҍ ̆ ᶭ Ȃ ֜ ᴪñD ò⌠ ҉

ᾥ Ȃ ԍ ̆ғᴰ ֜ ῤ ꜚѿҩ

֜ ̆ ᴰץ ҹᾣ Ȃ ᾣ ѿ ῤ̆י ֜ ᴪ

Ȃ ױ ̔ 
 

ׂ;
ηвד
י
;
фח2

0 ח

ϩע

2ׄ
ח;

ϩע

0ׄ
&/54' 

 

ԅ ( )ҍ ӊ ῏ Ȃ 

̆֜ ᵥ ̙ ҩ Ȃ 

ԅ (hoop conjecture)̔ ԍ

̆ ԍ֜ ̆ ҍῒ Ȃ

̆ ԍ ̆ Ҭ Ȃ 
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Ȃ ԍѿ℗ ≢̆ҍ ῀

῏̆ ץ ԅ ȁ ȁ ꜚ ӊ Ῥ ῒ Ȃ ױ

⌠ԅҊѿ ѿҩ ̆⌠ ᴪ ̆

ȂṢ ̆ ץ ̆ ӈ̕ ץ ̆

ҍ Ȃ ԅҹᵥҬ ̆

ҍ ꜚ ̆ Ҍᴪ ≢Ȃ ӊ̆

̔ ñ òȂ 

ҍ ҍ ӊ ҳ Ȃᴋᵥ ҳ

Ȃ ѿ ̔ Ҭ̆ ץ ҹ ̆

Ӟ ץ ҹ Ҋ Ȃ 

 

 

Ŀ  

 

ҍ ꜚ Ȃ ץ ⌠̔ 

 

 ғ ҹ ̆ ҹ ֜ ҹ Ȃ 

 ΐ Ȃ 

 

ҍ ҍ Ҍ Ȃ ⱬ̆↕

ҹ‗ ðð Ἕ ꜚⱬ ( ⱬ )Ҭѿ Ȃ 

ⱬ Ҭ̆ ҍ ≢ ̆ ֜

‗ ̆ ᵬ Ȃ ױ ̆ ѿ ᴪ Ȃ 

 

 

 

 

 

 

 

 

 

 
 

ᶷ  

  

  

  

 

ԍ ֜ Ȃ Figure 76 
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̆ ׅ ꜚ ̔ ꜚ̆֜ Ҍ Ȃ

ꜚ ðð ≢ ððΐ Ȃ 

Figure 76 ̆ᶏ ױ Ȃ ԍ

̆ ҩ ᾥ ҉ ѿҩ֜ Ȃѿ ᵌҊ̆ ҩ(ḱ ) ᾥ

҉̆ ң Ҍ ֜ Ȃ ̆ ₮ ᵝ ᾥ

ңҩ Ȃ ᾥ ד о-2ׄע־;фד Ἡ ₮Ȃ

ҹ 0ᵏ
ʜ

Ȃ ӗץ ת ₮Ȃԍ ̆ ҹ̔ 
 

־;ט
оעת

2ׄ Ἡ
jl0 &/55' 

 

ѿ ᵌ ̔ ҩḱ ᾥ ѿ Ḥ Ȃ ҍ

ᶛ῏ Ҭ ̆ ⱬҍ ҬӞ

ҹֲ ̆Ҍ ᶛ῏ ҍ Ҍ Ȃ 

ԍ ̆ (177) ṿ Ҍ Ȃ Ҭ̆ Ҍ ṿ

ץ ҹ ̔ ԍ ᵈ⌠ Ҭᴪ

֜ ̆ ᴪ ̆ Figure 76 Ȃ ̆

ԍѿ ᵌṿ̆ᵖׅ ҍ ־ Ȃ 

ҍ ᶛ ̆ ( ⱬҬ̆

ҩḱ ҹ -ᴠ (BarberoïImmirzi parameter) )Ȃ ԍ

̆ ҹ Ȃ׆ ҉ ̆ѿҩΐ ח ̆ᵬҹ

̆ КϿװ-ח Ȃ Figure 76 ̆ ԍ ҩ ᾥ ̆ ԅ

֜ ( ᵞ֜ )ӊ ̆ ῒñ҉ ò ᴪ ֜ Ȃ ֓ ֜ ֟

ԍ ᾥ Ȃ 

̆ ץ ѿҩ ᾥ ҉ ֜ Ȃץ

ҹҬ ץ̆ ᾥ ҹ ̆ ѿ ↓ (Figure 76 ԅ ѿҩ

)̕ Ḃ ԍ ҩ ῤ ῃ Ȃ ̆

ⱴȂ 

ӈҹ ̆↕ΐ фҩד ᾥ ̆ ד

̆↕ ԍ ҩᵝԍ КϿװײ ̆ ѿ ׆ ̆ ᵬҹ

ᵈ⌠ Ȃ 

ԍ ̆ Ҭ ᾥ ҉ ֜   ҹ̔״
 

;״
/

ײ
&/56' 

 

̆ ײ ̆ ⌠ Ҭ ᾥ ῒ҉
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ҹ Üײ-/

;φї
;c;0,5/606µȂ ̆ ṿ c ԅѿף ᵌҬ 2̔

Ҍ 0ᵏ
ʜ

̆ cᵏ
ʜ

Ȃԍ ̆ ҹ̔ 
 

־;ט
оעת

2ׄ Ἡ
&/57' 

 

- Ȃ ̆ ԅ ҩᴧ

Ȃ 2 c;0,5/606µӊ ̆ ԅѿ↕ ̔ 

 

 ԍ Ȃ 

 

̆҉ Ҭ ֓ Ȃ ̆ ῒ

Ҍ Ȃ ѿ ד ̆↕ῒ фד

̆ ד ᵝ Ȃ ҹ cᵏ
ʜ

оȂד-

≠ фҍד ־ ῏ ̆ ф2ׄד;־ Ἡ-עо̆ ױ ⌠ ̔ 
 

־;ט
оעת

2ׄ Ἡ

ת1

0
jl
оע־

2ׄ Ἡ
&/6.' 

 

̆ ḱ Ạ₮ԅΐᵣ Ȃ ѿ

ҍ (pҌ ῃ )ԍ ῒ ⱬ ѿ Ȃ 

ӊ̆ (179) (180)̆ Ҭ ᵣ ץ ҈

Ȃ ң Ҭ ᴋᵥѿ Ҍ ̆ ֟ Ȃ Ҍ ̕

ױ Ӟ ԍ ң Ȃ ӊ̔ҍ ѿ ̆

Ӟ ҈ Ȃ ҈ ҍ Ȃ  

 
 

ȁ ҍ  
 

ᴪ ꜚȂ ꜚ Ȃ ӊ̆

̆ ṿ ₮̆ ⌠

Ȃח ̔ 
 

;ית
Ἡע

0 ח
&/6/' 

 

≠ ⱬ ӈ ̆ח-фע;נ ⌠̔ 
 

;י
Ἡנ

0 עת
&/60' 

 

̆ ҍῒ ⱬ Ȃ ץ1973 ҹֲ Ȃ 
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ᵣ ᴪ Ȃ ץ ₮ ̆ῒⱳ

ҹ̔ 
 

фח-фע0Ἡ;ו * ח &/61' 
 

ԅ ѿ↕ Ȃ 

ҍ ѿ ̆ ꜚⱬ Ȃ Ҭ̆ ҍ

⁞ Ȃ ̆ ᴪ ῃ ̆ ⌠ ▼Ҋ

Ȃ ≢ ̆ ҬҌᴪҡ Ḥ Ȃ 

ӊ̆ ԅ Ȃ 

 

 

 

 

̆Ҍֽ ӈ ̆ ⌠

ῒ Ȃ ױ ῒҬѿ֓ Ȃ 

ԍѿ ( )̆ ӈ ҍ ץ ₮ѿ֓ Ȃ

ԍ֜ ̕ ᵝ ῤ ֜ Ȃ

̆ ᵝ ῤ ֜ ̆ Ȃ ԍ

₮̆ ץ ̔ 
 

ט חׂ
0 ת

Ἡע
&/62' 

 

ҩ῏ ҹ (Bekensteinôs entropy bound)̆ ̆ Ӟ ץ

₮Ȃ 

Ҭ̆ ᶷ Ȃ ᴋᵥ ⌠

Ȃ ԍ ̆ ѿҩ ᾥ ῤ̆ ѿҩ

ᾥ Ȃ ₮ԅ ̔ 
 

bױ

bᴃ

оע

2ׄ
&/63' 

 

ӈ Ҭ Ȃ 

ץ Ȃ ѿҩ ̆ ԍ ᾣץ

Ȃ ̆ ꜚ ׇ Ҋ └̔ 
 

ׇ:
0ׄ фג

ע
&/64' 

 

ҩ ӈ Ҭ Ȃ  
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Ӟ Ȃ ⱬ ңҩ ӊ ⱬ ᵞԍ

ῒ ⱬ̆ ̔ 
 

фז

2 їᴁ
ф

фגׄ

ᴁф
&/65' 

 

фז 2 їׄ ג
ф &/66' 

 

- (ReissnerïNordstrºm metric) ₮ ( ) Ȃ

҉ ҍῒ Ȃ ⱬ ₮Ȃ 

ҹԅ ̆ ױ ₮ ҍ־-ז ח-/ Ȃ

̆ ᵝ ᾥ Ȃ Ҭ̆

Ȃ ̆ ױ ץ ̆ ᾥ Ҋ̆ ҍ ῏̆ ⌠

└Ȃ ױ Ҋ Ȃ 

└ҹ ᾥᵣ ᾥ ̆ з-&/4ׄфἩ'Ȃע

Ҋ ̆ ̆ Ҍᾛ ̆ ñ ò ñ ò

Ȃֲױ ׆ ⌠ Ȃ 

ӊ̆ ԅ Ȃ ֓ ҍ

῏Ȃ 

 

 

 

 

ᵈ ̆ Ȃ ̆ ᴋᵥ

̆ № (partial links) Ȃ ӊ̆

Ȃ ԍ № ꜚҬ ԑ ̆ ̆ Ȃ ̆

ױ ԑ Ȃ ҍ № ῒ Ȃ 

̆ ׆Ȃח ҉ ѿҩ׆̆ ₮

ҍ ח Ȃ ֜ ₮Ȃ ̆

ᴁ ̆ א  ̔׆
 

א
ח

ᴁо
&/67' 

 

ץ ̆ )א ҉) ṕ ̆ ̆

҈ ⁞Ȃ ѿҩᴧ ̆ ԍ Ȃ

⁞ ̆ Ҭ Ȃ ӊ̆ ץ ₮

ᵣ Ȃ 
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Ҍ  

 

ΐ ԅ Ҭ Ȃ ᾢ̆

3+1 Ҭ̆Ҍ (Ҍ )ѿ ̔ Ҍ ̆ ῒ

◄℗ ↓ Ȃ 

̆Ҍ Ȃ ̆ ԍ ᵣ ̆ ᵣ

Ȃ ꜚ ñ ò ҩ ᾥ ̆

Ȃ ̆ Ҍ ᴪ ₃ҩ ᾥ ῤ (

Һ ᴪ₮ ᾥ )Ȃ ⱬ ӈ̆ ̆▲

ȁ ̆ ⱬ ῒ Ҍ Ȃ ӊ̆ 

 

 Ҍ Ȃ 

 

ԅ ᴨ̆ל ғ ԍ ̆ ⁫ Ȃ

ץ ⌠ ׆̆ ₮ᴧ Ȃ 

ӊ̆ ԅ ȁ ץ ѿ ⱬ ҍ Ȃ

ҍ ץ ῒ ⱬ ѿ Ȃ ֓ ̆

ץ Ȃ 

 

 

ӈ  

 

ץ ңץ̆ Ҍ ᵖ ῏ ₮Ȃ ң

҉ ҆ ⱬ Ȃ ѿ ԍѿ↕῏ԍ ꜚⱬ

ῖ Ȃ ҈ ꜚⱬ ̔ 
 
 

¥ -῏ оעת־;ט 2ׄ Ἡ¡ ̆ 

¥ - ῏ Ἡ0נ;י ¡עת ̆ 

¥ - ῏ י;ז  Ȃט
 
 

≠ ҈ ̆ ֽ ῏  
 

;ז ׂ &/7.' 

⌠ ⱬ ѿ ̔ 

ׂ;
фע

6 ׄ
־נ &/7/' 

 

׆ ҩ῏ ₮ ̆≠ ӓ (Raychaudhuri equation)̆ ӈ Ȃ 
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╠ ₮*1Ȃ ӊ̆ ꜚⱬ Ȃ ҉ ҈

ꜚⱬ ̆ ҍ ῏Ȃ ҉̆ᴋ

ᵥ ֓ ̕ ֓ Ԉ ֓ Ȃ 

≠ץ ҍ ῏ ‗ӊ╠ № ѿҩ Ȃ

׆ ꜚⱬ Ḃץ̆ ӈ Ȃ ֓ ̆↕ ̆ ғᴪ

ӈ Ȃ 

ԋ ᵣ ̆ ҹ Ȃ Ҭ

ᾥ ̆ ֓ ԍ ̆ ӊ̆ ױ

Ȃ ≢ ̆ ⱬ └ҹ ׃ ϩע 2ׄ¡ ̆ ⱳ └ҹ ו ϧע 2ׄ¡ Ȃ

╠ ̆ⱬ ₮ Ȃ ӊ̆ 

 

 ԍ ץ ꜚⱬ ̆ Ӟ ꜚⱬ Ȃ 

 

ҹ̆ ҍ ץ ԑ Ȃ ̔ 

 

 ꜚⱬ ̆ ⱬ֞ Ȃ 

 

ғ ԍ ̆ Ӟ Ȃ ̆ ̔ 

 

 ᵣ Ȃ 

 

ױ ץ ₮ ̔ 

 

 ̆ ҹ ֟ ᵣȂ 

  

 
1* ѿҊ ↕ Ȃ ⱬ ѿ ץ ꜚ ᴥי ᵝ Ώҹ 

ᴥי βתᵜb ᵝ;
фע

6 ׄ
 ־נ

ῒҬ b ᵝ ѿ ᾝ̆ת ֟ Ȃ ӓ ᾛ ױ Ώ 

ᴥי βתᵜb ᵝ;
ϩע

6 ׄ
ᴥח βתᵜb ᵝ 

ῒҬ ᴥח ᵝ Ȃ ↕  

ᴥי ;β
ϩע

6 ׄ
ᴥח ᵝ

ח

0
) ᴥצᵝ  

ῒҬ ѿҩ № Ȃ ӈ ̆ ᴋᵥ ȁᴋᵥ

Ṝ ̆ ҹ ₮ץ ᴋᵥ ̆ ⌠ѿҩ ⱴ Ȃ 
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῀ ⱬ Ȃ ⌠ ╠

ԑᵬ ῀ῒҬ ѿ ̆ ץ ̆ ╠

῀ ⱬ ѿ Ȃ 

ӊ̆ ̆ ԍҌ ȁ ӊ Ȃ ≢ ̆

̔ ԍ ᾥ ᵣȂҌ ׆̆ ꜚⱬ

Ҍ ṿȂ 

 

 

 

 

̆ ӈ Ҍ ҩ ̆

₮Ȃ Figure 10׆ ₮ Ȃ ѿ ץ Ḥ ⱬ

̆ ԍ ѿҩ ץ ң Ȃ 

ᾢ̆ ꜚⱬ Ȃ Ҭ̆ ꜚⱬ

Ȃ ̆ ׆ ҹ ₮ Ȃ 

ῒ ̆ ̔ ῏ ΐᵣ ꜚȂ ױ

⌠ԅ ðð ӈ ððᵖҌ ׆ ѿ↕ ₮

Ȃ Ҍױ ̕ ꜚⱬ ̆

ԍ ᴋᵥ ҹ Ȃ 

̆ ҍ ᵝ ῏ ̆ᶏ ױ ׆ Ҍ ׆ ѿ↕

₮ Ȃ ῏ ̆ ≢ ҍꜚᵬ Ἡ ῗ ת ῏ ̆ ԍ

ⱳ ῏ Ȃ 

҉̆ ԅ ӈ Ȃ

҉̆ ԅ ѿҩ ̔Ҍ ѿȁ ȁ

Ȃ ԋȂѿ ̆ ׅ ̆ Ҍᴪ ѿ

‗ Ȃԋ ̆ ̆ № ̆ ҹ

Ȃ ᾥ Ҋ Ҍ Ȃ 

 

 ᴋᵥ ₮ ̆ Ҍ Ȃ 
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ᴿ ꜚᵬ  

 

ӈ Ȃ ғ̆ Ҭ̆ꜚᵬ

ꜚ ѿҩ Ȃ ң↕ ̆ ױ ̆( ) ᴿ ꜚᵬ

(extended Hilbert action) ₮ԅѿ ꜚ ̔ 
 

ל ;
ϩע

/4ׄ
ח& 0'bכ &/70' 

 

ῒҬ ח ̆bכ; bcrצbϩᴇ צ Ҍ ᵣ ᾝ̆

̆ῒṿ ױ Ȃᴧ ̆Ṣꜛꜚᵬ ⱴᴋ

ᵥ ῤ ̆ ң ᴇ Ȃ 

ԍ ҈ ̆ ח Ҭ ̆ ҍ

ṿ Ẓ Ȃ Ҭ̆ Ἕ̆ Figure 74 ̔ 

 

ח  ҍ ̆ ᵝᵣ Ҭ ֜ Ȃ 

 

ҍ ѿ ̆ ҉ Ȃ ԍ Ӟ Ạץ ᵌ

Ȃ ӊ̆ ץ ̔ ᴿ ꜚᵬ Ȃ 

 

 

 

 

̆ ᾥ ᾥ ̆ ▲ ꜚȂ Ŀ

(John Wheeler)יּ ҹ (space-time foam) (quantum foam)Ȃ׆

ӈ҉ ̆ ץ ӈ ̆ Ⱶ(quantum gravity) ץ ӈҹ

Ȃ ̆ ҹ ҬҌ ⱬ Ȃ 

҉̆ Ȃ ԅ ̆ ֲ ᴪ

₮ ( )̆ᴪ₮ ( 6⌠ 22ҩӊ )̆ ᴪ₮ ῒ

( ȁ )Ȃ 

₮ԅѿ↕ҍ ᴰ ̔ 

 

 Ȃ 

 

Ҋ̆ Ҍ ̆ ҹ ҍ №Ȃ ᾥ

Ҋ̆ ҍ Ҍ ̆Ҍᴪ₮ Ҍ ȁ ̆

ῒ Ȃ ̆ ̕ᶛ ̆

ñ ò ñ òȂ Ȃ 
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ⱬ ȁ ⱬ ῒ  

 

Ҭ̆ ⱬ ᵬѿ № (partial link)̆ Figure 77

Ȃᵬҹң (a twisted pair of parallel strand)̆ ⱬ ᴪ ⌠ ̆ῒ

ҹ 2 Ȃ 

ҩ ⱬ ̙ ₮̆ ҩ ⱬ ᴪ

ᵝ Ȃᵖ ҍ №̆ ҹ ⱬ Ȃ ̆

ⱬ Ҍᴪҍᾣ ԑᵬ ̆ ҹ Ȃ ӊ̆ ̔ 

 

 ҩ ⱬ Ȃ 

 

ⱬ Ҍ ԅ̔ ⱬ ⱴ̆ ῖ ’Ҋ Ȃ ̆

ҩ ⱬ ҌῬ Ȃ ӊ̆ ⱬ Ȃ(

ѿ ץ1915 ֲẠ₮̆ 2008ԍ Ῥ Ạ₮ԅ

ѿ ̆ 20162 ̆ῒ ₮ԅᾣ ᵞ҉

̔Ҍ /,0 /.ффcT-aфȂ) 

 
 

̔ ⱬ  
 

╠ ⱬ ԍ ȁҌҤ Ȃᵰ ҩ ΐ ⱬ

̙ ѿҩ ׆̆ ѿҩ (span a plane)̙  

 
 

ῒ  
 

ҹ ֜ ׆̆ ҹ ⱬ ᶫԅ

ѿ Ȃ ȁ ȁ ñ òҬ (defects)Ȃ 

╠̆ ῏ױ ̆ 0 ץ̆ ̆2 Ȃ ̆

ҹ ̆ Ӟ ԅ 1 (ᵌ ᵣ ᵝ (dislocation)

ҍ (disclination) )ȁ 2 ȁ3 Ȃ ֓ ץ (cosmic 

̔ ⱬȂ Figure 77 

 

ⱬ̔ 
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strings)ȁ (domain walls)ȁ (wormholes)ȁ (toroidal black holes)ȁ

(time-like loops)ȁ (regions of negative energy)Ȃ 

Figure 78 ԅѿ Ȃ ᵬ 1 Ἕ̆ 2

Ȃ ꜚҊ ̙ Ҍױ

Ȃ ֓ ᴪ ⱬ ȁ ȁ ҍ Ȃᵖ ҩ

ׅ ̆ Ҍ ῀ Ȃ 

ȁ ȁ Ӟ ₮ ᵌ Ȃ ᵌӍҌᾛ

̆ΐ ₄ ԍ

( )Ӟ Ҍ ȂᴋᵥҌ ῀ 3 ̆ᴪ

ҹ ̆ ҹ Ȃ  

ױ ⌠̆ Ҍᾛ ᵣ ( ԍ )Ȃ

ᵣ Ȃ ԍ ᵝ ῤ ꜚᵬ ̆ ꜚᵬ ҍ

֜ ῏̆ Ҍᾛ Ȃᵖ ᾛ ᾣ

ⱴ └̆ ᵞԍῒ ̆ Ἕ Ȃ 

ӊ̆ Ҍ Ȃ ҍ ӊ

Ῥ Table 11ȂҊѿ ׃ ҍ Ȃ 

ӊ̆ ԅ ף ⱬ ̆ ֓

ðð ȁ ȁ ᵣ

ðð ҬҌᴪ₮ Ȃ 

 

 

 

 

 

 

 

 

 

 

 

 

 

ҍ ῏ Ȃ Table 11 

   

   

 ꜚ   

 ѿ  ѿ  

ᾥ ң   

 ҈   

׃ ȁ  ҈   

ᴰ  ң  ѿ  

  ₄  

  №  

ⱬ  ң   

ⱬ    

   

 (ѿ ) ( ) 
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ⱬ ⱴ  

 

ԍ ⱴ ̆ῒ ⱬ ̙ ₮̆ ҩ

ⱬҍ ѿ Ȃ 

ᵞԅ Ȃ ̆ ̔ ⱴ ⱬ

ҹ Ҭ ̆ Ȃ 

Ҭ ҩ ̆ῒ ⱬ ᵥ̙ Figure 38 ̆ ⱬ ₃

Ӎ ₮ ң Ҭ̆ ₮ ѿ ҬȂ 

ӊ̆ Ҭ̆ ⱬҍ Ȃ

₃ ѿױֲ̆ ҹ ₃Ӎ ̕ Ҭ̆ ױ

₃Ӎ ץ ң Ȃ 

 

 

̔ ҍ ⱬ 

 

ѿ ̆ ⱬ ᴋᵥ Ȃ ѿ ̆

Ȃ ̆ Ȃ ѿ

̆ ץ ҹ Ҭ̆ Ȃ 

* * 

҈ ҹ ̆ ҉ ᵌ Ȃ ҹ

∆ қ ᵩ(nematic world crystal) ҹ ᵌ̆ Ŀᾥ (Hagen Kleinert)

ԍ1980ף ₮̆ῒ ᾥ Ŀᾥ (Ekkehart Krºner) ₮ ̆

̔ ҍ ӈ ӊ Ȃ  

ѿ ȁ

̔

ѿ Ȃ 

Figure 78 

ѿ Ṝ ̔ 
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╠̆ף1980 ⌠ Ẓ (posets) ₮ᵬҹ Ȃ1990

ף ⱬ ̆ ⌠ ȁ ᵌ ̆

ҹ № Ȃ ֓ №ᴪ ȁ№ ȁ ԑ ̆ ΐ

֓ ȂҌ Ҭ̆ ֓ ץ ȁ ȁ Ȃ ѿ֓ Ҭ̆ №

ᴪ ꜚ̆ ѿ֓ Ҭ↕ҌᴪȂ 

2000̆ Ŀᾥ (David Finkelstein) ₮ԅ ѿ ᾥ

ᵣ Ȃ2008̆ Ŀ Ŀ (Gerard ôt Hooft) ₮ԅѿ ̔

ԑ № (crystal-like network of connected bifurcating lines)Ȃ 

֓ Ҭ̆ 3 Ҭ № ̕ ץ №

₮ ӈ Ȃ ׆̔ ᾥ ₮ ӈ Ҍ

̆ ѿ ⱬҍ Ӟ Ҍ Ȃ Ŀ ≠(Luca Bombelli) ∆ף1990 ₮̔

ᾥ ҳ ⱬ ӈ ̆ ₮ῒ ԑ

ᵬ Ȃ ╠̆ ᵌӍ ѿ Ȃ 

* * 

ᾥⱬ ᾥ ҉ȁ ᾥ ῤ֟ ҹ Ἡ ꜚᵬ ⱬȂ

̆ ᾥⱬ₃Ӎ ₮ Ȃ 

̆ף1990 Ŀ (Leonard Susskind) ̔ ѿ

(wound-up string) Ȃ (string)ҍ (strand)Ҍ ̔ ױ ȁῤ ȁ

ȁ ȁ֟ ҉ Ҍ Ȃ ̆ᵖ ҍ

ӊ ᵌ ׅ Ȃ 

* * 

20109 ̆Ӟ ҕң ̆ ԅ

Ȃ Ŀ≠ (Steven Carlip) ѿ Ҭ׆ ӈ Ҍ

ԅ ̆ ₮ ̔ ֓ ̔ñ ┴ ̆

ꜚ òȂ 

2011̆ Ŀ Ŀ℗ (Marcelo Botta Cantcheff)Ӟ ҹѿ

ñ ò ̆ ԅ Һ ̆ ⱬ Ȃ 

* * 

ף∆ Ẋ ӈ̆ Ҍ

Ҍ ̆ Ȃ ᵌӍ Ҍ ᶛ Ȃ

ᵰ ᶛ ’Ҋ ̙ 

* * 

̔Ҍ Ȃ ҍ

̆ᵖ Ȃ ̆ ᵞԍ ᾥ ̆ ‰
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̆ᵞԍ ᾥ Ȃ 

ⱬ ҈ ԑᵬ Ȃ ҩ ̆ Ἕ↨ ⌠

ᵞѿ ̆ ԍ ⱬҍ ԑᵬ Ҍ Ȃ ⱬ ԍ ̆

ԑᵬ ԍ Ȃ ̆ ⱬ ԑᵬ Ȃ ῒ Ҋ

⌠ ⱬ ̆ ѿ ҹ ⱬ (weak gravity conjecture)Ȃ

Ҭ̆ ѿ Ȃ 

* * 

ԍ ̆ Ȃ ῀

ᴪ ᵣ ̙ ҩ ׅ ֲ Ȃ Ӟᴪ

⌠ ̆ᵖ Ҍᴪ ⌠ᴋᵥ Ȃ ῀ ᴪ ̆Ӟᴪ

̆ҩҬ ̆ ҌẠ Ȃ 

* * 

ץ ᵬ ̙ ӞҌ ȂҌ ̆ ҹ ⱬ

̆ Ȃᵖ ӈ҉ Ӟ ̆ ҹ ⱬ

ѿ Ȃ 

* * 

₮̆ (entanglement)ҍ ( ⱬ)ΐ ̔ԋ

֜ Ȃ ᾥĿĿ қᾥ(Mark van Raamsdonk) ԅ ѿ Ȃ 

* * 

̆ ᾥ Ҋ ᴶῗҌ ᴪ ̆ᵖ ’ҊҌᴪ

₮ ᴶῗҌ ’Ȃ Ҍ ȁ Ҍ Ȃ

̆ ᵥ ̆ ΐ ҈ҩ ̆ ғ ѿ ̆Ҍ Ȃ

ױ ⌠ ̆ ⌠ ҩ ⱬ Ȃ 

֓ ñ (no avail conjecture)ò ᶛ ̔ 

 

 ⱬ ҍ №Ȃ 

 

̆ᵖ ╠ Ȃ ԍ ⱬ ҍ

̆ ᵌӍ ѿ Ȃ 

* * 

ԅ ᾥ(Zurek)ҍ (Thorne) ף1980 ₮ ̔

Ȃ  
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* * 

̔ ̆ Ҍᴪᵞԍḱ ᾥ (ҹ 11 ᾥ)̆

Ҍ Ȃ ⌠ Ҋ ̙ 

* * 

̆ ῤ ꜚ ̆ᴪ ⱬ ̙ҹָӇ ̙

1916 ₮ԅ ҩ Ȃ ₮ ҍ ӥ Ȃ Ҭ

Ҍ ⱬ ̆ ҍ Ҍױ ̔ ԍ ̆

ᵞ ᶫ ױ Ȃ ӞҌ ⱬ ̆ ҹ ᵞ̕

ԍ ṿ ᵞȂ 

* * 

2009̆ ᴚ Ŀ ָ (Mikhail Shaposhnikov) ᾥ Ŀ (Christof 

Wetterich) ҹ̆ ⱬñ ῃò̆ ↕Ҍ ₮ ‰ ̆ ғ

126 GeV ðð ₃ ṿȂ Ҋ

̆ Ὴ (asymptotically safe)Ȃ ⱬ(Ӟ

ӈ҉) ῃ ̙  

* * 

ױֲ ̆ Ḡ ̆ ӈ Ȃ

Ȃ ̆ ҹ ᵣ ̆ ῀ῒҬȂ 

* * 

ׄ ⱬ Ȃ ̆ ԍ ̆ ׄҌᴪ

Ȃ ҍ ⱬ ѿ Ȃ 
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ҍ ̔ ⱬ 
 

╠ ̆ ӈ ⱬẠ₮ԅ Ȃ 
 

¥ ԍѿ℗ ̆ ѿ℗ ȁѿ℗ ȁѿ℗ ȁѿ℗ᵝ

̆ Ȃע ҍ ѿ Ȃ 

¥ ⱬҌ ᵬ ̆ ᴋᵥ Ҋ̆ Ҍᴪ₮ ҍ ӈ

Ẓ Ȃ Ҍ ñ ӈ ò ñ ӈ ò̆

-ꜚ ҉ Ȃ ӈ Ҍ ̆↕ ӈ ̆

̆ ң ᶏ Ȃ ҍ ѿ Ȃ 

¥ ⱳ (ᾣ ϧע( 2ׄ¡ ȁ ⱬ(ꜚ ϩע( 2ׄ¡ ץ

оע 2ׄ¡ Ȃ ҍ ѿ ̆ ֓ ṿȂ 

¥ ̆ ̆Ҍ

Ȃ ֓ ҍ ѿ ̆ Ȃ 

¥ (Bekenstein) (Hawking) ₮ Ȃ ҩṿ׆

̆ᵖ ׂѿ℗ Ḡ ѿ Ȃ ҉̆ ҍ - -

(FullingïDaviesïUnruh effect) ῏̆ ҍ - (SokolovïTernov 

effect) ῏̆ ғ ԍ1971 ₃ҩⱴ Ҭ ⌠Ȃ 

¥ ᴋᵥ Ҋ̆ ҌẒ ᴿ ꜚᵬ ӈ Ȃ ѿ

Ẓ ₮ ’Ҋ̆ ’ҊȂ ҍ

ѿ ̆ᵖ Ҍ ̆ ⌠ Ẓ ׅ Ȃ 

¥ Ҍ ҍ ӈ Ҍ ḱ ꜚⱬ (MOND, modified Newtonian 

dynamics)Ȃ Ҭ ȁῒז ң ῍ Ȃ 

¥ Ҍ ḱ ӈ Ȃ ҍ ѿ Ȃ 

¥ Ҍ ᵣ ꜚȂ ҍ ѿ ̆ᵖ Ҍᾟ№Ȃ 

¥ ҍ ꜚ ῏Ȃ ץ ↕ ѿ Ȃ 

¥ Ҍ ȁ ȁ Ȃ ҍ ѿ ̆ᵖ Ҍ

ѿ℗ (loop-hole)Ȃ 

¥ (Penrose conjecture) (hoop conjecture) Ȃ ץ ѿ

Ȃ 

¥ Ҍ (cosmic string) (domain walls)Ȃ ҍ ѿ ̆ᵖ

Ҍ Ȃ 

¥ ⱬ 2̆ ⌠ ̆ ғ Ȃ ҍ ѿ Ȃ 

¥ ⱬ ҍ №̆ ⌠Ȃ ҍ⌠ ╠ҹ

ѿ Ȃ 

¥ Ҍ ⱬ ⱬ Ȃ 

¥ ⱬ ғ ץ ⌠Ȃ ҍ ѿ ̆ ԍ2015Ȃ 

ץ ¥ ̆ ⱬ ׄ Ҍᴪ Ȃ ῤ̆ׄҌ

Ȃ ҍ ѿ ̆Ҍ Ȃ  
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҉ץ Ҍ ӊ ̕ῒ ץ ӈ ҹ ӞẠ₮ ᵌ

Ȃ ῒ ѿ ̆ ̔ 

 

 ԅ ᵌ - (SokolovïTernov effect)’ ̆

Ғᴰ └ Ⱶ (no quantum gravity effects will be observed)Ȃ 

 

ⱬҌᴪ֟ Ȃ ҍ ׂ ѿ ̆ғҍ

Ҭ₃Ӎ ₮ Ӟѿ Ȃ ӊ̆ ⱬ ̆

̆Ӟ ñ (no valid conjecture)ò̆ Ҍ Ȃ 

҉̆Figure 1 ᵣӞ ̔ 

 

 Ҍ ᵖҌ ῒ ԑᵬ ⱬ Ȃ 

 

Ҭ ⱬ ӊ Ȃ 

 

ӊ̆ ̆ ңҩ ᴪ₮ ҍ ӈ Ẓ ̔

( ) Ȃ ῒᵩ № Ȃ

Ȃ 
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ҩ ̆ Ҍ Ȃ ᾢẠѿױ Ȃ 

Ȃ ѿ ץ ῒ ῏ԍ ̆ ѿ ̆

ғ Ȃ ̆ ҹ 138ַ Ȃ ̆ῒ

ӈ Ȃ ⱴ ̆ ⱴ (cosmological 

constant)  (Ӟ ҹ (dark energy) ) ̆ ѿҩ Ȃ

̆ ғ ҉ ғ Ȃ ╠ ⌠

1/ 18 Ȃ ̆ Ҍ

̆ (dark matter) Ҍ Ȃ ԍ ̆

ῖ ԅ Ȃ ⌠ Ȃ 

ᴋᵥ ѿ ֓ Ȃ ↕ Ȃ 

 

 

 

 

ԍ Ҋ ̔ 

 

 (universe) ѿ ꜚ Ȃ ̆ ꜚ ⱴԅ

Ȃ 

 

Ӈ̆ ҍ ̔ 

 

 (universeôs horizon)₮ ֜ Ῥ ῀⌠ѿҩ῍ ҈

┴ Ȃ ᴪ Ȃ 

 

̆ ץ ̆ ₮ԅѿ Ȃ

Figure 79 Ȃ 

̆ ѿҩԊᴆ ̆ Ἕ Ԋᴆ ѿ Ȃ 

⌠1998̆ ᵌӍ ̆ᵖ ױ1998ֲ̆ ⱴ Ȃ

Ԋᴆ ̆ Ȃ 

҉̆ Ҭ ѿ Ȃ Ӟ

ᴪ Ȃ ℗ ̆ ѿ Ȃ Ἕ

ᴋᵥ ’ѿ ̆ Ҍᾛ ױ ñ ӊ╠ò ñ ӊ ò

Ạ₮ᴋᵥ Ȃ ╠ ̆ ָӇ Ȃ 

≢ ̆ ₮̆ Ҭ₮ ץ

- ₮ Ȃ ҍ ӈ ñ ῖò Ҍ ̆ ῖ ҹ

₮ ֽֽ ҹ Ԋᾢ ԍ ̆ ῀ԅ Ȃ  
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ױ ⌠̆ ҹ ̆ Ȃ ӊ̆

Ҍ ̆ Ȃ ∆ ᴆ

҉ ӈ̔ ₮ Ȃ 

ױ ⌠̆ ҹ ̆ ѿ ᵖ Ҍ

̆ ԅ Ὴ (holography)̔ ѿҩ

̆ ӈ ҉Ȃ ӊ̆ ᾥ ҉

ѿҩ ҉ ѿ℗̆ ױ ῤ ѿ℗Ȃ ױ

Ӟ ӊ ҹ Ӑ (NSA dream)̆ Ҍ ῃ Ȃ 

ῃ №ΐ ̆Ӟ Ȃ

̆ ԅῃ ( Ҍ ῃ )̆ ѿ Ȃ 

 

 

Or cette liaison ou cet accommodement de toutes les choses cr®®es ¨ 

chacune, et de chacune ¨ toutes les autres, fait que chaque substance 

simple a des rapports qui expriment toutes les autres, et quôelle est par 

cons®quent un miroir vivant perp®tuel de lôunivers. *1 

Ŀ Ŀ (Gottfried Wilhelm Leibniz) 

ȇ (Monadologie, 56)Ȉ  

 
1* ñѿ℗ ԑ ȁ ῏ ̆ᶏ ҩ ᵣ ҍῒ ѿ℗ ᵣ ̆ ̆

Ȃò 

Ҭ̆ ⌠ѿҩ └Ȃ ( )ֽ ῤ ҍ (

) ̔ ԍ ῤ Ȃ 

Figure 79 

 

( ) 

 

( ) 

 

( ) 

ҕ  

 

ñ ò 

( ) 

 

( ) 

 

 

( ) 
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̔  

 

ᴋᵥ ȁ ғ № ̆ ῒ ȁ

Ȃ ȁ Ȃᵖ ₮̆

҉ Ȃ ץ ҹFigure 80 Ȃ ̆ ’

Ҋ̆ ӈ̆ ȂҌ ̔

ץ ᵬ ⱴȂ 

ԅ ѿҩ ̔ ӊ ̆ ᴪ ꜚ֟

ғ № Ȃ Ҭ̆ Ҍ ᵌ

ӍӞ Ȃ ӊ̆ ҹ ף ̔ (inflation)Ẋ

ҌῬ ̆ ҹ ֓ ῖ Ҭ ᵌ Ȃ ҩ

ׅ ҬȂ 

 

 

 

 

ԍ ̔ ҈ ԑ ֜ ѿ ֜ ̆ Ҍᴪױ ῃ

̆ ᴪ Ȃ ᴇ ̆ ԍ ԑ ̆ ꜚ

̆ ӊױ ⱬȂ Ȃ 

ӊ̆ Ҭ (dark energy)̆ ̆

ӂ Ȃӊ╠ ⌠̆ ̆ ̆

ҹ ̆ ҹῒ ҹ ̕ ̆ Ȃ

Ҭ̆ └ԅ Ȃ ꜚ ‟ ̆ ӊ

֟ ⱬ̆ ֟ ԅ ( )‗ ̔ 
 

;
/

ЅΦёח
ф

&/71' 

 

ҩ ̆ ӊ Ȃ  

╠ ᵥ ѿ Ȃ Ҭ̆ ӈȂ Figure 80 

ñ ò 
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ӊ ῏ ץ ѿ ԍῃ

₮̆ ῗ(Bal§zs) (Szapudi) ₮Ȃ ῃ ₮̆

ԍ ҹ ȁח ҹ ׂ ̆ ױ  
 

ט חׂ
0 ת

Ἡע
&/72' 

ԍ ̆  

ט
оעת־

2ׄ Ἡ
&/73' 

 

ӊ ԍ ̆ -יּ ῃ (FischlerïSusskind holographic conjecture)Ȃ≠

ᴋᵥῃ -῏ ט̆י;ׂ ῀ ᵆ ̆ ⌠̔ 
 

ᵆ

י

ח

оעת1

2Ἡׄ
&/74' 

 

≠ ӊ╠׆ ₮ Ὲ 0עἩ;י ¡חת ̆ ױ ⌠̔ 
 

ᵆ

/

־

ϩע1

0ׄ
;
/

фח2
ϩע1

0ׄ
&/75' 

 

(saturates) Ȃ ӊ̆Ẋ ח ᴃї Ṑ̆ע

↕ ԍ ҹ (critical energy density)Ȃ 

ԍҳ Ȃ ֓ ̆ ╠  
 

ϒэΦη 6,3/.
ЕїH-kо ЅэΦη;.,72&7'/.

фиie-kо &/76' 
 

ӊ̆ ῃ ѿ ̆ ԍ 
 

1

фᴃїע
ф

&/77' 

 

ԅ (193) Ȃ ף ̆ ṿҹ ṿ 74% Ȃ 

ѿ ԍ ᴋ Ȃ ̆

ᴪ ⱴ ⁞ Ȃ ῒ ѿҩ ᶏ ⁞ ̆ῒ⁞

Ȃ Ҭ̆ ᵬҹѿ ₮ Ҭ̆

Ȃ ̆Ҍ ῏ԍ ꜚ ̆ ̆

ᵬҹ ₮ Ȃ 

ӊ̆ ̆Ҍֽ ӈ ̆ ғ ȁ

ⱴ ̆ ꜚ Ȃ Ȃ

ῒ ̆ ̆ (Wiltshire) ₮ ñ № Ҍ Ẋ

ò̆ ̆ ῒ ṿ ѿ Ȃ( ṿҍ ṿӊ

ᴪ ̙)
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ṿ 

 

ᴪ ̆ Ҭ̆

αד ҉ Ȃ ᴃїῤѿ ⱳץ ҉ ϧע 2ׄ¡ ̆↕ ̔ 
 

αїד
ᴃїע

ϧ 2ׄ¡

עαױ
ф
;0,4/.зЌ &0..' 

 

ֽ ᾣ ȁ ȁҬ ץ Ҍ ̆ Ȃ ӊ̆≠

ᴃї;/16ַ ̆ ╠ Ҭ 0,4/.зЌҩ Ȃ ף

₮ԅ ṿȂ 

̆ Ҭ ҉ ҹ ᴃїע
ϧ 2ׄ¡ ̆ ҳ

50% ̆ ҍ Ȃ ṿ ҹҳ 26% Ȃ

Ҭ̆ 4% ̆22% Ȃ Ȃ 

ԅ Ȃ ̆ ԍ ₮ ԍ

̆ ᴃ ⱴȂ Ӟᴪ( ) ̆ ̆ 

 

 ̆ /ᴃф¡ ⁞Ȃ 

 

ҩ₮Ӎ Ҍ ԍ ҹ ̔ Һ Ҭ̆ /ᴃо¡

Ȃ Ȃ ױ ⌠̆

ҍ ӊ ̆ҍ Ҭ ⱴ ῏Ȃ 

 

 

Ὲ ̔ᵥҹ ̙ 

 

҉ Ҭ̆ ѿҩ ҹ 2 ׆̆ ԅ῏ԍ

̙ ḱ ̆ ṿᴪ ȁ⁞̆ ̙ 

ᴰ ҉̆ ҹ‛ ԋ̔ѿ ̆ ԍ

ץ) ⌠ ׂ ⌠ ṿ) ̕ԋ ̆

Ҭ ⌠ ṿ Ȃ ֓ ̙ 

ᵥ ̙ѿҩ ῏ ̔

ҩ ҉ ̆ᴪҌᴪҍ ῏ ̙ 
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Ҭ̆ᴋᵥ ӈ Ҍ Ȃ ⱬ

Ӟ Ạ₮ Ȃ ѿ ̔ ҹ ֜

̆ ₄ ( )Ҍᴪᵬҹ ₮ Ȃᶛ ̆ Ҍ

Ȃ ӈ ̆ ץ ӊ ̆

ӈ̔ ֓ ̆ ‗ ԅ Ȃ 

ӊ̆ ̆ ᵞ ᴆҊ̆ ( ) 

₄ ⌠ Ȃ ╠ҹ ̆ ҍ Ȃ 

 

 

ҍ ̔  

 

̆ Ạ₮ץҊ ̔ 
 

¥ Ҍ Ȃ(ҍ Ȃ) 

¥ №ᾣ ⌠ⱳ ϧע 2ׄ¡ Ȃ(ҍ Ȃ) 

¥ ⌠ Ȃ(ҍ Ȃ) 

¥ Ҍ Ȃ(ҍ Ȃ) 

¥ ̆ ғ Ȃ(ҍ Ȃ) 

¥ ̆ ̆ ῃ ̆ ṿ̆ ח

ҹ ¡фח/ Ȃ( ҍ Ҍ ̆ Ẋ

̆ ῒץ Ȃ ѿ ץ

ⱴ ̆ ṿҍ ῏ Ȃ)  

¥ Ҭ ⌠ ᾣ ӗץ └Ȃ ╠҉ 0,4/.зЌҩ

Ȃ(ҍ Ȃ) 

¥ ⁞ ̆ /ᴃф¡ Ȃ( Ȃ ҍ

Ҍ Ȃ) 

¥ ָӇ Ȃ ȁ ₮ Ȃ(ҍ ץ

Ȃ) 

¥ Ҍ Ȃ(ҍ Ȃ) 

¥ ғ Ȃ(ҍ Ȃ) 

¥ ԅ ӊ ̆ ῒ ҉

Ȃ(ҍ ̆ Ȃ) 

¥ Ҍ Ȃ 

¥ ₄ Ȃ(ҍ Ȃ) 

҉ץ ¥ ҍ ꜚ ῏Ȃ(ץ Ȃ) 
 

֓ ̆Ӟ ᴪ ₃ ῤ Ȃ
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Е ғ  

 

ױ ₮ԅ ӈ ȁ ӈ Ȃ

Ҍ ᾥ ᵝȁ ӈ ꜚᵬ ȁ ̆

̆ ץ ԅ Ȃ 

̔ף Ȃ ̆

ꜚ ֜ ꜚⱬ Ȃ 

̆ ≢ ̆ ԅ ȁ ȁ

ȁ Ȃ Ȃ ∆ ᴆ Ӟ

‗Ȃ ץ Ȃ ғ Ҋѿ ̆

ҍ Ȃ 

̔ ⁞ ץ Ҍ Ȃ ₃

̆ ץ ֓ Ȃ ╠̆ ҍ ֓ Ҍ Ȃ 

ԅᾣ ҍḱע ᾥⱬ ϩע 2ׄ¡ ṿ̕ ̆ ⌠

ׄ*ע *Ἡ*ת ҉ ̆ ҹ ױ ӈԅ ᵝȂ 

̆ ҍ ⱬ Ҭ ѿ ⌠

Ȃ ₮̆ ⌠ ⱬ ῒ Ȃ ≢ ̆Ҍᴪ

⌠ ᴋᵥ Ȃ 

╠̆ ₮ ֓ (pҌ ѿ) ⱬ

Ȃ ≢ ̆ ╠ Ȃ 

ӈ ᵌȂ ꜚᵬ ̆ ≢ ̆ ᴪ

₮ ᵌȂ ̆ ӈ ᵞԍ ᾥ ᴆҊ

Ȃ ӊ̆ҍῒ ѿ Ҍ ̆ ӈ Ȃ

Ȃ 

Figure 1Ҭ̆׆ ѿ ( Ἡ ᵌҹ 0)ᴪ ⌠

ӈ Ȃ Ҭ̆׆ ⌠ ̔ ҹ ֜

̆ᴪ ⌠ ӈ Ȃ 

̆ ױ ̔ ԅ ̆ ῏ԍ ӈ

‗Ȃ ԅ ӈ ̕ ᶫԅ

(Ӟ ) ⱬ Ȃӊ╠ ̆ ԅ

Ҭ ̆Ῥ ̆ ױ ץ ̔ ԅ

Ҭ ̆ ≢ ԅ ȁ ȁ ₱ ȁ ððץ ױ

ҹ̔ ֜ Ȃ 

ӊ̆׆ ₮ ̆ ױ ⌠̔ ⱬȁ ӈ ȁ

ⱬ ̕ ԅ ӥ ⱬ Ȃ ֓ ꞉ ױ

ȂᴋⱵ ׅ̔ ₮ ̆ ױ Ȃ 

 



 

 

 

11.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

 

293 

 

Chapter 11 

11. ҍ  

ָӇ ‖₯Ȃ 

ᴟ *1 

 

ԅ ȁ ԑᵬ ӈ ̕ᵖ ‗20ҕ

Ҋ ῒ ̙ ȁ ȁ ץ

̙ ̆ ᵥ֟ ԅ ̙ ̆

̙ ̆ ‗ ֓ ̆

Ȃ 

̔ ԅ ̆ ף҈ ᾥ Ȃ

ף Ҭ ҩ ᶫ Ȃ 

׆̆ ┴ ̆ ῏ ΐ Ȃ ╠ ̆ ҍ

ӈ ѿ Ȃ ҹ Ȃ׆ ҉ ̆

῏ ῃ Ȃ ҹ Ȃ 

 

 

֟  

 

ױ ⌠ ҈ ᵣ̔ ȁ ȁ ȂῒҬ̆( ) (particle)

ΐ Ὺ (intrinsic properties) ᵩ(localized entity)Ȃῤ Ҍᶭ

ῒ ꜚ Ȃ 

Ҭ̆ᴋᵥ ȁ ȁ Ἕ̆ѿ℗ ῤ ̆ ץ ҈ҩ

̔(1) ̕(2) Ҋ ҹ̕(3)ԑᵬ Ȃ ֓

ῤ Table 12Ȃ ̆ ץ ₮ ֓

↓₮ ῤ ̆ ȁ ȁ№ ȁ Ẽ ȁT ȁ

ȁ Ȃ ̆ ֓ Ӟᶏ ₮ ѿ Ἕ ᴋ

ᵥ ̆ ȁ ȁ ȁ ȁ ȁ ȁ ȁ Ȃ 

ӊ̆ ҍ Ἕ ̆ ̕

Ȃ 

Ҭ̆ ץ) ѿ℗ ) (tangle of strands)Ȃ

Ӈ̔ ̙ ֓ ̙ ԍ

̆ ֓ Table 12Ҭ ṿ ̙  

 
1* ᴟ (Voltaire, b. 1694 Paris, d. 1778 Paris)̆ ΐ ⱬ ȁ ̆ ץ ┬

⇔ᵬ ᵬ Ȃ 
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 ṿ ‗  

Е 

ט  ׇ Ṑ Ἡ ȁ ҹȁ  

P  Ẽ&)/' &/' ҹȁ  

C  Ẽ&)/' &/' ῍ ҹȁ  

ԝᵲ Е 
  

⌠0 ג ᾥ  ⱬȁ  

1/3 ז Ṑ ᴶῗⱬȁҍᾣ ȁ  

 Ṑ  ҍ ȁҍW Z

ȁ №  

 0⌠ -0ӊ  ᾥ Ҭ ȁ  

CP ᵝ 0⌠ -0ӊ  ᾥ Ҭ CP  

( ) Ṑ  ȁҍ ȁ  

Е 
  

ԑᵬ  ב ҍ ԑᵬ  

 ֿ ӗץ 1/3 ҈ ԑᵬ  

ᵝ ᵵ׆ о +1/2׆ /-0 ҉ȁҊ ᾥ ȁ ԑᵬ

ԑᵬ Ҭ  

ᾥ  ט ȁ ԑᵬ ԑ

ᵬ Ҭ  

ᾥ  ׀ ȁ ԑᵬ ԑ

ᵬ Ҭ  

ֿ  ᾥ ȁ ԑᵬ ԑ

ᵬ Ҭ  

ᾥ  י ȁ ԑᵬ ԑ

ᵬ Ҭ  

 

 

Ԋ ̆ ᾛ ̆ғ ֓ ῤ

ҍ Ȃҹԅ ֓ ⱬ ̆ ᾢױ ѿҊ̔ѿ℗

↓(infinite sequence of tangles) Ȃ Ҋ ̆ ױ

Ȃ 

 

Table 12  ῤ ̆ ₮ ȁ ȁ Ἕ ῒ ῤ Ȃ 
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Ҭ̆ ѿ ( ) ҹ 1̆

̆ғ Ȃ ӊ̆ 1 ң ̆ Ӟ

Ȃ 0 ̆ ᴪ ⌠ Ȃ

1 ץ Ȃ ԍ ̆ ῒף ΐ

̆ ΐ 1 Ȃ ӊ̆ №

̆ ץ № Ȃ 

ױ ԅ № ̔ ױ ҹ (open knot)

(long knot)ȂFigure 81 ᶷ↓₮ԅ ᶛ̕ ᶷ ( ̔

ҹ ̕ ҹ )Ȃ Ҋ ױ ֓ Ȃ 

 
 

 
 

̆ / (unknotted curve)̆

Figure 81Ҭ ᶛ1a Ȃ ԑᵬ ̆ ῒΐᵣ ̆

Ӈ ̆ Ӈ Ȃ 

Ȃ Ҍ ̆↕

ף ѿ Ȃ 

Ҭ̆ Ҭ Ȃ ҍ

№̆ ̆ Ȃ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

1a 1b 1c 1a 1b 1c 

 
curve 

 
prime long knot 

 
composed long 

knot 

/₄  
unknot 

 
prime knot 

 
composed knot 

Е      

ᾣ ̆ 

W Z̆  

̆  

Ҍ  

Ҭ 

Ҍ  

Ҭ 

ԍ  

 

Е 

Figure 81  ᶛȂ 
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ҍ ꜚ 

 

ԑᵬ Ȃ Ҭ̆ ԑᵬ ҹ҈

ꜚ(Reidemeister move)Ȃ ԑᵬ ȁ ԑᵬ ԑᵬ №≢

1 ȁ 2 ȁ 3 ꜚȂ ╠ ̆҈ ꜚᶏ

̆֟ ԅU(1)ȁSU(2)ȁSU(3) Ȃ ҍ

ӊ ῏ ̆ ⌠Figure 82 Ȃ (

’Ҋ̆ ӊ╠) Ȃ 

Ҍ ѿ ̆ Ӈ ף ѿҩ Ȃ ̆

ץ € ̆ Ҍ ↓ Ȃ 

  

   

 : צ

Figure 82  Ҭ Ȃ ѿ №ԍ ĺĺҌ ̆ҹ

̆ ῒԑ ꜚ Ȃ 
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1 ꜚ̆ (twist)̆ ᾣ ҹ Ȃ ̆ᾣ

ҹ ̆ғ ң Ẓ Ȃᾣ ñ ò̕ ױ

Ȃῒ ᾣ ̆ғᾣ ԑᵬ Ȃ

̆ᾣ ҍ Ȃ ᾣ ΐ P C ̆

ҍ ѿ Ȃ 

2 ꜚ̆ (poke)̆ ῒ ̆

ԑᵬ ̆ᶏW Z ȂW ̆

̕Z ̆ Ҭ Ȃ ԍ ̆W Z

̆ ӊױ ᴪ ԑᵬ ̆ Ȃ W Z

P ȁ C ȁ ̆ ҍ ѿ Ȃ 

3 ꜚ̆ (slide)̆ ₮ ῇ Ȃ ῇ

̆ ȁ ȁ Ȃ ң Ȃ

ᶏӊΐ P ȁ C ̆ ҍ ѿ Ȃ

ғ ᴪ ԑᵬ ̆ Ȃҍ ң ԑᵬ

Ҍ ̆ ҩ ̆ ҹῒ ᴪ ̔ ᵬ ԍ

̆ᴪ֟ ᾥ Ȃ ñ ò̕ Ҋ̆ ῒ ↓

̆ ױ Ȃ 

ҹԅ ̆ ױ ⌠̔ ̆ ҍ ≢ֽ ԍѿ

̆ῒ ҹ ̆ Ӟ Ȃ ֓ ҍ

ѿ Ȃ 

SU(2) ӊ ̆ ԅҹᵥҌ

ῖ SU(2)Ȃ ῖSU(3)(Ӟ ҹ )̆ ԍ ҉Ҍ ֟

̆ ҍ ҩ ΐ ῏Ȃ 

ҌҤ ̆ᾣ ѿ ̆ ԋ ̆

҈ Ȃ Ӟ ױ U(1)ȁSU(2)ȁSU(3) ̆Ӟ

ҬҌ Ȃ 

ӊ̆ ̆ 1 ↓ Ȃᵖ

Ҍ ԍ ̆ Ȃ 

 

 

 

 

Ӟ Ȃ ╠ӊױ ׆̆⌠ ҉ ̆ ֓ ðð

(open knots or long knots)ðð ҍ ῏Ȃ

Ҭ̆ ₮Ҍᴪױ Ȃ2008∆ף ҹ (ɒ ᵬҹW

Z )̆ᵖ ׂ( 2014ӊ ) ̆ Ȃ 
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̔  

 

Figure 81ᶷ ԅѿ֓ ̆Ӟ ̆Ӟ

҉ (knot)Ȃ Ҭ̆ ₮ ԍ Ȃ ױ

ᵌӍ ӈ̆ ױ Ҍᵬ Ȃ 

 

 

̔  

 

ӊ̆ Ҍ ѿ ̆↕ ף ѿ Ȃ

ҍ № Ȃ ̆ ץ € ̆

Ҍ ↓ Ȃ ̆ ף 1 ̆Ӟ

Ȃ 

1 Ȃῒ 1̔

0 ᴪ ⌠ ̆ ғ ᾛ ҹ Ȃ 

Ҭ̆ ԍ Ȃ

ԅ ץ Ȃ

ӊ̆ ӊ ̆ ῒ ԅȂ 

ӊ̆ ̆ ԑᵬ ̆ Ȃ

̆ ñҌ ῒז òӊ ̆ ױ ԅ ԋ↕ ̆ ҬҌ ῒ

ԑᵬ Ȃ(ңҩ ῒ ԑᵬ ῏ ̕ ≢ ̆ң

ԍ ҈ Ȃ) ױῬ ̆ Ҍᾛ ѿ Ȃ 
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Ҭ̆ ץ ң Ȃ ᶛ Figure 83 Ȃ

ѿ ѿ Ȃ 

 

¥ ₐ (trivial tangle)̆ Figure 83 2a Ȃ

Ҭ̆ ₄ № ѿ ̆ Ȃң Ҭ ѿ

ףץ Ȃ ӊ̆ ₄ Ҍ Ȃ  

2a 

₄  

trivial tangle 

2b 

֜  

simple crossing 

2c 

 

( ) 

rational tangle 

(locally unknotted) 

2d 

 

( ) 

prime tangle 

(locally unknotted) 

 

2e 

 

locally  

knotted tangle 

 

Ὶ Е 

 

 

̕ 

2c 

Е 

ᾫ Ⱶ  

Ί  

Ҍ  

Ҭ 

Ҍ  

Ҭ 

2a 

 

unlink 

2b 

 

Hopf link 

2c 

 

rational link 

2d 

 

prime link 

2e 

 
composed link 

2f 

 
mixed  

open-closed tangle 

ֽ ԍ ̆Ҍ  

Figure 83  ᶛȂ 
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¥ ₄ ֢ (crossing)̆ Figure 83 2b Ȃ

Ҭ̆֜ W Z ѿ №̕ ̆ ԍ ֓ ̆ ףץ

ⱬ Ҋ ᾥ ̆ Ȃ 

¥ (rational tangle)̆ Figure 83 2c ̆ ץ ꜚ

(ᶛ2bӞ )̕ ҍ Ҍ ̆ (ɒ 2d) (ɒ

2e) Ȃ ̆ (weakly tangled)Ȃ

ױ ⌠̆ ף ⱬ ᾥ̆ Ȃ

ᴰ Ȃ 

¥ (prime tangle)̆ Figure 83 2d Ȃҍ ѿ ̆ Ҍ

ҬȂ 

¥ (locally knotted tangle)̆ Figure 83 2e Ȃ ӞҌ

ѿ №Ȃ 

¥ ̆ (closed tangle)̆ ҍ (link and mixed tangle)̆ ᶛ

Figure 83Ҋ ̆ ױ Ҭ ᵬ ̆ Ȃ 

 

ӊ̆ Ҭ ѿ ᴇṿ Ȃ Ҋ ӊȂ 

 
 

ᾥ 
 

ԑᵬ ̔ ̆ ᾫ(quark)̆

̆ ҈ ̆ғ ҈ (three-belt symmetry)Ȃ 

֓ Figure 84 ̔ ᾫ ף̔

ᾥ̆֜ ̕ ѿҩ ᵣ Ȃ ꜚΐ

1/2̕ ᾥ ҹ 1/3 0-1̆ ҉ȁҊ ᾥ ҹ ̆

׃ Ҭᴪ ⱴ ̕ Figure 84 ṿ̕ (ᵝ

ȁ ȁ ȁ ȁ ) ṿȂ ᾥ

ñ òȂ ѿ ̆ ᾥ Ȃ ᴪ

Ȃ ᾥ ᾥ Ἕ ̆ғΐ Ȃ ᴪ ⌠̆ ֓ ṿ

ԅ ׃ ץ̆ ױ ῒ Ȃ 

̆Ҋ ᾥ ҩ ֜ ̆ᵖҍῒ Ҍ ̆ ҹ ֜

ᴪҍ҂֜ ȁ ҈֜ ̕ ̆ ԍ

(leather trick)Ȃ ғ ᾥ ҍῒ Ҍ Ȃ 

ҩ ᾥ ѿҩ ᵣ Ȃ Figure 84ҍFigure 85Ҭ̆ ֽ

ѿ ῤ̆ ҈ ̆ Ҭ ҉ ̆↕ңᶷң Ҋ

Ȃ ԍ └ ᾥ ᵣ Ȃ҈ ץ ᾥ ԑᵬ ҍ

̔ ҈ ӊѿ̕ ‰ ̆҈ ᾥ

⌠҈ ҈ Ȃ Figure 85 ̆ ԍ ҉

Ҍ Ȃ ᾥ ԑᵬ ׃ Ȃ   



 

 

 

11.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

 

301 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

t 
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0.11 GeV 

 

 
 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

  

 

 

ᾥQuarks : 

׆ ̆ ֓ ( ) ᵣ № ̔ 

 

 

ҏ 

 

Figure 84  ᾥ ᾥ Ȃ ₮ԅ ṿᵬҹ Ȃ 

ᾥ ҈ ̔ 

 

 

 

Figure 85   

҈ ҈

̔ ᶷ Ҭ

ԍ ҉

̆ ᶷ ң

↕ᵝԍ Ҋ Ȃ 
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ᾥ ̆ ⌠ Ҭ Ȃ ץ

ԅ ѿ Ȃ ᾢ̆ Ҭ ̆ ױ ᴪ ⌠ ѿ Ȃῒ

̆ Figure 84 ᾥ ΐ ̆ ῒ Ȃ

҈̆ ᾥ ( Figure 84 ᵣ ᾥ )̆ ᶏ Ӟ

῀ ̆ ᾥ ̔ ҬҌᴪ₮

ᾥȂ ̆ ᾥ ̆ ץ ҍ ᾥ ԑᵬ ̆ ᵞῒ

̆ ᾥӊ ֟ ׆̆ ᵣȂ   

ӊ̆ Ҭ̆ ᾥ ᵣ ᵬҹ Ȃ

ױ ᾥ ᵣ ᾥ Ȃ 

Ҭ̆ ᾥ ғҍW ԑᵬ Ȃ Ҭ̆ W

ᵬ ҹ̔ҹ ᾥ ⱴ ⁞ ѿҩ Ȃ Figure 86 ̆

ӊ╠̆ ( )ᵬ ԍW ( )ȂҌ ̆ ᵬ

ץ ñ (flavour-changing charged currents)ò Ȃ  

( )Z ↕ Ȃ ̆ ԅ

ᾥ Ȃ 

̆ ̆ ᾥᵬҹ ̆ ҹ Ȃ ױ ⌠̆ ҈

Ȃ 

ӊ̆ ᾥ ҹ ᵣ ң ̆

ᾥ Ȃ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

  

 

 

 

 

 

 

 

 

 
 

  

 

 

 

Figure 86  W ᴪ ᾥ Ȃ 
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ᾥ  ף

 

ױ ̆Figure 84 ᾥ ףֽ ᾥ Ȃ ᾢ̆

№≢ ԍΈ ᾥҬ ѿ Ȃ ҍFigure 87 *1(leather trick)

῏Ȃ ҙ ҹֲ ̔ ҈ ײ 4ҩ֜ ̆↕ ץ ҹѿ

ҩ ײ 4ҩ֜ ȂṢ ̆ ԍ ̆ ҬҌ ῀

6 ᾥȂ 

҉̆ Ẋ (Ӟ ץ( Ȃ

Ҭ̆ ̆ ѿ ( )ӈҌ ̆

ᵬȂ ᵞ ԍ ᾥ Ȃ 

ҍῒᶭ ̆ Ẋ ̆ ֜ ץ 6 ↕ ⌠֜

Ȃ ѿ ̆ ҹ Ҭ̆ ⱴ6ҩ֜ ̆ ᴪ

ҹѿ ѿ Ȃ ̆ 6 ↕(modulo 6 rule)ᵣ ԅ

Ҭ ֟ └(Yukawa mass generation mechanism)Ȃ 

ӊ̆ Ҭ̆ ᾥҌֽ Figure 84 ̆ ץ

6ҩ֜ ȁ 12ҩ֜ ᵣ Ȃ 

ᵬҹ ̆ ױ ῒ ҹ ᾥȂ

ᾥ ᴋ ң ̆ ֟ץ Ȃ Ҭ̆ ֓

ᾥȂ ̆ ױ ץ ̆ ₮ Figure 84Ҭ

ᾥ ᴰ Ȃ 

 

 

 

 

 

 

  

 
1* ̔ ҹñ ȁ ò ̆ᵖ ғ ҹñ òȂ 

 

Figure 87  ñ ò ң ԑ ̆ ҈ └ҹ6 Ȃ 

 

Figure 88  Ҭ ⱬ Ȃ 
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ⱬ  

 

ѿ ̔ Figure 88 ( Figure 77) Ȃ ҍ ᾥ

ԍ̔ ѿҩ ῤ Ȃῒ ⌠∆ ̆

2 Ȃ ȁ ̆ ȁ ȁ ֞

Ȃ ᵌ ף̆ ⱬ Ҭ Ȃ 

ⱬ ԅ ⱬ ᵥ ȁ ӈ Ȃ 

 

 

 

 

QCD /,3EcT-aф ̆ᵖ

(glueballs) Ȃ ӎ ԍ ֟ Ҭ ̆

ץ ҍ ᵌ ׃ Ȃ ׅ ҬȂ 

ҹ ᵞ ңҩ Ȃ Ҭ̆ ңҩ

ң Ȃᵖ̆ ᵌӍҌᾛ Ȃ 

ѿ ’̔ңҩ ԑ ̆ᶏ ԑ ̆

ғ ҹ ̙ Ȃ 

ᵥ̆ ᵌӍ ҍ (Buniy) ₣ (Kephart)

(Niemi) ₮ Ȃῒ ԍ ̆ Ȃ ᵌ

ӍҌᾛ 0 Ȃ ӊ̆ ץ

̆ Ȃ 

‗̆ ‗ ᴪ ѿ Ȃ 

 

 

ҍᾥ  

 

ᾥ (Clay Mathematics Institute)ҹץҊ ԅ ̔

ԍᴋᵥ ̆ Ҭ ̆ ֟

Ȃ ñױז òӊѿȂ 

Ҍᾛ Ҭ ᴋ Ȃ ̆ ѿ

ӈ SU(3)̆ ԑᵬ Ȃғ ԍ ᵌӍ

Ҍᾛ ̆ ԍSU(3)̆ ѿҩ ҹ ᾥ Ȃ

( Ҭ ̆ ׅ ̆ᵖᴪ Ȃ) ҉̆

ԑᵬ ҹ 3 ꜚ ᾥ Ȃ 

ѿ ₮̔ ҍ ӂᵞ ᵌ̆ ҉ Ҍ

ӞҌ ̆ ӂ ӊ ᵌȂ ̆ ԍ

ᵈȂ ᴋᵥ ᵬҹ ҉ ȁ Ȃ 
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ӊ̆ ԅSU(3) ̆ᵖӞ ᴋᵥῒ

Ȃ ᶏ ԍSU(3)̆Ӟ ҍᴋᵥῒ ѿ ֹ̆

ῒ Ȃ ᾛ ҈ ̆ғ ᾛ

ױ ԍ ҬȂ ӊ̆Ҍ ᾥ Ȃ 

 

 

 

 

‗Figure 89Ҭ ̔ Ҭ ҈ ֓ ̙ 

 

 

̔  

 

ӊ̆ ̆ Έ ᾥҍ ⱬ ӊ ̆ ҬҌ ῒ

Ȃӊԍ ̆ ῃ ‗̆ᵖẁ ԍῒҌ Ȃ 

ᾥҍ ⱬ ̆ῒ ̆

Ȃ ױ Ȃ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 89  ֓ ֓ ̙ 
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Figure 91  ̆ ṿȂ ῒ Ἕ Ȃ 
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Ҏ  

 

Ҭ̆ ҈ ≢ ᶛ Figure 90Ȃ ₃ ҈

ȂӞ ѿ֓ ₮ ף̆ Ȃ 

 

 

 

 

Figure 91 Ṝ ₄҈ ̆ ᵈ

ȂΈ Ȃ ֓ Ҋ̔ 

 

¥ Ȃ ȁ 1/2ȁ ң (

)ȁ Ȃ ̆ ᾥ Ȃ  

¥ ҍ Ҍ Ȃ ῒ Ҭ Ҍ ̆ԋ ң Ȃ 

¥ ῒҬ҈ ̆ ̆ ҈ ̆ Ҍ Ȃ 

¥ Pҍῒ Ȃ 

¥ ᵬҹ҈ ̆ ғ ҹ Ȃ 

¥ ҍ ᾥҌ ̆ ᴪץ ( ) ῀ ̆ ҹ Ȃ 

¥ ҈ () ṿ ̕ ԅҬ ̆ Ҭ Ȃ 

¥ ̆ ( ᵞ ) ̆ ҹ ᶏӊ

ҍ Ȃῒ ңף Ҍ ̆ ᴪ ῒ Ȃ 

¥ ԅ ף ̆ ҹ ᵬ ᴇԍ╠6

Ҭ ѿ ̆ҍ └ ᾥף (leather trick)Ȃ 

¥ ñ ò ᾥ ѿҩ ᵈ ̆↕6 ᾥҍ6

ӊ ѿ ̆ ѿҩ ᾥ ҹѿҩ҈ Ȃ׆

ᾥҍ  Ȃף҈

¥ Ҭ ץ №̆ ԑᵬ ᴪᶏҬ Ȃ 

¥ Ҍ Ȃ ̆ Ҍ Ȃ 

¥ ԍ ̆ ԍW Z ̆

(Ӟ ԅ ҍ ӊ ῏ )Ȃ 

¥ Ҭ ῒ ṿ ̆ ҹ ῒ Ȃ 

ף ¥ ⱴȂ ԍҬ ̆ ѿ

╠ Ȃ 

ӊ̆҈ ҍ Ȃ ≢ ̆ ‰ ף҈₮ ̆

ғ Ҭ ᾥ Ȃ ̔ Ҭ ɓ ⌠

̕Ҭ ΐ ‰ ṿ̕ ɛ ῒ

ץ ‰ ᵞ Ȃ  
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̔ ᶃ  

 

₮ Ҍ ‰Ȃ ḱ Ȃ(

‗Ҋ ⌠ ῏ԍ ӈҌ Ȃ)ᵰ ҍ ̙ 

 

 

̔2009  

 

‰ ↕ңץ Ȃѿ ̆

ץ W -W ץ Z -Z Ҭ₮ ̕ԋ

̆ ԅSU(2) ץ└ ҍӊ ῏ ֟

└Ȃ ҹ0ȁ ҍ ȁC P ҹ Ȃ

ӊ̆ ̆ ΐ ҍ Ȃ 

ᵌӍ ѿ Ṝ ̆ Figure 92ᶷ ̆ῒC

P ҹ ̆ғ ҍ ҹ Ȃ ̆ ץ

ӊ ҹ ҹ ᾥҍ ԇ Ȃ ̆ Ṝ

ңҩ Ȃ ᾢ̆ Ҭ ѿ ̕ῒ ̆ῒ

0Ȃ ҉̆ ₮ ҹ0 Ȃ ֓ Ḇᶏ ױ ῃ

Ȃ 

ױ ⌠̆ ₮ԅѿ ֟ └̔ 

 

 (mass) ԍ Ȃ 

 

ױ ⌠̆ ԑᵬ ꜚ └ ԅWҍZ Ȃ

ץ ᵬ ⱴԅѿҩ 6֜ Ȃ ≢ ̆

ԅҹָӇ ԍ ᾥ Ȃ ӊ̆

’Ҋ ԅ ֟ *1Ȃ  

 
1* ̔6֜ ᵬ Ȃ 

 

 

Figure 92  Ҭ̆ Ṝ ̔ ( )ҍ ( )Ȃ

ԍΈ Ȃ 
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Ҍ ̆ Ӈ W Z ᵥḠ

̙ ₮̆ Ҭ ԑᵬ ץ Ȃ

Ȃ ̆ Ҭ Ҍᴪ Ȃ ≢

̆ ꜚ W Z Ҍᴪ Ȃ 

ӊ̆ ̆῏ԍ ᾧ ᴰ

Ȃ Ҭ ң ̆ ԅ ңҩ Ȃ 

ѿ Ȃ ᵌҬ̆ ץ

Ȃ ’Ҋ̆ ‰ ’Ҋׅ

Ȃ W Z Ҍᴪ

Ȃ 

ѿ ₮ ҬȂ Ҭ̆

W Z Figure 93 Ȃ ԍ ̆ ῒ

ꜚ ԍ ( ↕Ҍ ̆

ᶏ ’ )Ȃ ̆ Ҍ

’ Ḡץ ̆ ғ ’Ҋ̆῏ԍ

ᴰ Ȃ ֓ ↕ Ȃ ̆

ҹ ᶫԅΐ ̆ Ӟ ԅҹָӇ ₮ W

Z ҬȂ 

ҍ Ҍ ҹ ₮ѿҩ ̔

Ȃ Figure 93 ̆ӌѿ ᵌӍ ԍ ‗

ⱬȂᵖ Ȃ Ҭ̆ ԍ

ꜚ̆Ҍᶭ Ȃ 

ӊ̆ ̆ W Z ҩ ₮

Ȃ ῤ (LHC) Ȃ ֓

↕ Ȃᶛ ̆ ̆

W Z ₱ ̆ Ҍ Ȃ 

ӊ̆ ԅ TeV W Z ҹ

̆ Ҍ *1Ȃ ֟ ץ W

Z ҬҌ ҹ ̆ ҹ

̆ Ҍ ԍ 0 Ȃ ῤ ҉

ѿ Ȃ 

 

 
1* ̆ ᴪ ѿ Ҍ Ҥ ץ

̔ ҹFigure 92ᶷ ΐ 0 ’Ȃ ’Ҋ̆ (Borromean 

rings) 29.03̆ ̆∆ &07,.1-/.,/'Е-о 6.,2EcT 

;//2EcT⌠ &07,.1-/1,5'Е-о 7/,0EcT;//5EcTӊ ̆҉Ҋ ₃ҩ № Ȃ 
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Figure 93  Ҭ̆ ҍ W Z Ҍ Ȃ(2012ᾟ ̔ ѿ

Ȃ) 

 

Figure 94  Ҭ Ȃ ҹ0 ҹ ץ Ҍ ̆ ῒ

ΐ Ȃ 9ҩ֜ ̔ῒҬ3ҩ֜ ԍ҈ Ҭ̆ 6ҩ֜

( Figure 92)↕ ԍ Ȃ 
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̔2012ḱ  

 

20127 ̆CERN ⌠ѿ 125 GeV Ҭ Ȃ ѿ

№ ̆ ҹ0ғ ҹ Ȃ ̆ ҹҍ

1963 Ŀ (Peter Higgs) ֲ Ȃ 

֓ ԅ 2009҉ѿ Ҭ Ạ Ȃ 
 

¥ Figure 92ᶷ Ҭ ̙ ̔ ↕ҍ

Ҭ Ҍ ̆Figure 92Ҭ Ȃ 

¥ Figure 94 1/2 0̙2009 ⌠̆ ѿ

ҹ0 ’̆ ҍ ׃0 ᵌȂ₮ 0 ҹ ҹ ץ Ҍ

̆ ֓ ΐ Ȃ 

¥ Figure 94 C P ̙ᵌӍ Ȃ 

¥ W Z ̙ ̆↕Ӟ ₮ ԍῒ

1 ҬȂ Ҭ̆ ṿҌ ᶭ ̆ ᶭ

Ȃ2009̓͂ԍ ᵌӍ Ȃ 

¥ Figure 94 ̙ ̕ᴋᵥ ₮

ҍ ȁ№ ȁ Ȃ ׅ Ȃ ̆

ῒ ’ҍCERN ⌠ ’ ᵌȂ 

¥ Figure 94 ̙ Ȃ 

¥ ῒ ̙ ‗Ȃ ᵌӍ ᶃ

̆ ҹ ᵣ ԅ ̆ ֟ Ȃ 

¥ ( ) Ҍ ̙ ֽ Figure 94

̆ Figure 92 ᶷ (Borromean link)Ȃ ╠̆

Ҭ Ȃ ᴪ ñ ò Ȃ 

¥ ᴪꜚ ҩ ̙ ᾢ̆SU(2) Ҍ ̕

ῒ ̆ ץ - ̕ᵖҌ ⱬ Ȃ ̆

ӊ ꜚ Ȃ 

¥ ( ) ̙ᵌӍ ̆ ңҩ

Figure 94 ↓ ᵬ Ȃ 

¥ ԅ ῒ ̙ ῒ ̙ᶛ

( ) 125 GeV ᴪῬ ₮ Ȃ ̙

ῃ ‗Ȃ ̆ ֟ ḱ Ȃ 
 

ӊ̆ ᵌӍ ҍ Ὶ ̆ ᴺ Ȃ2009

῏ԍ Ӟ ̆ Ȃ 

Figure 94 ̆↕ ױ ֟ └ ԅѿ

̆ Ȃ ₮ ₮ Ȃ 
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̔2012  

 

¥ ҹ ȁ ҹ ғ ̔

Ȃ 

¥ ᵀ ҍZ Ȃ ԍW ҍ

Z ̆ᵀ ṿ ṿ ῤȂᵖ ׅ Ȃ 

¥ ‰ ᾥ Ҋץ ̆ғ

ѿ Ȃ 125 GeV Ȃ 

¥ ̆ ᴋᵥ Ҭ Ҍ ⌠ ‰ ҍ Ẓ Ȃ 

¥ Ῥ ғ ѿ Ҍ Ȃ 

¥ ̆ Ҍ ̆↕ ῀ Ȃ 

¥ ⌠ ₮ ‰ ȁ ԑᵬ ̆↕ ῀ Ȃ 
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Figure 95  ׃ ҍ ׃ ( ᵈ ֜ )̆
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ᾥ- ᾥ׃  

 

Ҭ̆ ӊ ҈ ף (composite 

particles)Ȃ ѿҩᶛ ב (mesons)Ȃ 

Ҭ̆҈ 0 ᾥ- ᾥ׃ Ȃ ᾥ ҹ ֓

׃ ᶫԅ ̆ Figure 95ȁFigure 97ȁFigure 98 ᶷ ̕ ᶷ

׃ ̆ ҹ 1̆ Ȃ Ȃ ׃ ῤ ̆ ᾥҍ ᾥ

҈ҩñ (bond)ò ѿҩ ԍ ȁғ ԍ ҈ Ȃҹ

̆ñ ò Ҭ ҹ (circle)̆ ↕ ң ֜ ( )ȁ ᵈ

̆ Figure 96 Ȃ 

̆ ңҩ ᾥ ׃ ᴀᴀ ̕ῒ Ҍᴪ

̆ ᴀᴀ ᴀᴀ Ȃ ׃ ᵌԍ1973 (string)̆ Ӟ ᵌԍ

(Lund string)QCD Ȃ 

ҹԅץ ׃ ̆ ῒ֟ Ȃ Ҭ̆

ῤ ҍ ₱ ӗ Ȃ ꜚ .;ב ᵞ Ȃ

̆ ׃ ҹ ׇᵑᵄ;.)( ׃ )̆ ҹ ׇᵑᵄ;/ ( ׃ )Ȃ

ԅ ֓ ⌠ Ȃ( ̔ᴋᵥ ׃) ) ̆ ᵞ
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Figure 96  ׃ Ҭ ӈȂ 
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Ҋ ̕ ץ ̆֟ ( Ҭ ) Ҍ Ȃ

̆ ԅ׃ ᵞ Ȃ) 

Ҭ̆׃ ҹ Ҭ ̆ ñ ò̆ ҹ

Ҋ̆ ᾥҍῒ ᾥ ̆ ױ ⱴҹ Ȃ 

Ҭ̆ ׃ Ȃ ̆ Ҍ Ȃ

׆̆ ₮ ṿҍ Ȃ 

⌠ΐ . ȁ.)ȁ/) ׃ Ȃ ᾥ Ӟ ԅ

ѿ Ȃ ̆ ԅ Ḇᶏ ᾥ Ȃ 

Ҭ̆ ׃ ѿҩ (tangle family)̆ ҩ

Ȃ ҈Ȃѿ ̆ñ òᴪץҌ Ȃᶛ ̆ᴄᴄ ףף ѿ

ѿ ⱴ҉ѿҩ Ȃ ῍ ҹ ң ᾥ (

) Ȃ(ᴂᴂӞ Ȃ׃

Ȃ) ԋ ̆ ᾥ ΐ ̆ Ῥ ₮ 6ҩȁ12ҩ

֜ Ȃ ҈ҩ ̆ ԑᵬ ᴪ ῀ ̆ ֓

Ӟ ԍ ׃ Ȃ 

ӊ̆Figure 95ȁFigure 97ȁFigure 98Ҭ ׃ ׃

Ȃ ̆ ̆ ׃ ׃ ̆ ԅ׃

ȁ ץ ῒ Ȃ ҉̆ Ҭ̆ ꜚΐ

ҍ Ȃ 

 

 

׃  

 

̆Figure 95ȁFigure 97ȁFigure 98Ҭ ׃ ̆ ҉

ꜚ ҹ ׃ ̆ Ȃ ҩ(Ҍ ) ҍ ѿ Ȃ ̆

̆ ꜚ Ҍҹ ׃ Ӟ ̆ Ӟ ῒ ׃

Ạ₮̆ᵖ Ȃ 

ץ ױ ╠ Ȃ Ạ₮ԅ Ҋ ̔ 

׃ ̆֜ ׃ ₱ №

( ᾥ ȁ ҍ )Ȃѿ ҍ QCD

Ȃ 
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ᾫ ᾫ ב ғ ב Е 

Figure 97  ꜚ ҹ ׃ ׃ Ȃ ᶷ׃ ҹ0ғ ҹ ̕

ᶷ ׃ ҹ1ғ Ӟҹ Ȃ ᵈ ֜ ̕ ᴪҍῒ

̆ ᴪ₮ CP Ȃ 
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Kї 
sⱧd 
276KcT 

ɖ 
ssⱧ 
736KcT 

Dї 
csⱧ 
/642KcT 

DⱵⱶⱶⱶⱷ
ї
 

cⱧs 
/642KcT 

D) 
cdⱧ 
/65.KcT 

D  
cd 
/65.KcT 

Bs
) 
csⱧ 
/75.KcT 

Ds 
cs 
/746KcT 

ɖc 

ccⱧ 
076/KcT 
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׃ Ŀ ׃ Ŀᾥ  

 

ꜛԍ ׃ Ȃ Ȃ ̆

Figure 95 ˊї*ɖ*́ Ҍ ̆ ́&ױ:'ї́&ױ ɖ'Ȃ&ױ:'

Figure 95ȁFigure 97ȁFigure 98 ₮ ῒ Ҍҍ Ȃ ̆

ɟї*ɤ*ɟ ΐ Ҍ ̆ᵖ № ԅ ѿ Ȃ

ᵌӍ ɟї ɟ Ҍ ̆ᵖ Ȃ ṿ

̆ Ȃ  

҅ү ᾫ ב ב Е 

 .;ב*.;ט

;ו / 

 .;ב*/;ט

;ו / 

ɖ
b
 '/(;׀&

bbⱧ 
71..KcT 

Bc 
bcⱧ 
4064KcT 

Bs 
bsⱧ 
3144KcT 

B  
bdⱧ 
3057KcT 

B  
buⱧ 
3057KcT 

;׀& /' 
bbⱧ 
724.KcT 

Bc
ᶻ  
cs 

 

Bs
ᶻ

 
bsⱧ 
32/0KcT 

Bᶻ  
bdⱧ 
3103KcT 

Bᶻ  
buⱧ 
3103KcT 

ᵝԍ

҉ Ȃ 

ᵈ

ѿ Ȃ 

Figure 98  ѿ֓ ׃ ̆ ῒ ṿȂ ₮ ̆ῒ

ἝȂ ᵈ⌠ ֜ ̕ ҍῒ ̆ ᴪ

CP Ȃ 
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ᵥ̆׃ ̆ ᾥ ԍ ׃ ̆ ᾥ-

ᾥ ῏ Ȃ ׃ ̆ ԍῒ № ᾥ Ȃ 

ᾥ Ҍ ̆ ѿ ׃ (ΐ ꜚ ב ׃ )

Ҭ ⌠ Ȃ ꜚ ׃ ץ ҹ ᾥ №ᵖ ꜚ Ҍט(ב

Ȃ ׃֓ ꜚ ׇҍ ױ (Regge trajectories)̔  

 

ׇ; ї) Еױ
ф &0./' 

 

(₃Ӎ) ׃ Е .,7EcT-dkȂ ѿ ̆ ꜚ

ⱬ Ҭ ҹ ԍ ᾥӊ ל ⱴ̆ ԍ

Ȃ ל ҹ ᾥӊ (fluxtube-like bond) Ȃ 

Ҭ̆ ᾥ ꜚ ̆ Figure 99 Ȃ ׃

҈ ̆ ץ ᵬ ԅѿҩ῍ Ȃ Ҭ̆

Ȃ ׃ Ҭ̆ ҈ҩ ᴪ ׆̆ ֟ ֜

̆ ֟ Ȃ ѿ ῏ Ȃ ԍ ׃

( ҈ҩ )ᵬ └ ᵌ̆ ׃ ( )

ΐ Ȃ ҍ Ȃ 

ӊ̆ ԅ׃ ᾥ ѿ Ȃ 

 

 

׃ Ҭ CP  

 

ԑᵬ Ҭ̆C P ӗ ו׀ Ȃᵖ Kї׃ ץ

Bї Bs
ї׃ Ҭ̆ ⌠ԅ ᶛ ’Ȃ ҩᶛ ’Ҭ̆׃

ҍῒ Ȃו׀ ԍ Ҭ - Ҍ ῏ Ȃ 

₮ѿ ׃ ҍῒ Ȃ ̆ ԍ ̆

Ҭ ׃ Ȃ Ҭ̆ Ҭ ׃ ץ Ҋң

ҹῒ ̆↕ - ̔ ׃ Ἕ̕ ꜚ

ᵝ Ȃ ’ ׃ ̆ Figure 95ȁFigure 97ȁFigure 98Ҭ

ץ ₮Ȃ ̆ ꜚ ̕ ᵞ

̆ ԑᵬ Ȃ ̆ ̆ ҍῒ ׃ Ҭ̆

ԑᵬ Ҍו׀ Ȃ 

׃1 ̆ Ҍ ̆ ҉ ו׀ ֽ

ȁ ׃0 Ҭ ⌠Ȃ ̆I.+IⱵⱶⱶⱶⱷ.*B.+BⱧ.*@.+@Ⱨ.*@q
.+@Ⱨq

.̆ ֓

׃ Ҭ ҍ ו׀ Ȃ ҍ ⌠ ו׀

֓ Ȃ(‰ ӥ ԅD׃ ו׀

̆ CERN ԍ2011 ԅ ѿ Ȃ) 
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Ҭ̆ ׃- ץ ̆ ҹ ᾥ Ȃ ԍῒ

̆ ׃- ף҈ ᾥ Ȃ׃ ̆

ף҈ ᾥ̆ Ҍ Ȃ ̆ ԅ ̆ ו׀

ף҈ ᾥ Ȃ 

ԍ ԑᵬ ԑᵬ ̆ ̆Ҍ ғҌ ו׀

̆ ҹ ҍᾣ Ҍᴪ Ȃ ̆ Ҍ Ȃ

̆ ̆ ѿ ҹ Ȃ 

ӊ̆ ԑᵬ ו׀ ץ ԑᵬ Ҭ ו׀ Ҍ

Ȃ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 99  ׃ ̆҉ ꜚ ̆Ҋ ꜚ Ȃ 

꜠ ҿ  

 .;ב*.;ט

;ו / 

 .;ב*/;ט

;ו / 

ᵝԍ ҉ Ȃ 

ˊї8/13KcT 

;׀ / 

ˊ.*ɖ 

ddⱧ 

ɟ.*ɤ. 

ddⱧ 

ɟї8553KcT 

;׀ / 

꜠  
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ῒ ҈  

 

҈ ̆ Ӈ ╠ ׃ ᴰ ̆ Ӈ

ᵣȂ 

(glueball)Ӟ ҈ҩ Ȃ Ҭ̆

ѿҩ ҈ Ȃᵖ ᵌӍҌᾛ

ȂҌ ̆ ↕ ₯̆ ׅ Ȃ 

 

 

ҍ҈  

 

ҹᵥ҈ 0 ( )̆ ᴪ

 /0ϳ ( )̆ ᴪ 1 ( ׃ )̙ ‗ԍ

ԑ ꜚ Ȃ 

₮ ̆ ȂW Z ΐ ѿ

̔ң ץ ҈ ̆ Ӟᶏ ױ ҹ 1 Ȃ

ң ̆ῒ ̆ Ȃ 

 

 

̔҈  

 

ҍ ̆҈ Ҭ₮ ԅѿ ̆

ᵞԍѿ ̆ ₄ ̔ / (braided tangle)Ȃ

ף ̆ ԅ Ȃ Ҭ

Ҭ Ҍ ȁ ғ ᾥ Ȃ 

(2012ḱ ) ̆ ԅ 6 1 ӊ ̆

ҬҌ ῒ ҈ Ȃ 

ӊԍ҈ ̆ ҹ ׃ ₮ԅ ̆ ֟

ҍ ṿ Ȃ Ҭ̆ ῃ ‗Ȃ 
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ӈ  

 

҈ ҉ ⱴѿ ̆Ҍᴪ₮ Ȃ ҍ҈

’ Ȃ ӊ̆ ҬҌᴪ֟ Ȃҹԅ ѿ ̆ ױ

׆ Ȃ 

╠ ⌠̆ ׃ Ȃ ױ ӊҍ ׃ ѿ Ȃ

֓ ҬӞ ̆ ֲᵣ֞ ӊ Ȃ  

 

 

 

 

Ҭ̆ ԓ Έ (baryon)Ȃ Figure 100

̆ ᾥ ₮ Ȃ ̆ ᴋ ᾥ Ȃץ ᾢ̆Ҍᾛ

qqqⱧ q qⱧ qⱧ ̆ ᾛ  qqq qⱧ qⱧ qⱧ ̕ԋ ̆ ԍu u u d d d ̆

Ҍᾛ (ῃ ) /0¡ ̆ ᾛ 10¡ Ȃ ̆ ҉

ᾥu Ҋ ᾥd /0¡ ң Ȃ ֓ Ȃ

Figure 100 Ȃ 

ץ Ȃ ῒ ̆ ҍ Ȃ

Ҭ ΐ ̆ᵖ Figure 100 ̆Ҭ ҍῒ Ҍ Ȃ

ῒ (writhe)’ΐ Ҍ Ȃ 

Ҭ ̆ Ȃ ̆ ₱ Ҍ №

ҹ № ᾥ №̔ ң ̆ғ ᵬ Ȃ

ץ ̆Ҭ ҍ Ҭ Ҍ Ȃ ֓ ҍ ҹ Ȃ

ԅ ⌠ ( ӊ̆ )Ȃ 

ҍҬ ԍῒ Ҍ Ȃ ̆ Figure 100 ̆

Ҍ ̆ Ӟ Ȃ ӊ ̆ ҉̆ ױ

Ҭ₃Ӎ №ץ Ȃ 

₮ԅ ῇᾝ ᾝ ̆ Figure 101 Figure 102 ̆ѿ

̆ ̆ ῒ ᾥ

Ӟ Ȃҍ׃ ᵌ̆ ԍ ñ ᵈòҍ Ȃ

ԍ ҩ ᾥ ҈ ̆ ԅ ⌠ ̔

̆ғҍ׃ Ȃ ױ ⌠̆ Ӟ ᾥ

Ҭ ᵬ Ȃ ̆ ԅ ꜚⱬ Ȃ 

╠ҹ ̆ ԅ ̆ ṿȂ ץ

̔῏ ԍ ֟ ֜ Ȃ ̆

ꜚⱬ ̆ᵖ Ҍ Ȃ 
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ᵈ

ѿ

Ȃ 

Figure 100  ҉ ᾥ Ҋ ᾥ ( ҍ

)̆ ṿȂ 

(proton) ҩ Е uŷuŹdŷuŷuŷdŹɼ 

Ҳ (neutron) ҩ Е dŷdŹuŷ dŷdŷuŹɼ 

( baryons) ҅ Еuŷuŷuŷ, uŷuŷdŷ, uŷdŷdŷ, dŷdŷdŷ ɼ 

p = u u d 
938 MeV 

 .;ט

ꜚ .;ב  

;ו / 

n = u d d 
940 MeV 

 .;ט

ꜚ .;ב  

;ו / 

 .;ט

ꜚ .;ב  

;ו / 

))= u u u 
1232 MeV 

u 

u 

u )= u u d 
1232 MeV 

u 

u 

d 

= d d d 
1232 MeV 

d 

d 

d 

ї= u d d 
1232 MeV 

u 

d 

d 

u d 

d d d 

u 

u 

u 

u 

u 

d 

d 
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ᾥ ҍ ׃  

 

׃ (exotic meson)Ҭ̆ ᾥ (tetraquark) Ȃ ╠ ҹ̆

ᵞ ׃ ᾥ Ȃ Ҭ̆ ᾥ ̆ᶛ Figure 103̆

ѿ Έ Ȃ ₮ ȁ ȁ ̆ᵌӍҍ

ѿ Ȃ Figure 103 ΐ ῖ ̆↕ ᾥ ᵌңҩ׃ ׃ ̆

Ҍ ץ ԑ ҩ ᾥȂ ѿ ̆Ӟ ᾥ ᵣ

̆ΐᵣ Ȃ 

₮̔ ᾥ- ᾥ ҬҌ ( )Ȃ (Niemi) ₮

Ȃ Ҭ̆ ׃ ̆ ׃ ҍ

ᵣȂ ̆ ׃ Ҍ Ȃ 

(ᵬҹѿ ׃ )̆ ╠ Ȃ 

Figure 101  ׇ;0-/;ט(בῇᾝ Ҭ ( ѿ) ̆ ѿ ҍ

̆ ṿȂ 

ҏ ᾫɻҐ ᾫ ᾫ 0ҙ-/;ט ꜠ .;ב Е 

= d s s 
1322 MeV 

ї= u s s 
1315 MeV 

= d d s 
1197 MeV 

ї= u d s 
1116 MeV 

ї= u d s 
1192 MeV 

)= u u s 
1189 MeV 

n= u d d 
940 MeV 

p= u u d 
938 MeV 

ᵈ

ѿ

Ȃ 

d 

d d 

s 

s 
u 

d 

d 
u 

s s 

u u 

s s 

u 

s s 

u 

d d 

d 

u u 

ң ɂ

P ҹ+1̆

ᵖ Ȃ 

P= +1  

pҍҬ n 

P ҹ+1  
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Figure 102  ׇ;1-0 ᾝ Ҭ ( ѿ) ̆ ѿ ҍ ̆

ṿȂ 

ҏ ᾫɻҐ ᾫ ᾫ 1-0ҙ;ט ꜠ .;ב Е 

ᵈ

ѿ Ȃ 

u 

d 

= d s s 
1535 MeV 

ї= u s s 
1532 MeV 

ї= u d s 
1384 MeV 

)= u u s 
1383 MeV 

= d d s 
1387 MeV 

= d d d 
1232 MeV 

ї= u d d 
1232 MeV 

)= u u d 
1232 MeV 

))= u u u 
1232 MeV 

= s s s 
1672 MeV 

d d d u d u u 

d d u u 

d s s u 

d 

s u 

u 

d 

s 

s 

s 

s 
u 

s 

s 
s 

Figure 103  ᾥ ̆ ѿ ҍ Ȃ 

ᾫ(ud)(uⱧdⱧ) ůב Ї ҿ 0.5 GeVɼ 

ᵈ

ѿ Ȃ 

d 

dⱧ 
uⱧ 
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ῒ  

 

ῒ (prime tangle) (locally knotted 

tangle)Ȃ ҈ ’Ҭ ̆ ױ ӇҌ ᾛ ̆ Ӈ

ȂӞҌ ⅎ (separable tangle)̆ ױ

Ȃ 

ѿ ̔ (braided tangle)Ȃ ̆ ԑ

ᵬ ̆ ץ ѿ֓ ҍᵞ Ȃ ̆

҈ ᴰ Ȃ 

ӊ̆Ҍ ̔ῒ ԍ ₄ ̆ғᵞԍ

Ȃ Ҍ Ȃ ӊ̆ ԅ

Ȃ 

 

 

̔  

 

̆ ԅ Ȃ ≢ ̆

₮ѿ ̔ ( ȁ ȁ҈ )

Ȃ ӊ̆ ҬҌ ӊ Ȃ 

₮̆ ף ѿ ̔ Table 13Ȃ

ץ ҹ ̆ ҹ ( ) Ȃ 

̆ └ ԅ ‰ ῤȂ  

 

 

 

    

1   ȁ( )  

1  ÅÅ Ҍ Ҭ 

2    

2   ᾥȁ ⱬ  

2 ̆  ÅÅ Ҍ Ҭ 

3    

3    

3    

3 ̆  ÅÅ Ҍ Ҭ 

4&  ᵌ3  ҹ   

 

Table 13  Ҭ̆ ҍ ῏ Ȃ 
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Е  

 

Ҭ̆ ԍ (tail braiding)Ȃᵖ Ӟҍ ҍ

ꜚ ῏Ȃ ң ῏ԍ ӈ ᵥ ѿ ̙ 

** 

Ҋץ ᵌ ̆ ↕ ̔ 

 

 ̆ ῤ Ȃ 

 

̆ Ḃ ̆ Ӟֽ ᾥ Ҋ ҹ ᴪẒ

̆ Ҭ̆ Ȃ 

( ̔Ἕ ̙) 

** 

Ҭ̆ ֜ Ȃ Ӈ̆ Ӈ ֟ ԅ

̙ ֽ ԍ֜ ̆ ᵥҍ ῏ ̙ 

** 

⌠ᴪ ῒ Ҭ Ȃ ԍZ

Ȃ 

** 

2014̆ ᾥĿ (Marek Karliner) Έ ᾥ Ȃ Έ

ᾥ ̙ ֓ ׃҈ ̆ Έ ᾥ ̙ 

** 

ԓ ᾥ Ҍ ̙ 

** 

ҍJ. (Julia Viro)ҍO. (Oleg Viro) (skew lines)ᵥ῏ ̙ 

** 

1868̆ Ŀ - (William ThomsonïKelvin) ñ ò ѿ

Ȃז ₮̆Ҍ ñץ (ether)òҬҌ ñ (knotted 

vortex)òȂ ԅ̔ ̔ ҹ ᴋᵥ ̔

̆Ӟ ԑᵬ Ȃ ҍ ῏ ̆ Һ

ױֲ Ҍ Ȃ  
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** 

₮ Ȃᵖ ҹ

₮ ΐᵣ Ȃ ̆ ֲ₮Ґ̔

שּׂ Ȃ 

¥ ᴿ Ŀּי(Herbert Jehle) ף1970 ҹ Ȃᵖז

Ҍ ̆ӞҌ ׂ Ȃ 

¥ (Ng Sze Kui) ׃ ҹ ȂҌ ז̆ ᾥȁ ȁ ̆Ӟ

ԑᵬ Ȃ 

¥ Ŀ (Tom Mongan) ҹ ҈ Ȃ

̆ ҍ ӈ ῏ Ȃ 

¥ ᾥĿ (Jack Avrin) ҹ Ӌ ̆ ԑᵬ ҹ◄

℗ Ȃᵖ Ȃ 

¥ ᴿ Ŀᾥ (Robert Finkelstein) ҹ Ȃᵖ ԑᵬ

̆Ӟ Ȃ 

¥ Ҹ Ŀ - (Sundance Bilson-Thompson) ῒ Ԋ̆

ҹ҈ Ȃҍ ѿ ̆Ӟ (leather trick)҈

ף ᾥ Ȃ ↓ Ҭ ׂ ̆ᵖ ‗

ȁ ̆ ῒ ԑᵬ Ȃ 

** 

(strand)Ҍ (superstring)Ȃҍ Ҍ ̆ ѿ↕ (

)̆ Ҍ Ȃҍ Ҍ ̆ ⱬ̆ ̆

Ӟ ( )Ȃ ҹ ⱬ̆ Ҍᴪץ

ꜚ̕ ҹ ̆ ץ ӈ ץ ₮Ȃ ҹ

̆ ץ ῒ ̆ ꜚ ̆ ғ ץ ₮Ȃ ҉̆

ң Ҭ̆ ȁ ₱ ȁ ȁ ȁ ȁ ӈ ῃҌ Ȃ 

ҍ Ҍ ̆ ԅ ԑᵬ ҕף Ȃҍ Ҍ

̆ ԅ ᾥȁ ȁ ȁ ȁ ȁ ȁ ȁ

Ȃҍñ òҌ ̆ Ҭ Ȃҍ

Ҍ ̆ ҈ ꜚ̆ Ӝ ̕ ҌṢꜛ

̆ ‗ ̔ ҹῒ ꜚḠ ̕ ҍ ῏Ȃ

Ҭ̆ ñ ò ñ ò ̆ E(8) SO(32) ̆ ԍ

ѿ℗ ԑᵬ ñ (pants diagram)ò̆ /̓̀ Ẽ

(AdS/CFT duality)̆ Ҍ ΐ ᴧ ñ (landscape)ò̆ Ӟ ñ òȂҍ

Ҍ ̆ ԍ ᾥ ᵝȂҍ Ҍ ̆ ₮ԅ ‰

ѿ Ȃ ҉̆῏ԍ ᴋᵥ Ҍ ԍ Ȃ 
 

**  
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῀ Ȃ ѿ ̆ ץ ҹ ҩ ֟ ԅѿ

Ȃ׆ ӈ҉ ̆ ̆ ҩ

ᴪ֟ ѿҩ ῤ Ȃ ̆ ױ ᾥ ҉῏

ҩ ᵝ ̆ ץ ҹ ҉̆ ҈ ҍѿҩῤ

ӗ Ȃ ̆ ῌĿ (Alain Connes) ῒ Ԋױ ԅ

ӗ Ȃױז ̆ ῤ ̆ ץ ‰

̆ᵖ ῃ Ȃᶛ ̆ ̆ ץ ҈ ԑ

ᵬ ̕ᵖױז ף҈ Ȃ 

ҍ Ҍ ῃѿ ̆ ԋ ѿ ῏ Ҍ

ῤ ῏ Ȃ Ẋ ҩ ῒ ῤ ̆ғ ֓

ԑ ῏̕ ῤ ῏

ԑ῏ Ȃ ̆ ף҈ ץ Ȃ 

ң ӊ ῒ Ȃ ӈ ̆ ≢

ᴿ Ȃ ׆ ₮ ֓ Ȃ ғ̆ ╠ ̆

Ҍ ѿ ̆ ᵌӍ ȂᵌӍ Ҍ ḱ

̆ ñ ץ ò Ȃ 

** 

Ҋ Ԋ ԅȂ Ҋ̆ ֽ

̆ Ȃ ₮̆ Ҋ̆ ̆

Ȃᶛ ̆ ₮ ҬҌ Ἕ ֲ (Lilliput) ҕ Ȃ

ԅ Һ Ȃ ҉̆ ̆ ðð ᾥ

(173 GeV) ᾥ (/.ЕЌEcT)ӊ ָ̆ӇӞ Ҍ⌠Ȃ ѿ

ñ òðð ȁ Ȃ 

** 

ȁ ῒ ̆ (braiding)Ȃ ҉

ñ (braiding machine)ò Ȃ ñӏ (LEGO braiding machine)òᴪ

⌠ ᶛ ̆ ≠ԍԅ ῒ ᵬ Ȃ 

( ̔῾ ᴪ ̆ ԅץ ѿҊ ̆ ̙) 

** 

ѿ ԅ ȂFigure 107 ԅѿ Ҭ ӈ

Ҍ Ȃᵰ ף ָӇ ̙ 

** 

ꜚ(shivering on braiding)ᴪ֟ ָӇ ̆ ȁ ץ

ҕף ᴪ֟ ָӇ ̙
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Figure 104  Bȁ

Ă ᴪ ֲѿ ꜚ Ȃ 

B 

A 

 

Figure 105  ᴪ֟ ѿ ꜚ (mp4 film É 

Franz Aichinger)Ȃ ⱴ ̙ 

( ̔ Ȃ ҩ

ñTerrific Tumbling Rings of Antiquityò̆ YouTube

ҺActionLab Ȃ) 

Figure 106  ᾣ ꜚȂ 

꜠:  

ᴃЕ 

ᴃЕ ᴃф 

ᴃф 

ᾩ ꜠:  
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Ҭ ꜚҍᾣ   

 

ѿҩ ̔ ᵈ ̆ ױ ᵥ Ҭ ꜚ ̙ 

19ҕ ѿ ̆ ꜛԍ Ҭ ꜚȂFigure 104 ԅ

ѿ ̆ ѿ֓ DIYȂ ᵟ B Ă AᵌӍᴪ

ҩ ץ Ҋ ̆ Figure 105 ȂҌ ֪ ѿ ̆ ᴪ

ֲȂ ҉̆ ̆ ѿץ↓ ꜚ̆֟ ԅ ꜚ

Ȃ ҩ ױ ‗ԅѿ֓ ╠ѿ ꜚ Ȃ 

῏ԍ ꜚ Һ Ҋ̔ 

 

 ꜠(translational particle motion) ԍ (strand substitution)̆

ñ (strand hopping)òȂ 

 

ꜚ Figure 106 Ȃ Ҭ̆ҍ Ҍ ̆

ᵬҹѿҩ ᵣ ꜚȂץᾣ ҹᶛ ̔ᾣ ѿ׆ץ ⌠

ѿ Ȃ ҩ ̆ῒ ѿ ᾣ ̆ᵖ Ȃ 

ץ └ ꜚ Ӟ ԍ Ȃ Figure 106 ̆ѿ

( )̆ (unbraiding)̆ ץ ѿ ᵟѿ

Ȃ ̆ ᵞȂ Ҭ̆ ӊ ץ

ꜚ ᾣ ѿҩ ̆ ᶏ ѿ ᵌҊ ṿҹ Ȃ 

₮̆ ꜚ └ ԍ׆ ⌠ ῏ Ȃ (ɒ

ꜚⱬ (QED)Ҭ )̆ Ȃ

֓ └̆ ׆ ⌠ Ȃ 

ӊ̆ ץ ðð ðð Ҭ ꜚ̆

ꜚ ᾣ ꜚ ̆ ҹᾣ ᴋᵥ Ȃ

̆ᾣ ̔ ӈ Ȃ 

Figure 106  ѿ W Ṝ Ȃ 
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Е ғ  

 

₮ԅѿ↕ ⱬ ̔ ѿ ȁң ҈ Ȃ

ѿҩ (family of tangles) ̕ѿҩ ҩ ̆ ױ

̕ ῤ Ҍ ԑ῏ ̆ Ȃ 

ԍ ̆ ̔ᾣ ȁW ȁZ ȁ ̆ ῃ

1 Ȃ ԍ ̆ ̔ ף҈ ᾥȂ ԍ҈

̆ ̔ ѿҩ ף҈ ȂҬ ҍ Ҭ Ҍ ̆

ғ ᾥ Ȃ ̆ ̆Ҍᴪ ⌠ Ҭ ɓ

Ȃ Ҍ Ȃ 

ԅ Ȃ ԍ ̆

Ӟ ҍ ѿ Ȃ ̔ Ҭ ֜

Ȃ 

ԅ ᾥ ̆ ᾛ Ȃ ԍ׃

̆ ԅ ̆ ԅ ᾥ Ȃ ₮ԅѿ

Ȃ 

Ҭ̆ ⌠ Ȃ ̆ ‰ ӊ

Ҍ ̆ ҹҌ ▼ᵩ Ȃᶛ ̆ ҬҌ ȁ ᾥ

Ȃ ̆Ҍ ῒ ῒ ԑᵬ Ȃ ≢

̆2012ḱ ̆ ԅ Ȃ ҉̆

ᴋᵥ ̆ ҍ ᶏӊ Ȃ 

ӊ̆ ԅҹָӇ ̆ ῒ Ҍ

Ȃ ‗ԅңҩ Ȃ ҉̆

Ҭ ѿҩ̆ ғ ╠Ӟ ѿ Ȃ 

 

 

Ҍ 3 

 

̆ ‰ Ҭ ₮ 3̆ ’Ҋ̆

҈ ף҈̔ ȁ҈ ԑᵬ ȁ ᾥ ṿ 1-פ )1-פ0

)ȁ҈ ȁSU(3)Ȃ ҉̆ ҩ ᴝҬ ⱴԅѿҩ 3̆

3 Ȃ 

╠ ̆ ҈ ̔ ҈ҩ ᾛ Ȃ

ӊ̆ Ҭ₮ 3 ץ Ȃ 

 




