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ἶǮǵ ǵ  

ĚĚǹǯǫǵ ǲ ǮǔȒ ǵר ĚĚ 

A LIFE COM. ɎȢȨ Ὑ 

ὰ῎ᴇ˲ 

1 ȅǏǓǔ 

Ǔ ǲ ǞǭǋȒ ǵ ǮǶ ЛǮ ╨ șὑ ǞǦ ǚǵὑ Ƕ ǑȏǺ ǮʦǏǦ ╨

ș̓ Ǟǭ ɓɶɨȦ Ǯ ș ǮǔȒ ș ǠȒ ǲ ǯǞǭǵ ǲ ǵ ǜ ǑȏǺ Ҳ ș̓

ǠȒ ǚȓȐǵ Ƕ Ǯὑ ǞǦ ǮǶ Лș̓ Ǟǭ ș Ǔ ǲὑ ǞǦ Ǥǵ Ƕ ș̓

Ǟǭὑ ǞǭǋȒ ǤǵȏǍǱ ǵὑ ǮǶ ǵ ǜ ǵ̟ ǠȒ ǑȏǺ Ƕֿ ǲἭ᷀ǠȒ Ǥǵ

Ǯ ǮǔȒ Ƕ ↔ר ǵ ǮǉȒ ₴ ᷀ǮǶ Ǥǵ ↔ר ǶȠȢɱȵɣȽȢɱǵ ᾍר

Ǯ̓ ǠȒ ↔ר ǮǉȒȉǵǯ̌ὑǞǦ ȠȢɱȵɣȽȢɱǵ ᾍר ǮǶ ǵ ǫЋȦɋɩȬɶș

̓ ǞǭϽǓ ș ǫ ǮǉȒǚǯș˔ ǞǭǋȒ ǚǵǚǯǮǶ ᾍר ǮϽǵ ǑȏǺ ἧǯǞǭǵר

ș ǞǭǋȒ ᾍר ǮǶ ἶǮǵȦɶɄɩǵᵂ ǲ ǏǭǋȒ ǚǵ șǠȒḹֻǲǶ ϽǓ

ǮǉȒǚǯǮ ʴǵϽǵ ǜǮ̟ ǠȒǚǯș ǠȒ ʴǵϽș̓ Ǟǭ ș ǠȒǚǯǮǶ ϽǓ

ǓȒǚǯș ǞǭǋǱǋ ʴǵϽǓ ҲǠȒǚǯș̌ὑǞǭǋȒ Ǔὑ ǞǦ ǮǶ ЛǵЛק

ș Ǔ Ǯᶥ Ǟ ǘȒǚǯǮ ǵק ș ǮǔȒ Ǥǵ ǵ ǮǶ ǮǉȒǚǯș ἶǵ ╛Ǯы Ǯǔ

Ȓ ǚǵǚǯǮǶ Лקʣǵ ǑȏǺ ǵ ǜǮ ǠȒǵǲ ↔ר ʣǮǵ Ǔ ǫЋȦɋɩȬɶș̌ὑǮǔȒ

ǚǵǚǯǒȐ ș ǠȒֺ ǵЋȦɋɩȬɶș̌ὑǠȒ ↔ר ʣǵֺ̬ ǲὑ ǠȒ ǵ Ǔ

ǵЋȦɋɩȬɶǮЛקʣǵ ǲᾍꜘș♬Ȓ ǚǵᾍꜘ ͜Ǯ ЛǮ̌ὑǠȒ ǲ ǓᾍꜘǠȒ ǚǵᾍꜘ ͜Ǯ

Ƕ ǵЋȦɋɩȬɶǮ ǵק șʦǏȒ ș ǵ ̸ ǮǉȒ ἶǮǵ ǵ ȅǮǮ Ǟǭ

ǋǱǋ ἶǮǵ ǵ ǮǶ Ǥǵ ǲǫǋǭ ǞǭǋȒ  

ǮǶ ЛǮ ș̓ Ǟǭ ǑȏǺ ș ǽ ǑȏǺȦɋɩȬɶǲǫǋǭ όǞǭǋȒ ǶɓɶɨȦ

Ǯ ǖǚǯǓǮǔȒȉǵǯ̌ὑǞǭ ↔ר ʣǵ ǯǵ ͜ș ǠȒ ╨ ǵ ǜǑȏǺ Ҳ Ǯ ǵ ǵ

╛șʦǏȒ ǮǶ ɉɣɶɆɱҘἶǮǵ ᾍ șבὑǮǔȒ όșǠȒ ǮǶ ɉɣɶɆɱҘἶ

Ǯǵ ᾍ șבὑǮǔȒ όșǠȒ ǑȏǺ ǮǶ ǵ ╛ǲǫǋǭǵ όǮǉȒ  

ǮǶ Ͻǵ ǑȏǺ ἧǯǞǭǵ șר ǏǱǓȐ ǲǫǋǭ ǞǭǋȒ Ͻǵ șʝר ǵ ǲ̌ὑ

ǠȒǚǯǮǵ ǵ ș Ǯ ǏȒ ǚǵǚǯǮǶ ᾍר ǯǶ ǱȒ ǲǫǋǭ ȓǭǋȒ  

ǮǶ Ǔ ǲ ǞǭǋȒ ǵ ș̓ Ǟǭ ǓρǏȒ Ҳ șᾚїǠȒǦȈǵ ρǯǞǭ Ǔὑ

ǞǦ ǲǫǋǭ ǞǭǋȒ ̊ Ǯȉ ǑȏǺ ר ĚĚ șὑ ǠȒ ǲ̓ ǞǦȉǵ

ĚĚș̓ ǠȒ  

ǮǶ ǵ ǵ ǵ Ǯǵ ǓρǏȒ Ҳ ǵᾚї ǲǫǋǭ ǞǭǋȒ ǓρǏȒ Ҳ

ǓᾚїǮǔȒǚǯǮ Ǥǵ ǵ ș̌ὑǮǔȒ Ǥǵ ǒȐ Лǵӭ♄șᾚїǞǦ  

ǮǶ ǓρǏȒ Ҳ ǵק ǑȏǺ ʴǵϽǵק ǲǫǋǭ όǞǭǋȒ Ǔ ǫЋȦɋɩȬɶș

̓ Ǟǭ ↔ר ʣǮǵ ǵ Ҳǲǫǋǭ Ǐ ȦɋɩȬɶǵ ѝǑȏǺ Ḹǵ̟ ǲǫǋǭ όǞǭǋȒ  

ǮǶ ↔ר Ǯǵ ǵ Ȇ ǲǫǋǭ όǞǦ Ǥǵ ǲ ǓρǏȒ Ҳ ǵ șᾚїǠȒǵ

ǲ̓ ǠȒ╛șᾚїǞǭǋȒ  

ǮǶ ǓρǏȒ Ҳ ǵ șᾚїǠȒ ǤǵᾚїǜȓǦ ǵ╛ș̓ Ǟǭ ʴǵϽἧǵ ǲǫǋ
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ǭ ǠȒ ǚǵ Ƕ ȠȢɱȵɣȽȢɱǵϽ ἧ̌ ǑȏǺ ǵ ǫЋȦɋɩȬɶș̓ ǞǦ ǲʝ ǠȒ  

ǮǶ ǵρǏǭǋȒ Ҳ ǵ ǵ ǜș ǵЋȦɋɩȬɶǑȏǺ Ҳ Ǯ ǠȒ╛șᾚїǞǭǋȒ

Ǥǵ ǵ ǜǵ╛Ƕ șר όǠȒǵǲ̓ ǮǔȒ ᶥ̊ ǵ όǮȉ̓ ǮǔȒ  

ǮǶ Ǔ ǠȒ ↔ר Ǯǵ ǲǫǋǭ όǞǭǋȒ ǚǵ όǮ ǓρǏȒ Ҳ ș̓ Ǡ

ȒǚǯǮ Ӵǲ ǏȐȓȒ ↔ר ʣǮǵ ǵ Ȇ ș ǏȒ ǚǵꜘ ǮǶ ǵ ǫЋȦɋɩȬɶǮ ǵἭ

᷀ǲǫǋǭ Ҳ Ǯ ǮǔȒ ǵ ↓ǵ ǜǓǰǚȅǮȉ ǲ Ǭǖǚǯș̌ὑǞǭ Ǔ ↔ר ʣǲ

ǠȒǚǯș ΙǮ ǞǭǋȒ ǚǚǵ ǮǶ Ǥǵ ǵ ǵ ǜ ǑȏǺЋȦɋɩȬɶǲǫǋǭ όǞǭ

ǋȒ ǚȓȐǵ Ƕ ЛǮ ș ǠȒǚǯǮ ǵ ȅǮȉ ǵᾍ ǯǱȒ  

ǮǶ ǵρǏȒ Ҳ ș̓ Ǟǭ ǫǵ ↔ר Ǯǵ Ҳ ǵẀ șᾚїǠȒ ǚǵ Ҳ ǵẀ Ƕ

ȠȢɱȵɣȽȢɱǵ ᾍר ș̓ ǞǦȉǵǲ Ǟǋ ǜȐǲ ǵ Ҳ ș̓ Ǟǭ ↔ר ʣǵ ǵ

↓ǵ ǜșᾚїǞǦ  

ǮǶ ȅǮǵ ș̓ Ǟǭ ǑȏǺȦɋɩȬɶǲǫǋǭ όǞǭǋȒ ǵ ↓ǵ ǜ

ǓρǏȒ Ҳ ǵ ǑȏǺ ǵ ǜǲǫǋǭ ǵ ș ȀǭǋȒ  

ǮǶ Ǔ ǲ ǞǭǋȒ ǵ ǵ ǵᾚїר șɇɔɫȢ ǯ ǞǭǋȒ Ǔ ЛǮǵ

ș̓ ǠȒǚǯǮǶ ɇɔɫȢ ǯǶ ⱪ ǲ ǱȒ ǓρǏȒ Ҳ ǑȏǺ ǵ╛ǲǫǋǭǶ ᾍר

șɇɔɫȢ ǲ̓ ǠȒǚǯǮᾚїǮǔȒ╛Ǯʝ ǠȒǚǯș ǞǭǋȒ  

̂ ǮǶ Ǔ Ẏǲ ǠȒḹֻǮ ǵ ǜǓ ǲǱȒǚǯǲǫǋǭ όǞǭǋȒ ǚǚǮǶ ǵ ǜǓ

ẎǲǱȒḹֻǮɉɣɶɆɱҘἶǵ ˛̸ ǲǫǋǭ όǞǭǋȒ  

Ʋ ǑȏǺ Ƕ ǵ ἶǮǵ ǵ ǵ ᶥǒȐ ᶥǮǉȒ ᶥǑȏǺ ᶥ

Ǯ ╨ șὑ ǞǦ ᶥǮǶ șὑ Ǟ ⱲǓ Ồ Ǯ Ȓǚǯș̌ὑǞǦ Ǥǵǚǯșꜘ Ǟǭ Ǔ

ǲ ǞǭǋȒⱲǵ ǵɠɅɩș ǞǦ ᶥǮǶ ἶǵ ѸșדȈǦʫ ǵǠȀǭș ȀȒ ǵ ʝǲǫǋ

ǭ όǞǦ ›ἶ ǯǞǭǵⱲǵɠɅɩǮǶ ʺ₉ ǵʢⱩșᾚЊǞǭ ǞǦ ᶥǮǶ Лǲ˜ ș Ǟ

όșǞǦ ǚǵǚǯǮǶ ЛǮ ș ǔⱲǲǫǋǭ όǠȒǚǯș ȆǦ ǜȐǲ ЛǮ╩↓ș ǠȒ ǵ Ǡ

ȀǔΉ ǲǫǋǭ ǞǦ  

Ƕ ǵ ș ǞǭǋȒɓȟȢɩǮǉȒ Ḩ ὑ ǵΙș ȒǚǯǓǮǔȒ ȢɱȽɶɋɁɆʣ

ǮȾȤɱɫɶɇǞǦɓȟȢɩǮǉȒ Ǔ șȾȤɱɫɶɇǞǦȳȢɆǶ NationalInstitute of Standards and 

TechnologyĚĚ Ƕ NIST ǮǉȒ ĚĚǵȳȢɆǮǉȒ ǚǵɓȟȢɩǵɕɧɱȭὑ Ǯ̓ ǞǦɓȟȢɩǮǉȒ

ʴǵϽǵ ǜș֓ ǲǞǦ  

Ƕ ǵɓȟȢɩǮǉȒ ȢɱȽɶɋɁɆʣǮȾȤɱɫɶɇǞǦɓȟȢɩǮǉȒ ᶮ Ӵ̬ ǵḨ șʦǏȒɓ

ȟȢɩǮǉȒ ǜ Ҙἶ ↓ ǑȏǺϽ↓Ǔ SI Ǯὑ ǠȒḨ ǮǉȒ ǚǵɓȟȢɩ

ǵ ʴǵϽǵ ǜǶ ǵ ǜǵὑ Ǯ̓ ǞǦȉǵș ǞǦ  

ǑȏǺ Ƕ ǵ ᾍר ǮǵɓȟȢɩǮǉȒ ǮǶ ᾍר Ǯǵ ↓ǵẀ șᾚїǞ

ǭ ǞǭǋȒ ↔ר ʣǵֺ̬ ǲὑ ǞǭǋȒ ǵֿ ǲǫǋǭ όǞǭǋȒ ǜǓ֛ ǠȒǚǯȉ όǞ

ǭǋȒ ↓ǵὑ șʦǏǭǋȒ ǓẎἶ ǵ ǲ Țǧᴇ ǵ ἶǵᾐ ǮǶ ↓ș Ǯὑ ǞǭǋǱǋ

Ǯ ǮʦǏǭǋȒȉǵǓǉǪǦ Ƕ Ǯ ↓șὑ ǞǦ ǮǶ Ǯқ ↓șὑ ǞǦ ǮǶ

ǑȏǺЋȦɋɩȬɶǵẀ șᾚїǞǭǋȒ ș Ǔ ǲὑ ǞǭǋȒ Ǥǵ șᾚїǞǭǋȒ

ЋȦɋɩȬɶ Ҳ ǵẀ ǑȏǺ ǵẀ ȉᾚїǞǭǋȒ Ҳ ǵẀ ǑȏǺ Ҳ ǵ ѝ-ȦɋɩȬɶǵẀ ȉᾚ

їǞǭǋȒ ɉɣɶɆɱҘἶǑȏǺȠȢɱȵɣȽȢɱǵ ᾍר Ǯǵ ↔ר ʣǮǵ Ҳ ǵ όșǞǭǋȒ  
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ǮǶ ₴̈ǵ ἶǵᾐ ǮǉȒ ɇɔɫȢ ǲǫǋǭ ǞǭǋȒ ʥ ὑרԍ ș̓ ǞǦ

όǮ șר ǞǭǋȒ  

ǑȏǺ Ƕ ǓḨ ἶșἶȚǧᾐ ǮǉȒ ǵ Ҳ ǵ Ҳ ǑȏǺɇɔɫȢ ǲǫǋǭ

ǞǭǋȒ ǵḨ ἶǶ ǑȏǺ șḨ ǲǞǭ ₴ ᷀Ǯǵ ǵ ǵ̱ șʺ█ǠȒᾐ

ǲר ǪǭǔǭǋȒ  

Ƕ ɇɔɫȢ ǑȏǺ ↓ǲǫǋǭ ǞǭǋȒ ₴̈ǵᾐ ǮǉȒ ȠȢɱȵɣȽȢɱǵ

ᾍר șꜘ ǞǦ ș ǞǭǋȒ  

Ƕ ᾍר ǑȏǺʝ ᾍר ǲǫǋǭǵȠȢɱȵɣȽȢɱӵṲǵ ș ǞǦ ǮǉȒȉǵǯ

ȖȓǭǋȒ ר ǑȏǺ Ҙ Ǔ Ǟǋǚǯș ǠȒ Ǔ ǪǭǋȒ  

ǑȏǺ Ƕ Ǔ ̬ǲǫǋǭ ǞǦɓȟȢɩǮǉȒ ǓẎἶ ǵ ǲᾐ ǑȏǺẎἶǵ

Ǯ ǵȆǮɛɄɱȵɡɩȦɋɩȬɶǑȏǺҘἶ ȦɋɩȬɶͪἭǵ Ѹș ǞǭǋǦ Ǯ Ƕ

ǮɛɄɱȵɡɩȦɋɩȬɶǵὑ șʦǏǦ ǜȐǲ ǶҘἶ ȦɋɩȬɶͪἭǵ Ѹș Ǯ ǞǭǋȒ ̂

ǮǶ ǵȦɋɩȬɶͪἭѸ ᾍר ǵЋȦɋɩȬɶǑȏǺϽ ἧ̌ Ǯǵ ἧȦɋɩȬɶș Ǟǭǋ

Ȓ ǓẎἶ ǵ ǲǶ ǵȦɋɩȬɶǵͪἭѸǶȂǯȚǰ ǓǱǖ ǵȆǮǵҘἶ ȦɋɩȬɶǵͪἭѸ

Ǯ ȅǢǭǋȒǚǯș ǞǦ ǮǶ ȭɶɫɱҘș ǞǭǋȒ ȭɶɫɱҘș̓ Ǟǭ ɛɄɱȵɡ

ɩȦɋɩȬɶșᾚїǞǭǋȒ ̂ ǮǶ ᶮ Ӵ̬ Ǯǵ ʴǵ ǑȏǺ ʴǵϽǵ ǜș Ǟǭ

ɚɶȠǵԍἧɠɅɩǲǫǋǭ ǞǭǋȒ ɚɶȠǵɠɅɩ Ƕ ǚǵɓȟȢɩǮ ǓρǏȒ Ҳ șᾚїǠȒ

ǲ ͜ǓǉȒ ̂ ǮǶ ǲ ֵș̌ὑǞǭ ҘǑȏǺ ɛɄɱȵɡɩȦɋɩȬɶȉ όǞǭǋȒ

ǓẎἶ ǵ ǵᾐ ǮǶ Ƕ ǵΙǮ ǜȓǭǑȑ ǵΙǶ ǞǭǋǱǋȉǵǓʝ ǮǉȒ ǵ ǲ

ǫǋǭ ȓǦǚǯǓ ȒǵǮ̂ Ǯ όǞǭǋȒ ǮǶ Ǔ ɛɄɱȵɡɩȦɋɩȬɶǮ ̬șὑ

ǞǭǋȒ ǓẎἶ ǵ ǵᾐ ǮǶ˿˗ ș̓ Ǟǭ ǒȐ Ҙǲ Ǟǭ ș ҲǜǢǭ ̬ǉȒ

ǋǶ ᶿǵ șǞǭǋǦ ǚǵ ǮǶ ̬șὑ ǞǭǋǱǋǮ ǮǉȒ ̬ǵ șǞǭǋȒȉǵǯ ǏȐȓ

Ȓ ǉȒǋǶ ̬ǵὑ ǯǞǭǶʥ ўǱȉǵǯǞǭ Ƕ ǍȉǵǮǉȒ ǤǵȏǍǱ ǒȐ ș

Ҙǲ Ǟǭ ҲǜǢȒ Ƕ ̬ǵ ȏȑȉ Ҙǵ ǵ Ǔ ўǱǚǯȉ ǏȐȓȒ ҘǶ Ǯ Ǔ

ὑ ǞǦȉǵǓǉȒ ǮǶ ̬ǵ ǴȖǢǵԍ ȉ ǞǭǋȒ ̂ ǮǶ ǲ ֵș̌ὑǞǭ ̬ș ό

ǞǭǋȒ ǮǶ Ǯ Ǔὑ ǞǦ ̬ș̓ Ǟǭ ̬ǵὑ șʦǏǦ ǲ ǞǦȏǍǲ˿˗

Ǯ ̬șὑ ǞǦȉǵ ǉȒǋǶ ̬ǵὑ șǞǱǋǮ ̬ǵ șǠȒᾐ ǷǒȑǯȉדǍ ș ǓẎἶ

ǵ ǲ ǞǦ ̬ ᾚ̱ ȪȤȷǵ ѸǑȏǺȱɱɅɱȳǵ șǞǦ ̂ ǮǶ ɜȭȷȤȥɩǵ ╛

ǲǫǋǭ Ӵǲ ǞǦ ǮǶ ᶥȅǮǵȉǵșꜘ Ǟǭᶥ șǠȒ Ǥǵ ǮǶ Ҙ Ǒ

ȏǺȢɱȾȭȽɱȷș̓ ǠȒ ǚȓȐș Ǔὑ ǞǦȉǵǮ ǞǦ Ȩɶɞǵ ѸǮǶ Ẏἶǵᾐ ǮǶʥ ў

ǮǉȒȉǵǯ Ǔ ǍȉǵǓǉȒ ǚǚǮǶ ǮἶȚǧȨɶɞǵ Ѹǲǫǋǭ ǞǦ ǵͪἭѸǑȏǺ

ȫɩɐəɁɓǵ Ѹǲǫǋǭȉ ǞǦ ȫɩɐəɁɓǵ Ѹǵ ѸĚĚ ᶿ₳ ǵ Ѹǯȉᴇ ǮǶᴀȚǮǋȒ

ĚĚǮǶ ǵȦɋɩȬɶǵͪἭѸșꜘ ǞǭᾚїǞǦ ǮǶ ̬ǵὑ ǲǫǋǭ ǵ șȅǯȈǭ

ǋȒ Ωǫǒǵὕ ǲ᷀ǪǦ ș̓ Ǟǭ ǵ ̬ǵὑ ǯǵ șǞǦ  

ǮǶ ⱨѝ ѝἶǲǫǋǭǵᾐ ǮǉȒ Ǔ̓ ǞǭǋȒⱨѝ͜ ǑȏǺⱨѝǵὑ Ƕ ǵȉǵ

ǮǉȒ  

ǑȏǺ Ƕ ǵẎἶ ǵ Ǯǵᾐ ǲǱȒⱲ ǵᶥ ɠɅɩǵ ǮǉȒ Ƕ ǵʹ

Ṳ șḨ ǲǞǭǋȒ Ⱳ ǵᶥ ɠɅɩǵḨ șʦǏǭǋȒ ǤǵḨ ǮǶ ȱɱɕɧȢȠɱȷǑȏ
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Ǻ ȓǵ ș Ǔ ǲὑ ǞǭǋȒ ʹṲ ǲǶ ǞǭǋǱǋȉǵǮǶ ɕɪɁȵɡəɫɭǑȏǺКᶿѰⱣК

ᶿ șὑ ǞǭǋȒ ǮǶ ǵ ǲὑ ǞǦ ǵװ ǑȏǺȢɱȾȭȽɱȷș ǞǭǋȒ

ǚȓȐǵ Ƕ ǵḨ ǲꜘ ǠȒ ȱɱɕɧȢȠɱȷǵ ǮǶ ǓẎἶǵἶ ǵ ὙǮ șǠȒ

Ѽǲ ǜȓǭǋǦ ǓǉȒ Ǥǵ ǮǶ ѝ Ǔ ǲǱȒ ǮǉȒǚǯǓ ǲǶȖǒǪǦ ǚǵǚǯ

Ǯ ѝ Ǔ ǲǱȐǱǋ ș Ǔ ǲ ǞǦ ǜȐǲ їǵȉǵǮǶⱲ Кǲ Ǔ ȒǚǯǮⱲ Ǔ֛

ǑȏǺ╤ ǠȒǚǯș̌ὑǞǭǋȒ ǚǵǚǯǶ ἶǵḸףǯǶ ǱȒ Ⱳ ǲ ș Ǐǭ Ⱳ ǲ֛ ǑȏǺ

╤ ǠȒȏǍǲȦɋɩȬɶșʦǏȒⱳ ǓǉȒ ǚǵȦɋɩȬɶǵ ș ǵ ǵ ǮǶ КᶿѰⱣКᶿ Ǯ

ǞǭǋȒ Кᶿǲ ǞǭǶ Ẏ ᶿѝșⱲ ǑȏǺ Кǲ̸ ǞǭǋȒКᶿǒȐ╠ǋǦȉǵș ᶿǯǞǭ̓ ǜȓȒǚ

ǯǓǉȒ ǚǵ ᶿșǤǵȅȅ ǲ̓ ǠȒǚǯșʺ█ǞǦ Ǔ їǵȉǵǮǉǪǦ Ǔ ǲ ǞǦⱲ

ǵᶥ ɠɅɩ ǮǶ ᶿǲẎ ᶿѝșқǏǦϷǵКᶿș̓ Ǟǭ ǞǭǋȒ  

Ƕ ǵⱲ ǵᶥ ɠɅɩǲǫǋǭǵѧⱲ ׄǘǵ șǞǭǋȒɓȟȢɩǮǉȒ

ǑȏǺ ǮǵѧⱲ ׄǘǵ ș̓ Ǟǭ ǞǭǋȒɓȟȢɩǮǉȒ  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ǮǶě ȑĜǓǱǋǚǯșͪ ǶǞǱǋ ǵ ǵ̸ Ƕ˹♥ȉ Ǎ˔ὑǮǉȒ ǵě ȑĜǓ ǫǒǪ

Ǧ ǲǶʥὑ ǲ ș ǋ ǠȒ˔ὑǮǉȒ  
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2 ╨ ǵ Ẁ ǵ  

╨ sinusoidal wave ǵ ǜ 2.1 ǶЛקʣș Ǯᶥ Ǟ ǘȒ point ǵ ǜ 2.2 ǲ Ǟǋȉǵǯὑ

ǞǦ ǚǵὑ 2.2 ǮǶ 2.3 ș̌ὑǞǭǒȐ distance ǑȏǺ ǜ speed ǵ ͜ 2.4 șʦǏǭ

ǋȒ ǑȏǺ ǜǵ ͜ 2.2 ǑȏǺ 2.4 ǮǶ 2.5 ș 2.3 ǵǮ ǞǭǋȒ  

()( )2.1wave 3tv ǵ ǜ 

()
( ) ()

( )2.2lim
0

wave 3
t

t

h h

tlhtl
tv

t

-+
¹


ĚĚ Лʣǲ̌ὑǞǦ Ǯὑ ǠȒĚĚ ǵ ǜǵὑ  

( )2.33t  

( ) () () ( ) ( ) ( )2.40;lim,;
0

wave 3ö
÷

õ
æ
ç

å =+Ö=-+


tl
h

tltt hththtvtlhtl
t

aa  

( )2.53th  

Ƕ ͜╛ 2.4 ǵֳ ǵ ǲ ǞǦⱨѝ

differential 2.6 Ǯ ǑȏǺ ǜșʦǏȒ 2.3 ǵ

ν neighborhood Ǯ ֯ ǮǉȒ ǚǵ 2.3 ǵ

νǵ Ƕ Ǥǵ ǲᾍꜘǠȒ ǑȏǺ ǜǯВǲἭ᷀ǠȒ  

() () ( )2.6d wave 3thtvtl Ö= Лקʣǵ ǵ Ҳ ǵⱨѝ 

ⱨѝ 2.6 ǵ ǜǑȏǺ Ƕ Лʣǵ ǵ Ǯǵ

ᶥ Ǔ
ɵ

Ǐ
ɵ ɵ

Ǳ
ɵ

ǖ
ɵ

ǖǚǯǮ ǞǭǋȒ ἶǮǶ

ҲǮ̟ propagation ǠȒ ╨ ș̌ὑǠȒǚǯǮ

↔ר inertial coor dinate -system ʣǮǵ ǵ ↓

ҲșᾚЊǮǔȒ ǵ ↓ ҲǮȦɋɩȬɶș̌ὑǮǔȒ

ǚǵǚǯǮǶ ǜ ǑȏǺȦɋɩȬɶǓВǲἭ᷀Ǡ

Ȓǚǯș ǠȒ ἶǮǵὑ ǵ ⅜ǮǶ ȦɋɩȬɶ

Ƕ ǜǑȏǺ ș̓ Ǟǭὑ ǠȒ ǚǵȏǍǱ ⅜Ǯ

ǜǑȏǺ ș ǏȒǯ Ƕ Ǯ ǠȒ Ƕ

ǵ ǒȐ observation ǠȒǚǯǮ ș ǠȒװ ⱨѝ

2.6 ǮǶ 2.3 ș̌ὑǞǭǉȒ Лקʣǵ ǵ Ҳ

ǵⱨѝ 2.6 Ǯǵ 2.3 ǵ νǵ ǑȏǺ ǜ

ș Ǥǵ 2.3 Ǯὑ ǮǔȒǚǯș ǞǭǋȒ 2.3 ǵ νǓ ̊♥Ǟǒ̌ὑǮǔǱǋḹֻǮǶ

̊♥Ǯǵ 2.5 2.6 ǑȏǺ ǜ 2.2 ǵ 2.3 ǲὑ ǮǔȒ  

2.5 2.6 ǑȏǺ ǜ 2.2 ǵ 2.3 Ƕ ЛǮ ǮǔȒǵǮ ↔ר șⱳ ǯǞǱǋ Ȧɋɩ

ȬɶșᾚЊǠȒ ǲ ↔ר ș ǠȒǚǯǲǱȒ  

ЛǵЛקș Ǯ Ǐ Ǳǖᶥ Ǟ ǘȒǚǯǶ Ǥǵᶥ șǞǭǋȒ Ǔ ǮЛקʣș 2.6 ǧǘ ҲǠȒ

ЛǵЛקʣǮǵ ǜǶ Лǵӭ♄ radius Ǯ ǱȒǚǯǓ ק angular frequency 2.7 ș 2.8 ǲ ǔ

Ǟǭ ǜ 2.9 Ǯ ǮǔȒ  

()
()

( )2.7
s

rad
 

d

d
3

t

t
t

q
w ¹  

( )2.82 3npw ÖÖ=T ╨ Ǯǵ Ҳ ǑȏǺ Ҳ frequency ǵ ͜╛ 

 ᶫ 2.1 қ Ǯǵ ᶥȑǵ╩↓ 

()
r

l
tt

l
pwq const. clock1counter 

clock1counter clock1counter 2 ÖÖ+Ö=  

x

y

r+

r+

r-

r-

O

const. clock1counter q

const. clock1counter l

()tl clock1counter 

()tclock1counter q

tr ÖÖ clock1counter w
tÖclock1counter w

const. clock1counter P

clock1counter P

rad 0P
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( )2.93Trv
T

ww Ö=  

ǜ 2.9 Ǯᶥ Ǟ ǘȒ ǲᾍꜘǠȒ ↔ר ș̌ὑǠȒǵǮ ǜ 2.9 ǮȦɋɩȬɶș̌ὑǮǔȒ ǤǵȦɋ

ɩȬɶș ǮǔȒ Ƕ ↔ר ʣǲ ǞǭǋȒ ǚǵȏǍǱȦɋɩȬɶș ǠȒ όǮǶ Ǥǵ Лǵӭ♄ș

ǜ 2.9 ǲᾍꜘǜǢǭ ὑǠȒ Лǵӭ♄ș ὑǠȒǚǯǶ Ǥǵ ЛǮ ǖ ╨ ǵ 2.10 wavelength

ș ὑǠȒ  

( ) ( )2.100,2 3¤<<ÖÖ¹ lpl r ╨ ǵ ǵὑ  

2.11 ǶɓɶɨȦ ǮǉȒ 2.11 ǵ ()qf Ƕ ɨɶɜɱ ѝ֯ Ǳק ǮǉȒȉǵǯ̌ὑǠȒ 2.11

ǵ‼ ()qf ǵק Ƕὑ Ӣ 2.12 Ǯ ǮǔȒ 2.13 ǵ ֻCǶ ș ǠȒװ  

()
()

() ( ) () ( )( ) ( )2.11cossin
2 1

0 3ä
¤

=

ÖÖ+ÖÖ+=
m

mm mfbmfa
fa

f qqq

 

[ ] ( )2.122,0 3pq ÖÍ
 

() ( )2.133CÍqf
 

ȦɋɩȬɶǵ όǒȐ ╨ ǵ ǜ 2.9 ǑȏǺ 2.10 ș ὑǮǔȒǯ Ҳ 2.14 ș ǮǔȒ ǚǚǮὑ

ǞǦ ╨ Ƕ ↔ר ʣǵ Ǔ ǜǢȒ wave ș ǖȉǵǮǶǱǋ ǚǵ ╨ ǮǶ ↓ ҲșǠȒ

ǵ ș Ȓ ǯǞǭ ǍǚǯǓǮǔȒ Лǵ ╨ ǮǉȒ ǚǵ ╨ ǵ╩↓Ƕ Ǥǵ ǵ ș ǠȒɓɶ

ɨȦ 2.11 ǵ╩↓ǮǉȒ ȉǵǯ ǏȒ ǚǵ ǮǶ ȦɋɩȬɶǑȏǺ Ҳ 2.14 șǹǯǫǵ ǲᾍǞ

ǭ̌ὑǞǭǋȒ Лǵӭ♄ǑȏǺЛקʣș ᶥ Ǟ ǘȒ ǵ Ҳ Ǯ ǤǵȏǍǲ ᶥ ș ǘȒ Ǯ ǖ ╨

ǵ ǑȏǺ Ҳ ș ǮǔȒ Ǥǵ ǑȏǺ Ҳ ș̓ Ǟǭ╩↓ș ǮǔȒ ╩ǵ╩↓ș ǠȒǵǲ

2.3 ș̓ ǮǔȒ ǚǵ 2.3 ǲ Лקʣǵ ǵ Ҳ ǵⱨѝ 2.6 ǮЛקʣǵ ǵ Ҳ Ǥǵ ǵ

ǜǑȏǺ Ҳ ǓВǲἭ᷀ǠȒǚǯșͪ ǜȓȒ  

( ) ( )2.140,Hz 3¸¹ l
l

n
wT

v
╨ ǵ Ҳ ǵὑ  

( )2.33t  

() () ( )2.6d wave 3thtvtl Ö= Лקʣǵ ǵ Ҳ ǵⱨѝ 

ǲϽἧ photon ș̌ὑǠȒ ϽἧǶ ʴǵϽǵ ǜ 2.15 speed of light in a vacuum Ǯ ↓ ҲǠȒ

ǚǵ ǲ 2.15 ǵֳ ǵ Ҳ nǑȏǺ lș Ǡǚǯș̌ὑǠȒ ʴǵϽἧǵ ǫȦɋɩȬɶș 2.16 Ǯ

ǮǔȒ ϽἧǵȦɋɩȬɶ 2.16 ǵֳ ǲǶɕɧɱȭὑ 2.17 Plan ck constant ș ǞǭǋȒ   

( )2.15 3lnÖ=c ʴǵϽǵ ǜ 

() ( )2.16 3nÖ=hcE Ͻἧǵ ǫȦɋɩȬɶ 

( )2.17s J 1062606896.6 34 3-³=h ɕɧɱȭὑ  

ϽἧǶϽǵ ἧǮǉȒ ǚǵǚǯǶȠȢɱȵɣȽȢɱӵṲǵϽ ἧ light quantum ǒȐ ᾽ǠȒ ɉɣɶɆɱǵ

ἶǮǶϽǶ ǯǞǭ ǮǔȒ ɜȭȷȤȥɩǵ ╛ Maxwellõs EquationsǮǶ electromagnetic 

wave ș ǮǔȒ ϽǶ Ǯ ǜȓȒ ϽἧǵϽǵ ș Ǯ ǠȒǚǯǲǱȒ Ǥǵ șɓɶɨȦ

2.11 Ǯ ǮǔȒȉǵǯ̌ὑǠȒ ǚǵȏǍǲ ǏȒǚǯǮ Ͻἧǵ ǫȦɋɩȬɶ 2.16 ǒȐ Ҳ Ǔ ὑǮ

ǔȒǵǮ ʴǵϽǵ ǜ 2.15 ǵֳ ǵ ǓὑȅȒ 2.10 ș̓ ǠȒǚǯǮ Лǵӭ♄ș ὑǮǔȒ

Ǥǵ ЛǮ ǠȒ╩↓Ƕ ǤǵϽἧǵ Ҳ ǑȏǺק Ǯ ЛǵЛקșᶥ ǠȒ ǵ̬ Ǯ ǮǔȒ ק 2.18

ș̓ ǠȒǯ Ǥǵק 2.18 ǵ ǲ ҲǠȒ ǶϽἧǵ 2.19 ǮǉȒ  
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( ) ( )2.180,s 3¸¹
T

T

v
v

T w

w

l
╨ ǵק ǵὑ  

( )2.19 3TcÖ=l  

ȠȢɱȵɣȽȢɱǵ ᾍר the special theory of relativity ǮǶ ʴǵϽǵ ǜǮ ș ǞǭǋȒ

ʣ ǵ Лǵ ǮȉϽἧǵ ǫȦɋɩȬɶș̓ Ǟǭ ʴǵϽǵ ǜǮ ș ǞǭǋȒ Лקʣǵ ǵ Ҳ

ǵⱨѝ 2.6 ǒȐ 2.20 șᾚїǮǔȒ ǚǵǚǯǮ 2.20 ș ǮǔȒ  

() () ( )2.6d wave 3thtvtl Ö=
 

()
()

()( ) ( )2.200,
d

wave

wave

3Ö¸= tv
tv

tl
ht  

ș Ẁ ǯǞǭ ╨ 2.21 ǵ Ẁ ǮǉȒ╩↓ 2.22 ș ǮǔȒ ǚǵǚǯǮ ╨ 2.21 ǵ

Ẁ Ƕ ǲǱȒ ǚǵ╩↓ 2.22 Ƕ ╨ ǵ ǜǓὑ ǮǉȒǵǮЛקʣșᶥ ǠȒ ǵ Ҳ ǓẀ 2.23

ǯǱȒǚǯǮ ǮǔȒ  

( )( ) ( )2.212sinsin clock1counter  
clock1counter  clock1 counter 3öö

÷

õ
æ
æ
ç

å
ÖÖÖ=Ö

r

l
rlr

l
pq ⁷

 

() ( )2.222 const. clock1counter 
clock1counter clock1counter 3

r

l
tt

l
pwq ÖÖ+Ö=

 

() ( )2.23const. clock1counter clock1counter clock1counter 3ltvtl +Ö=
 

ᶫ 2.1 ǮǶ Лקʣș Ǯ Ǔᶥ Ǟǭ ҲǞǦ ș 2.24 Ǯ ǮǔȒ Ǥǵ ЛǵЛקǵ ǜǶ ╨ ǵ

2.25 ǲǱȒ ╨ ǵ Ҳ Ƕ 2.14 Ǯὑ ǞǦ Ҳ Ƕ 2.26 Ǯ ǮǔȒ ᶫ 2.1ǵ ЛǮ ╨ Ƕ 2.27

Ǯ ǮǔȒ ǚǵǚǯǶ Ǯ ǞǦ  

( )2.24clock1counter 3l Лקʣș Ǯ Ǔᶥ Ǟǭ ҲǞǦ
 

( )2.252 3rr ÖÖ= pl ╨ ǵ  

( ) ( )2.140,Hz 3¸¹ l
l

n
wT

v
╨ ǵ Ҳ ǵὑ  

( )2.262 3npw ÖÖ=T ╨ Ǯǵ Ҳ ǑȏǺ Ҳ ǵ ͜╛ 

()( ) ( )2.272sinsin const.  clock1counter  
clock1counter  clock1counter  3öö

÷

õ
æ
æ
ç

å
ÖÖ+ÖÖ=Ö

r

l
trtr

l
pwq

 

2.20 ǵѝ ǵ ǵ ǜǓὑ Ǯǉȑ ѝἧǵ ǵⱨѝǓẀ ǮǉȒǚǯǮ ș ǠȒǚǯǲʝ ǠȒ

ǵ Ƕ ǤǵȏǍǱ ╨ ǵ̟ ǠȒ ș̓ ǮǔȒ Ǥǵ ╨ ǵ ↔ר ʣǮǵ̟ Ƕ ↔ר ʣǵ

ǵ ǫЋȦɋɩȬɶș ╨ ǵ Ҳ Ǯ ǮǔȒǚǯǮἭ᷀רș ʣ όǮǔȒ ǓρǏȒ Ҳ Ƕ ЛǵЛ

ʣǵק Ǔᶥ ǠȒǚǯǮ ǮǔȒ Ҳ ǮǉȒ Ǥǵ ǵᶥ Ǯ ╨ Ǔ ǮǔȒǚǯǮ Ǥǵ ǵἭ᷀Ǯ ╨

ǵר ș Ǡ Ҳ șЋȦɋɩȬɶǮ ǮǔȒ ЋȦɋɩȬɶș Ҳ Ǯ ǮǔȒǚǯǮǶ ș Ǯ Ǯ

ǔȒǚǯș Ǯ Ǡ Ƕ ↔ר ʣǵ Ǯ ǮǔȒȉǵǯ ǠȒ Ƕ̱ șὑ ǜȓǭǋǱǋ

Ǔ ǶȦɋɩȬɶș ǠȒǵǮ ǑȏǺ ǜșͪ ǠȒ ǚǵͪ Ǯ ↔ר ʣǵ ș̓ ǞǦ

ǑȏǺ Ҳ ǵ ǓʦǏȐȓȒ Ƕ ↔ר ǑȏǺ ЛǮ ǮǔȒ ǵ̟ Ƕ ↔ר ʣǮὑ ǵ

ǜǮ̟ ǠȒǚǯș̌ὑǞǭǋȒ Лǵӭ♄ș ǵӴ̬ĚĚSI ǮǶ ǜ length ǵӴ̬ǵ m ǮǉȒ ĚĚǮ

Ǎ ǲǶ Ǥǵ ЛǮ ǖ ╨ ǵ ₦ amplitude Ƕ ș ǠȒװ ╩↓ǵὑ 2.21 ǮǶ ЛקʣǮǵ ǵ

Ҳ Ƕ 2.22 Ǯ ǮǔȒ 2.22 ǵֳ ǵ ǲ ǞǦ SI ǵḨ base quantity ǮǉȒ ǜǵӴ̬ș̓
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ǠȒǚǯǮ Лǵӭ♄Ƕ 2.23 ǵֳ ǵȏǍǲ ǜǵӴ̬ǯǶ ǱȒȉǵǲǱȒ SI ǵḨ Ӵ̬ base unit ǮǉȒ

ǜǑȏǺ Ƕ ↔ר Ǯ̌ὑǠȒ ǲὑ Ǟǭ̓ ǮǔȒ SI ǵḨ ǮǉȒ ǜǲǶ ₴ ᷀ǮǶ

ʴǵϽǵ ǜ 2.24 ș̓ ǞǭǋȒ ǚǵ ʴǵϽǵ ǜǶȠȢɱȵɣȽȢɱǵ ᾍר ǵ ↔ר Ǯ

̓ ǮǔȒ SI ǵḨ ǮǉȒ ǜǓὑ ǜȓǭǋȒ ↔ר Ǯ Лקʣșᶥ ǞǭǋȒ ǵ ҲǞǦ ș ǜǵӴ

̬ǮǉȒ m ș̓ Ǟǭ ↔ר ǵ ǯǞǭ ǏȒ  

( ) ( )2.210,rad 3¸¹ r
r

l
q

 

( )2.22m 3qÖ=rl
 

( ) ( )2.230,
rad

m
 3¸= q
q

l
r

 

( )2.24
s

m
 458 792 299 3=c SI ǮɟɶɆɩǵὑ șʦǏȒ ǲ ʴǵϽǵ ǜ 2.24 ǵΙǲὑ ǞǦ  

Ҳ 2.7 șὑ ǞǦǚǯǮ SI ǮǵӴ̬ș 2.7 ǵֳ ǲ ǞǦ ᶫ 2.1 ǵЛקʣșᶥ ǠȒ ǵ ǵ

ǜș 2.9 Ǯ ǮǔȒ 2.9 ǵֳ ǮǶ Ӵ̬Ƕ 2.25 ǵȏǍǲ ǮǔȒ ╩↓ǵӴ̬ rad Ƕ ЛǮ ǠȒ

ǲ̓ ǠȒ ↔ר ǮǶӴ̬ǯǞǭ ǞǱǋǮ 2.25 ǵȏǍǲӴ̬ș ǠȒ ǚǵǚǯǮǶ Лǵӭ♄ 2.23

ș ↔ר ʣǵ ǜǯǞǭ Ǎ ǲֿ ǮǉȒ  

()
()

( )2.7
s

rad
 

d

d
3

t

t
t

q
w ¹

 

( )2.93Trv
T

ww Ö=  

( )2.25
s

m
3⁷Trv

T
ww Ö=

 

ᶫ 2.1 ǵȏǍǱ Лș̓ ǞǦ ǮǶ ἶǮʦǏȐȓǦ↔ ʣǮ̓ ǠȒӴ̬ǵ ǯ ЛǵȆǮ̓ Ǡ

ȒӴ̬ǵ ǮǶ ǱȒ ǋǓ ǟȒ ǚǵǚǯǮ Лʣǵ↔ ș ǠȒǵǲᶫ 2.1ǵ y ǵΙǶ 2.26 Ǯǉȑ x

ǵΙǶ 2.27 Ǯ ǮǔȒ 2.28 Ƕ↔ ǵ ǮǉȒ ↔ 2.28 Ƕ ЛǵȆǮ̓ ǠȒ ǲǶ╩↓ǵӴ̬ș

̓ ǠȒ ↔ר ʣǵ SI ǵḨ Ӵ̬ǮǉȒ m Ƕ ↔ר Ǯ̓ ǠȒǵǮ ἶș̓ ǞǱǋǮ ЛǵȆǮ

ǠȒḹֻǵ↔ 2.28 ǮǶ ǞǱǋ
 

( )26.2sin 3qÖ=ry  

( )27.2cos 3qÖ=rx  

( )( ) ( )28.2sin,cos, 3qq ÖÖ= rryx
 

Лקʣǵ ǜ 2.22 Ƕ ἶǮᾚїǜȓȒȉǵǮǉȒ Ӵ̬Ƕ ἶǮʦǏȒȉǵǮǉȒ ЛʣǮǵ ἶǵ ǮǶ

ǞǱǋǚǯǶ ʣǵ ǯǞǭἭ᷀ǠȒȉǵǯ Ƕ ǏȒ ἶǮʦǏȒ↔ ʣǮǶ Ӵ̬ș̓ Ǟǭ

ǠȒǚǯǓ ʣ ǜȓȒǧȔǍ ЛǮǵ ǶҘἶǵ Ҳ ș ǠȒǵǲ̓ ǠȒ ǚǵȏǍǱ Ǯǵ

˧↔ Ƕ ↔ר ʣǵ₳ șʦǏȒ ˧↔ ǯǞǭ ǍǚǯǓ֯ ǮǉȒȉǵǯ ₴ ᷀ǵ Ƕ Ǐ

Ȓ ǚǵǚǯǮ Ӵ̬ș̓ ǮǔȒ SI Ǯǵ╩↓ 2.21 ǵӴ̬ǵ Ǯȉ Ӵ̬ derived unit ǮǉȒ radianĚĚ

SI ǵ derived quantity ǮǉȒ₳ plane angle ǮǉȒ ĚĚǶ SI ǮǵӴ̬ ֵǵ Ƕ 2.29 ǵֳ

Ǯ Ǯǔ 2.30 ǵֳ ǲǱȒ  

( ) ( )2.210,rad 3¸¹ r
r

l
q
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( )2.29
m

m
rad 3=

 

( )2.301rad 3=
 

ᶫ 2.1 ș ἶǲᾚЊǞǭꜘ ǠȒ ǲǶ ἶǮǵ Ǔᶫ 2.1 Ǯ֯ ǲǱȒ ǚǵ ǮǶ ʣ ǵȏǍǲӴ

̬ǵ Ƕʥ ǲǱȒ ↔ר ǵȏǍǱ ἶǮǵ↔ Ǯ ἶǵ ș ǠȒ ǲǶӴ̬ș̓ ǠȒ

ǚǵǚǯǮǶ ᶫ 2.1 ǶȦɋɩȬɶ Ҳ momentum Ҳ ǑȏǺ Ǯ ↔ר ǲ ͜șʦǏȒǚǯǓǮǔ

Ȓ ǚǵǚǯǶ ǮᾚїǠȒ ǤǵȏǍǲ ᶫ 2.1ǵ Лǲ ↔ר ǯǵ ͜șʦǏȒ SI ǵḨ ǲ ș̓ Ǯǔ

Ȓ ǚǵ ͜ǮǶ ЛǵЛקʣș Ǯᶥ ǠȒ ș̓ Ǟǭ ἶǮ ἶǵק ș ǮǔȒ Ǥǵק ș̓ Ǟǭ

ș ǮǔȒ ǚǵȏǍǱ ǵ Ǐ ǮǶ ἶǮ ǠȒק ș ǮʦǏȒ ʴǵϽǵ ǜǮ ș̌ὑ

ǠȒȠȢɱȵɣȽȢɱǵ ᾍר ǵ ǯǶ ǱȒ Лקʣș̌ὑǠȒ ǵ ǜǶ ʴǵϽǵ ǜș ʣǶ

ǏȒǚǯȉ֯ ǮǉȒ ЛǮ ǮǔȒ ʣǵ ș ἶǵ↔ Ǯ̓ ǠȒ ǲ ↔ ʣǵȦɋɩȬɶ

Ҳ Ҳ ǑȏǺ Ǯ ͜șʦǏȒ ᶫ 2.1 ǮǶ Ҳ oscillation ǑȏǺ ș ἶǵ Ǯ ǠȒǵǲ Л

ǵӭ♄ǑȏǺЛקǵ ǜǵӴ̬ș̓ ǞǱǋ ǚǵǚǯǮǶ ↔ר ǵ ǯ ͜șʦǏȐȓȒǚǯǮ ǠȒ

ҲǑȏǺ ǵ ǲǶ ₦ǲ ǵӴ̬ș ǏȒǚǯǲǱȒ Ǥǵ ǮǶ ǯǞǭᶫ 2.1 ǵ Лș ǋȒǚǯ

Ǯ ș Ǯǔ╩↓ș ǮǔȒ ǚǵ ǮǶװ Лǵӭ♄Ƕ ἶǮǵ
ɵ

ǜ
ɵ

ǯǞǭǶ ȖǱǋǚǯǓ Ȓ

Лǵӭ♄Ƕ ↔ר ș̟ ǠȒ ǵ ₦ǮǉȒȉǵǯ̌ὑǠȒ ǚǵǚǯǮ ἶǮ ǠȒ ǵ ₦ǵ

ș̌ὑǠȒǚǯǮ↔ Ǯǵ ǵ ș ǮǔȒ ᶫ 2.1 ǵȏǍǱ ЛǮǶ ╨ ș ǖ Ǳ ◐ș ǖ

ǲǶ ɓɶɨȦ 2.11 ș̓ ǠȒǚǯǮ ǏȒ ɓɶɨȦ 2.11 ǵֳ ǵֺ ǵ ╨ șᶫ 2.1 ǵȏǍǱ

ЛǮ ǖǚǯǓǮǔȒ ֺ ǵ╩↓Ƕ Ǥȓǥȓǵ ╨ ș ǖǵǲ̓ ǞǦ ЛǮ ǮǔȒ Ǥǵ╩↓ǵ ǲ̓

ǠȒ ș ↔ר ʣǵֺ̬ position ǲὑ ǜȓǭǋȒ ǵ ǲ Ǟǋȉǵǯ̌ὑǠȒ ǵⱨѝ 2.6

ǵὑ ǮǉȒ ǵ ǲ Лș ǲ Ǎ ǵ ǒȐ Ǯǵ ǑȏǺ ǵ ǜǓἭ᷀ǠȒǚǯșͪ Ǡ

Ȓ ǚǵͪ ǞǭǋȒ ș ǠȒǵǲ ș̓ ǠȒǚǯǶ Ҳ Ǯ ǲ ͜șʦǏȒ ʴǵϽǵ ǜș Ǐ

Ȓ ǜǮȉ ș ǮǔȒǚǯǶ ǓρǏȒ Ҳ ǵ Ǯ ǮǔȒ ЛǮǵ Ƕ ἶǵ Ǯ♬Ǧ Ǯǉ

Ȓ ǚǵ Ƕ ǵρǏȒ Ҳ ǵ ș ǠȒ ╨ ǵ ǜǑȏǺ ș̓ ǞǦ 2.20 Ǯ ↔ר ǵ

ǲǱȒ ȦɋɩȬɶ Ҳ ǑȏǺ Ƕ ↔ר Ǯǵ ǵ ↓ǵ ǜǮ ǮǔȒǚǯ ș ǑȏǺ

ǮᾚїǠȒ 2.20 ǵֳ ǲ ǞǦѝ ǵ ǵ ǜǶ ǵ ↓ǵ ǜǮĚĚ ǮᾚїǞǦ

ĚĚ ǮǔȒ ǚǵǚǯǮǶ Ƕě ҲĜǓ ǟȒǚǯǮ Ǔͪ ǜȓȒ ǓἭ᷀ǠȒǚǯǮ ЛǵЛק

ʣșᶥ Ǟ ǘȒ ș̌ὑǮǔȒ Ǥǵ Ƕ ǵ ǜǮ ҲǠȒ Ǥǵ ǵ Ҳǵ Ƕ ἶǮǵ ǮǉȒǵǮ

↔ר ǉȒǋǶқ ↓↔ ǵ Ҳ ǲ◙ ș֞ǘǱǋǮᶥ Ǟ ǘȒǚǯǓ֯ ǮǉȒȉǵǯ Ǎ ǚǵȏǍǱ↔

ǒȐǵ◙ Ƕ ǵ ↓ǵ ǜǓẀӓǠȒǚǯǮ Ҳ ǑȏǺ ǵΙǵẀӓǲ̌ὑǮǔȒ Ǥȓǥȓǵ Ҳ

ǑȏǺ Ǔ ǵ ↓ Ҳǵ ǲꜘǟǭ їǮǔȒ ǚǵ ЛǮǵ Ǯ̓ ǠȒ ╨ ǵ Ҳ ǑȏǺ Ƕ

ǵ ↓ ҲǮ ǮǔȒΙǮǉȒ ↔ר ʣǵֺ̬ ǲὑ ǠȒ Ƕ Ǥǵ ↔ר ʣǮǶֿ Ǔ֝ȓǭ

ǋȒ ֺ Ƕ Ǔ Ǟǖ ȇǚǯǮֿ ș֝Ȓ Ǥǵ ↔ר ʣǮ̓ ǠȒ ǵק ǶǹǯǫǲὑȈȒⱳ Ƕ

Ǳǋ ᶥ Ǟ ǘǭǋȒЛקʣǵ ǵק ǶẀȖȐǡ ѩǵק Ǯᶥ Ǟ ǘȒЛקʣǵ ș̌ὑǞǭ ǯǞǭ̓ Ǡ

ȒǚǯǓǮǔȒ  

()
()

() ( ) () ( )( ) ( )2.11cossin
2 1

0 3ä
¤

=

ÖÖ+ÖÖ+=
m

mm mfbmfa
fa

f qqq

 

() () ( )2.6d wave 3thtvtl Ö=
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()
()

()( ) ( )2.200,
d

wave

wave

3Ö¸= tv
tv

tl
ht

 

 

2.1 ɉɣɶɆɱҘἶǮǵ ᾍ șבὑǠȒǚǯș̌ὑǠȒ  

ǵ ↓ ҲǮͪ ǜȓȒ 2.20 ǮǶ ɉɣɶɆɱҘἶ Newtonian mechanics Ǯǵ ᾍ șבὑǠ

ȒǚǯǓǮǔȒ ǚǵ ᾍ Ƕ ↓ ҲșǞǭǋǱǋǮ ǞǭǋȒ ↓ ҲǞǭǋǱǋǚǯǮ 2.20

ǵֳ ǵѝ ǲ ǞǦ ǵ ǜș ǮǔǱǋ ǚǵǚǯǮ 2.20 ș ǮǔǱǋ  

()
()

()( ) ( )2.200,
d

wave

wave

3Ö¸= tv
tv

tl
ht  

ᾍ ș̌ὑǠȒǯ ᾍ Ǯ ǞǭǋȒ ș̌ὑǠȒǚǯǓǮǔȒ ǚǵ ǶɉɣɶɆɱҘἶǵ ʣ

Ƕ̀ǵ ↔ר ǒȐȉ ǞǭǋȒȉǵǯ ǍǚǯǲǱȒ ǚǵ Ƕװ ̀ǵ↔ ǒȐ Ǟǭ ᾍ ǲ Ǟ

ǭǋȒ Ǔ ҲǞǭǋȒȏǍǲ Ǐǭȉ Ǥǵ Ƕ ǞǭǋȒȉǵǯ ǠȒǚǯǲǱȒ ǚǵ ǮǶ ̀ǵ

↔ Ǔ ҲǞǭǋȒǵǮ ᾍ ǲ ǞǭǋȒ Ǔ ҲǞǭǋȒȏǍǲ ǏȒǚǯǲǱȒ ǤǵȏǍǱ Ƕ

ǜǓ ǮǉȒǵǮ Ǔ ǮǔǱǋ 2.20 ǮǶ ѝ ǵ ǵ ǜǑȏǺѝἧǵ ș Ǟǭ ș

ǠȒ ș ǠȒǲǶ ș ҲǞǭ↔ ș Ȓⱳ ǓǉȒ  

ᶭὑǞǭǋȒ̬ șқ ↓ ҲǞǭǋȒ ̱Ǔ ǠȒ ǲ қ ↓ș Ǟ Ҳș ǠȒǚǯș ǏȒ қ ↓

ș ǠȒ ǲ ↓ș ǠȒǚǯǶқ ↓ǵὑ ǒȐǶқ ↓ș ǠȒ ̏ǵǹǯǫǮǉȒ ɉɣɶɆɱҘἶǮ

ǵ Ҳ ╛ǮǶ қ ↓ ҲǠȒ ǵ ǑȏǺ ǲ̸ ǠȒֻҘǮқ ↓ș ǮǔȒ Ƕқ ↓ ҲǠ

Ȓ ̱ǵЋȦɋɩȬɶǉȒǋǶḹǒȐ̸ ǠȒҘș ǠȒǚǯǮ ǮǔȒ Ҙș ǠȒǵǲḹș ǟǜǢǭǋȒ

ǵ ḸǓⱳ ǲǱȒ ǞǭǋȒ ̱ǮǶ ǤǵȏǍǱ Ḹș ǠȒǦȈǵ ҲșǞǱǋǚǯǮ Ḹș♬Ȓ

ǚǯǶǮǔǱǋȉǵǯ ₴ ᷀ǵ Ƕ ǏȒ ᾍ ǒȐ ǮǔȒ ҲǞǭǋȒ ̱Ƕ Ǥǵ ҲșǞǭ

ǋȒ↔ ʣǲ ǞǭǋȒȉǵǯ ǮǔȒ ǚǵǚǯǮǶ ҲǞǭǋȒ ̱Ǯ ǠȒǚǯǶ ᾍ Ǯǵ

ǯǶǱȐǱǋ ǚȓǶ ҲǞǭǋȒ↔ ʣǮǵ ǯǞǭ ǮǔȒǵǮ ᾍ Ǯǵ ǞǭǋȒ ǵ

ǮǶǱǋ ᾍ ǲ ǞǭǋȒ Ǯǵ ̱Ǯ
ɵ ɵ

Ǔ
ɵ ɵ ɵ

Ǯ
ɵ

ǔ
ɵ

Ȓ
ɵ

֯
ɵ ɵ

ר
ɵ

ș
ɵ

ב
ɵ

ὑ
ɵ

Ǯ
ɵ

ǔ
ɵ

Ȓ
ɵ

ǚǯǶ ᾍ șבὑǮǔ

Ȓ ǲǱȒȉǵǯ ₴ ᷀ǵ Ƕ ǏȒ ȦɋɩȬɶș ǠȒǚǯǶḹș ǟǜǢȒ ǵ Ḹș̓

ǠȒ ǚǵ ǮǶװ ǲ όǞǦǚǯǲǱȑ Ǥǵ Ḹș ȒǚǯǶǮǔǱǋ ǚǵ ǮǶ ҲǓὈЋǲǱǋ

ĚĚ ̱ǵ ҲșדȈȒ ԍἧǵКǵ ἧǵ ҲȉדȈȒ ĚĚǮǶқ ↓ǑȏǺ ↓ș ǮǔǱǋ ҲǮǔǱǋ

ǚǯǮǶ ǜǑȏǺ șὑ ǮǔǱǋ ǤǵȏǍǱ↔ Ƕ ἶǮ̓ ǮǔȒ↔ ǮǶǱǋ  

ǼǦǫǵ ǵֺƵǵ↔ ǓѝǒȓǷ ș ǽ ѝǵ ș ἶǮ ǮǔȒ ↔ șὑ ǠȒ ǲǶ ֺ̬ ǲ

↔ șʦǏȒǵǲ ǜĚĚ ǮȉǮǔȒ ĚĚș̓ ǠȒ ǚǵǚǯǮǶ ș
ɵ

Ҳ
ɵ

ǠȒǚǯǮ ǲֻȖǢǭ

↔ șֺ̬ ǲʦǏȒǚǯǲǱȒ 2.20 ǮǶ ᾍ ǲ ș̌ὑǮǔǱǋ ̏ș ǏȒǚǯǓǮǔȒ ǚǵ

ǚǯǮǶ ᾍ șבὑǠȒǚǯș̌ὑǮǔȒ  
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2.2 ɉɣɶɆɱҘἶǮǵ ᾍ șבὑǠȒǚǯș̌ὑǠȒ  

ɉɣɶɆɱҘἶǮǵ ᾍ ǮǶ ǠȀǭǵ↔ ǵǠȀǭǵ̬ Ǯ Ǟǋ ș ǮǔȒǚǯǲǱȒ ǚǵǚǯ

Ƕ ᾍ ǶẆ ǒȐǵ◙ ș֞ǘǱǋ ǮǉȒǚǯș ǠȒ ǵ ǜǓ ǱȒǚǯǮ ֺ Лǵ ǵ ǜǓ

Ǳȑӭ♄Ǔ ǱȒ ǚǵǚǯǮ 2.20 ǵֳ ǵΙǓͪ ǜȓǭǋǱǋ 2.20 ǵѝ ǑȏǺѝἧǵΙ

Ƕ ↔ר Ǯ ǠȒ  

()
()

()( ) ( )2.200,
d

wave

wave

3Ö¸= tv
tv

tl
ht  

Ǥǵ ↔ר ǵ ǜǓѝ ǵ ǵ ǜǒȐᾚїǮǔȒ ǵ ↓ǵ ǜǮǉȒǚǯǮ ↔ר Ǯ ǞǭǋȒ

ș̌ὑǠȒǚǯǲǱȒ ǞǭǋȒ Ƕ̀ǵ ↔ר ʣǮ ҲǞǭǋȒ Ǥǵ Ǔ ǞǭǋǱǋ ↔ר

ǲ᷀ȒǚǯǮ Ǥǵ ǵ Ҳ ș ǮǔȒ Ǥǵ ǵ Ҳ ș ǠȒ ↔ר ʣǮ Ǥǵ ǵ

↓ǵ ǜǓ ǮǶ 2.20 ǵѝἧǲ ǞǦ ЛǵЛקʣșᶥ Ǟ ǘȒ ǵ Ƕ ǮǔǱǋǚǯș

₴ ᷀ǵ ǵ ǵ ǮǶ̌ὑǮǔȒ Ǥǵ ↓ǵ ǜǶ ЛǵЛקșᶥ ǠȒ ǵ ǜǒȐ Ǯǔǭȉ

ǓǮǔǦȉǵǯǠȒ  

↔ר ʣǮқ ↓ ҲǠȒ ǵḹֻǮǶ Ǥǵ ↓ Ҳǵ Ǔᵂ ǲǱȒ ǵ ǜǶ ǵ ↓

ҲǮʦǏȐȓȒ қ ↓ Ҳǵ ǲǶ ǓρǏȒ Ҳ ȉẀӓǞǭ ǱȒ ș ǟǜǢȒǚǯș̌ὑǮǔȒ  

ǜǓ ǱȒǚǯǶ Ǥǵ Ǔ ǠȒ ↔ר ǵ ǜǓ ǱȒǚǯǮ ǮǔȒ ǜǓ ǱȒǚǯǮǶ

Ҳ ȉ ǱȒǚǯș̌ὑǮǔȒ Лקʣș ҲǠȒ ǵ ǵ ǜǓ ǱȒǚǯǮ Ǥǵ ǵ ҲǠȒ Ǔ̀ǵЛ

ʣǵק ǵ Ҳ ǯǶ ǱȒǚǯș̌ὑǮǔȒ ǚǵǚǯǮ ֿǟ ș ǱȒ ↔ר ʣǮ ǞǭֺƵǵ Л

ǵЛקʣǮǵ ǵ Ҳ Ǔ ǱȒǚǯș ĚĚǉȒǋǶד Ǳ ǮǉȒ ĚĚǮǔȒ ǚȓǮ 2.20

ș̓ Ǟǭ ǠȒ Ҳ Ǔ ǱȒǚǯș̌ὑǮǔȒ 2.20 ǵѝ ǑȏǺѝἧǵΙǓὑȅȐǱǋǚǯǮ ᾍ

șבὑǠȒǚǯș̌ὑǮǔȒ  

 

↔ר 3 Ǯǵ ǜ  

Ǯ̓ ǠȒ Лǵ Ƕ ↔ר ș̌ὑǞǭǋȒǚǯǶ Ǯ ǞǦ ↔ר ǮǶ ɉɣɶɆɱҘἶ

Ǯ̓ ǠȒȉǵǑȏǺȠȢɱȵɣȽȢɱǵ ᾍר Ǯ̓ ǠȒȉǵșʝ ǲǶ ȐȓǭǋȒ ǵ Ǔ ǲ

ǞǭǋȒ ǵ ǮǶ ȠȢɱȵɣȽȢɱǵ ᾍר ǵ ↔ר Ǯ̓ ǮǔȒ ǮǉȒȉǵǯ ₴

᷀ǵ Ƕ ǏǭǋȒ  

ǵ ǵ Ǯ ǲὑ ǞǦ Ƕ ֺ↔ ʣǵ̬ ǮʦǏȒ ș̓ Ǟǭ ǵ ǜǯВǲὑ ǮǔȒǚǯșʺ

█ǞǭǋȒ ǚǵǚǯǮǶ ș ̓ ǠȒὑ ǮǶǱǋ ș̓ ǠȒǵǶ ↔ר șὑ ǠȒ ǲ ↓

ҲǞǭǋȒᾍ ǲ ǋȒ Ǥǵᾍ Ƕ ↔ר ʣǲἭ᷀ǞǭȦɋɩȬɶș ǫȉǵǯ̌ὑǮǔȒ ȦɋɩȬɶǶ

ἶ ǵ ǑȏǺ ǜș̓ ǞǭʦǏȒ  

 

↔ר SǑȏǺ ↔ר S1șᶫ 3.1ǵȏǍǲ̌ὑǠȒ ↔ר Sǵ ǵ ѝǲǶ 3.1 ǵ ֵș̓ Ǡ

Ȓ ↔ר Sǵ ǵ ѝǲǶ 3.2 ǵ ֵș̓ ǠȒ ↔ר SǮǵ Ϸǵ ș̌ὑǞǭ Ǥǵ↔ ș

3.3 Ǯ ǮǔȒ ǤǞǭ ↔ר S1ǵ ǵ ѝǲǶ 3.4 ǵ ֵș̓ ǠȒ ↔ר S1ǵ ǵ ѝ

ǲǶ 3.5 ǵ ֵș̓ ǠȒ ↔ר S1Ǯǵ Ϸǵ ș̌ὑǞǭ Ǥǵ↔ ș 3.6 Ǯ ǮǔȒ  

( )1.3,, 3zyx ↔ר Sǵ ǵ ѝ 
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( )2.33t ↔ר Sǵ ǵ ѝ 

( ) ( )3.3,,, 3tzyx ↔ר SǮǵ ǵ↔ ǵ  

( )4.3,, 111 3zyx ↔ר S1ǵ ǵ ѝ 

( )5.313t ↔ר S1ǵ ǵ ѝ 

( ) ( )6.3,,, 1111 3tzyx ↔ר S1Ǯǵ ǵ↔ ǵ  

↔ר S1ʣǵ x1 ѝǑȏǺ t1 ѝǮ ǞǦ ↔ר Sǵ ↓ș 3.7 Ǯ ǠȒ 3.7 Ƕ x1 ǵ ׄǵ

↓ǮǉȒ ȅǦ ↔ר Sʣǵ x ѝǑȏǺ t ѝǮ ǞǦ ↔ר S1ǵ ↓ș 3.8 Ǯ ǠȒ 3.8

Ƕ x ׄǵ ↓ǮǉȒ ᶫ 3.1ǲ ↔ר SǑȏǺ ↔ר S1ǵ ͜ș ǞǭǋȒ  

( ) ( )3.7 const.,1_ 1
3=-= uu

SS iu ↔ר S1ǵ x1 ѝǑȏǺ t1 ѝǮ ǞǦ ↔ר Sǵ ↓ 

( ) ( )3.8 const.,_1 3== uu
SS iu ↔ר Sǵ x ѝǑȏǺ t ѝǮ ǞǦ ↔ר S1ǵ ↓ 

↔ר Sǵ x ǑȏǺ ↔ר S1ǵ x1 Ƕֿǟ ʣǲǉȒȉǵǯ̌ὑǠȒ 2.5 ǑȏǺ 2.6 ǵֳ ǵɗȭ

ɆɩǶǤȓǥȓ x1 ǑȏǺ x ǵӴ̬ɗȭɆɩǮǉȒ  

 

ᶫ 3.1ǵȏǍǱ ↔ר ǲ ȠȢɱȵɣȽȢɱǵ ᾍר ǮǶɫɶɪɱɂẀ the Lorentz transoformation

3.9 3.12 șᾚїǞǭ̓ ǠȒ 3.9 ǑȏǺ 3.12 ǵֳ ǲǶ 3.13 ș̌ὑǞǭǋȒ ǵẀ 3.12

ǵֳ ǲǶ ʴǵϽǵ ǜ 3.14 ș̌ὑǞǭǋȒ ʴǵϽǵ ǜ 3.14 ǵֳ ǲ ʴǵ permitivity 

constant 3.15 ǑȏǺ ʴǵ permeability constant 3.16 ș ǞǭǋȒ ᾍר Ǯ̓ ǠȒ

↔ר Ƕ ʴǵϽǵ ǜǮǶ ↓ ҲǞǱǋǚǯș 3.17 Ǯ ǞǭǋȒ ↔ר ǵ ↓ ҲǶ ֵǮ

ׄǔș Ǟǭװ 3.18 Ǯ ↔ר ǵὑ Ӣ ǯǞǭ ǮǔȒ ͜ coefficient 3.13 Ƕ 3.19 ǵӢ ǲͪ

ǜȓȒ  

( ) ( )3.9 1 3tuxx Ö-Ö=g  

( )3.10 1 3yy =  

( )3.11 1 3zz =  

( )3.12
21 3ö
÷

õ
æ
ç

å Ö
-Ö=

c

xu
tt g  

( ) ( )3.13 const.

1

1

2

2
3=

-

=

c

u
g  

ᶫ ↔ר 3.1  

x x1 

y y1 

z z1 

u Sǵ x ѝǑȏǺ t ѝǮ ǞǦ S1ǵ ↓ 

 

↔ר S ר↔ S1 

ԍ O ԍ O1 
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( ) ( )3.140,0,
1

00

3>¸
³

= cc
Ůɛ

c ʴǵϽǵ ǜ 

( )3.1503Ů ʴǵ  

( )3.1603ɛ ʴǵ  

( )3.17 3cu¸  

( )3.18 3cuc <<-  

( )3.19 1 3¤<¢g  

ȠȢɱȵɣȽȢɱǵ ᾍר ǵ ↔ר ǲǶ ʴǵϽǵ ǜǲ ǞǱǋǚǯșὑ ǠȒ ǚǵȏǍǱ ǜ

ǲᾍǠȒ ̏Ƕ
ɵ ɵ

ǲ Ȓȉǵǯ ₴ ᷀ǵ Ƕ ǏȒ
ɵ

ǵ̟ ǠȒ ǜǲǶ ʴǵϽǵ ǜș ǏȒ

ǚǯș ֯ ǮǉȒǚǯǶ ɫɶɪɱɂẀ 3.9 3.12 ǑȏǺ ᾍ relativistic mass 3.20 Ǯ Ǐ

ȒǚǯǓǮǔȒ  

() ( ) ( )3.200,

1
2

2

0 3cv

c

v

m
vm <¢

-

= ᾍ  

ǯǞǭǵר ǶȦɋɩȬɶǑȏǺ Ҳ Ǯ ǏȒǚǯǓǮǔȒ ǚȓȐǵ ǮǶ ʝ ǲǶ ǑȏǺ ↓ș

̓ ǠȒ ʝ ǯǞǭǵר Ƕ Ҳ ǑȏǺ Ǯ ǏȒǚǯǓǮǔȒ ǵ ǜǑȏǺ ╨ ǵ Ҳ Ƕ

Ǔ ǲ ǞǭǋȒ ǵ Ǯὑ ǞǦ  

ɉɣɶɆɱǵ֦Ж ǮǶ ϽǶ ǮǉȒǚǯș ǞǭǋȒ ɜȭȷȤȥɩǵ ╛ Ǯ˔ ǜȓǦ ǮϽǵ

ș ǮǔȒ ȠȢɱȵɣȽȢɱǵϽ ἧ̌ light quantum hypothesis ș̓ ǞǭϽǓ ἧǮǉȒǚǯș Ǯǔ

Ȓ ǚǵϽǵ ἧșϽἧǯᴀǽ ǚȓȐǵ ǮǶ ϽǶ ǑȏǺ ἧǵר ș Ǡ ἧǶ Ǯ ǮǔȒ Ͻǵ

ἧș ǯǞǭ ǠȒǚǯǮ ǓρǏȒ Ҳ ǑȏǺ ș ǍǚǯǓǮǔȒ ʴǮǵϽἧǵ ǜǶ ʴǵ

Ͻǵ ǜǮǉȒ ʴǮǵ ǯǞǭǵ ǜǶ ʴǵϽǵ ǜǮǉȒ ʴǵϽǶ ǑȏǺ ǵḹֻǲ

ʴǵϽǵ ǜǮȦɋɩȬɶǑȏǺ Ҳ ș ǮǔȒ  

ǮǶ Ǔ ǲ ǞǭǋȒ ǵ Ǯǵ όǒȐ ǓρǏȒ Ҳ ǑȏǺ șᾚїǠȒǚǯș ȆȒ

ǚǵ Ǯǵ όǶ ǵ ǵ ⱪ Ǳ ǮǉȒ ǚǵȏǍǱ ǑȏǺ ἧǵ ǵᾚїș̓ר ǠȒǚǯǮ

ǵ ǞǭǋȒ ǵᾍ ǯǱȒʫ ǵ ǑȏǺ ǵר Ǔǹǯǫǵᾍ ǲ̌ὑǮǔȒȏǍǲǱȒ ǵ ǵὑ

ș̓ Ǟǭ ƵǵⱲǓ Ồ ǮἭ᷀ǠȒǚǯș Ǯ̌ὑǞǦ Ǥǵ̌ὑǮ Ⱳǲ șὑ ǮǔǱǋǚǯș

₴ ᷀ǵ Ƕʺ█ǞǦ Ҳ ǑȏǺ ș ǠȒǲǶ Лș̓ ǞǦ Ǥǵ ЛǮ̓ ǠȒ ǶⱲǲǶὑ

ǮǔǱǋǚǯǲǱȒ ǚǵȏǍǱ ǵὑ Ƕ ǵ ǜǮʦǏǭǋȒ Ǔ ǵ◙ ș֞ǘǭ ↓ ҲșẀǏȒǚ

ǯǓ Ȓǯ Ƶǵ̱ǲ◙ ș֗ȃǞ ƵǵⱲǲ̸ ǠȒҘș̌ὑǮǔȒ ǑȏǺ ἧǵ ǮǶר ЛǮὑ ǠȒ

ǲ ↔ר ǵ ἧǵȦɋɩȬɶǯǵ ͜șᾚїǮǔȒǵǮ ǑȏǺ ἧǯǵ ͜ș ǮǔȒ ȠȢɱȵɣȽ

Ȣɱǵ ᾍר Ǯǵ ǮǶ ʴǵϽǵ ǜș̓ ǞǭǋȒ Ǔ ǲ ǞǭǋȒ ǵ ǮǶ ʴ

ǵϽǵ ǜș ǏȒ ǵ ǜș̓ Ǟǭ ș ǠȒǚǯș֯ ǲǠȒ ǚǵȏǍǱ ǮǶȠȢɱȵɣȽȢɱǵ

ᾍר ǵ ↔ר ș̓ ǠȒǚǯǱǖ Лș ǋǦ ș̌ὑǮǔȒ ǚǵǚǯǮǶ ↔ר ș̌ὑǞǭɉɣ

ɶɆɱҘἶǮǵ ᾍ șבὑǠȒ șʺ█ǮǔȒ ₴ ᷀ǮǶ ǵ›ἶ ǵ Ǯǵ Ǯ̓ ǠȒ

ȠȢɱȵɣȽȢɱǵ ᾍר ǵ ↔ר ș̓ Ǟǭ̬ ↓ ȦɋɩȬɶ ǑȏǺ Ҳ ǵẀ ș

֯ ǯǠȒ  

ǵẎἶ ̈ǵѼ ἧ ǮǶ ɇɔɫȢ ǯᴀǷȓȒȉǵșἶȚǧ Ǔ Ȓ ɇɔɫȢ Ǯ ǑȏǺ ἧǵ
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ș̌ὑǞǭǋǦר ǚǵɇɔɫȢ Ƕ ʥ ὑרԍ uncertainty principle ǒȐ̌ὑǮǔȒȉǵǯ Ǯ Ǔ

Ȓ ʥ ὑרԍ ș̓ ǠȒ Ƕ ǵ ǵ ǒȐᾚїǠȒ ǯǶ ǱȒǚǯǶ ȐǒǮǉȒ Ƕ Ƞ

ȢɱȵɣȽȢɱǵ ᾍר ǵ ǵЋȦɋɩȬɶ Ͻ ἧ̌ ǵ Ҳ Ǯ ǠȒϽἧǵȦɋɩȬɶǑȏǺ Лǵ

Лקʣǲ̌ὑǮǔȒ ↔ר ș̓ ǞǭᾚїǞǦ  

 

4 ǵ Ҳ ǑȏǺ  

Ǯ Ǔ ǲὑ ǞǦ 4.1 ș̓ ǠȒǚǯǮ Ǔ ǲ ǞǭǋȒ ǵ ǒȐ ǵρ

ǏȒ Ҳ ǑȏǺ șᾚїǮǔȒ Ǐ Ǔ Ȓ ǚǵǚǯǮǶ ǹǯǫǵᾍ ǲ ǑȏǺ ǵ ǫǵר ș̌ὑǠ

Ȓ Ǯǵ ǶȠȢɱȵɣȽȢɱǵ ᾍר ǮǶ 4.1 șὑ ǮǔȒǚǯș ǞǦ ǚǵ

ǶȠȢɱȵɣȽȢɱǵ ᾍר ǒȐᾚї֯ ǮǉȒǚǯș ǞǦ ǤǵᾚїǮǶ ɉɣɶɆɱҘἶǮǶὑ

ǯǞǭǋǦ șẀ ǮǉȒȉǵǯ̌ὑǞǦ ǚǵẀ ǯǱȒ ר inertial mass 4.2 Ƕ ǜș Ẁ ǯ

ǠȒ ǮǉȒȉǵǯ̌ὑǞǦ  

() ( ) ( )4.10,1
2

2

0 3cv
c

v
vmm ¢¢-Ö¹  

()( ) ( )4.20, 3cvvm ¢¢
 

ἶǮǶ ǵ Ҳ ș όǮǔȒ ǵȦɋɩȬɶș Ǯǔ ǵȦɋɩȬɶǓṔ ǠȒǚǯ

ș ǮǔȒ ʴǵ Ƕ ʴǵϽǵ ǜǮ̟ ǠȒǚǯș ǮǔȒ ǵ̟ ׄǶ Ǥǵ ǵ

ȦɋɩȬɶǵ֚ᾑ ǑȏǺ֛ט ǮẀӓǠȒǚǯǶ ǏȐȓȒ ǵ֛טǮǶ ἧǓ֛טǞǦЊᾑ ǯǱȒ

ǵȦɋɩȬɶș̌ὑǞǭ ǵ Ҳ ș όǮǔȒ ֦Ж ἶǮǶ Ҳ ǑȏǺȦɋɩȬɶǵ ͜Ƕ 4.3 ș

Ǯǔ 4.4 ǲ ǔ ǠǚǯǓǮǔȒ ἧǵ Ƕὑ ǮǉȒǚǯș̌ὑǠȒǯ Њᾑ ǵȦɋɩȬɶș֛טǞǦ

ἧǵ Ҳ ǵẀӓǶ ↓ǲ Ȓȉǵǯ̌ὑǮǔȒ ǞǒǞ ǚǵ ǵ Ҳ ǵ όǮǶ ἧǵ ș ǠȒ

ǚǯǱǖЊᾑ Ǔ ἧǲ ǞǦ Ҳ ș̌ὑǮǔǭǋȒ ǚǵ̌ὑǵ Ҳ ǮǶ 4.4 Ǯǵ ἧǵ Ҳ ǵṔқǶ

↓ǮǉȒȉǵǯǶ ὑǮǔǱǋ ἧǵ ǜǓẀӓǠȒǚǯȉ̌ὑǮǔȒǓ ǓȦɋɩȬɶǵṔқǮẀӓǠȒǚǯ

șבὑǮǔȒȉǵǮǶǱǋ ǵ ǜǓ ʴǵϽǵ ǜǮǵ Ǯ ǒȐ ἧǲ Ҳ ș ǞǦǚǯș̌

ὑǞǭǋȒ ǚǵ̌ὑǮǶ ǮǶ ǲ ►ǠȒȉǵǓ̌ὑǮǔ ȦɋɩȬɶǵẀӓǶ ǵẀӓș Ǡȉǵȉ

ǵǯ̌ὑǮǔȒ ɉɣɶɆɱҘἶǮǶὑ ǮǉȒ ș ἶ ǮǶẀ ǮǉȒȉǵǯ̌ὑǮǔȒ̵᷂Ǔ Ȓǚǯ

ș Ƕ ǏȒ ǚǵǚǯǮ ȠȢɱȵɣȽȢɱǵ ᾍר ǵ 4.1 șᾚїǠȒ ǲ ǵ ר

șẀ ǮǉȒ 4.2 Ǯ̌ὑǮǔȒȉǵǯǞǦ  

()
( )4.3 

d

d
3vFÖ=

t

tE
 

() ()
( )4.4 

d

d

d

d
3v

p
Ö=

t

t

t

tE
 

ǮǶ ר 4.2 ǶȠȢɱȵɣȽȢɱǵ ᾍר ǮᾚїǮǔǱǋǚǯș ǵ
ɵ ɵ

ǯǞǦ ǚǵǚ

ǯǮǶ Ƕ șȠȢɱȵɣȽȢɱǵ ᾍר Ǯὑ ǠȀǔȉǵǯ ǏǦ ș 4.1 ǵȏǍǲ

ὑ ǠȒǯ ʴǵϽǵ ǜǮ ҲǠȒ ǵ ș ǲǮǔȒǚǯș ǵǹǯǫǲǠȒ ᾍ 4.5

ǯᴀǷȓȒʝ ǵᾐ ǮᴀǷȓȒ ר ǮǶ Ẁ ǮǉȒ ǜ 4.6 Ƕὕ ǮǉȒ ᾍ 4.5 ǵ

ὑ Ӣ Ƕ 4.7 Ǯǉȑ ʴǵϽǵ ǜ cǶὑ Ӣ 4.7 ǲדȅǱǋ Ǯ Ǔ ǲ̌ὑǞǦ ר

4.2 Ƕ ᾍ 4.5 ǯǶ ǱȒȉǵǮǉȒ ר 4.2 ǲǶ ʴǵϽǵ ǜ cș ̈ЊǮǔȒ
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ᾍ 4.5 ǮǶ ʴǵϽǵ ǜș ̈ЊǠȒǯѝ Ǔ ǲǱǪǭǞȅǍ ǚǵǚǯǮǶ ἧǓὕ ǲ

ʴǵϽǵ ǜǮ ҲǞǭǋȒǵǲ ʴǵϽǵ ǜș̈ЊǮǔǱǋǚǯș
ɵ ɵ

Ƕ
ɵ

ᵂ
ɵ ɵ

ǯ
ɵ

Ǟǭ
ɵ ɵ

Ǫ
ɵ

Ǧ
ɵ

ǜȐǲ

ǵὑ 4.1 șǠȒǚǯǮǶ ȦɋɩȬɶǵẀ ǑȏǺ ǵẀ ș ǑȏǺ ʴǵϽǵ ǜǮ ҲǞǱǋ

Ǯ ǫǲѝǘǭᾚїǞǭǋǦȉǵșǹǯǫǵᾚїǮ ǠǚǯǓǮǔȒ  

() ( )4.5

1
2

2

0 3

c

v

m
vm

-

=

 

( ) ( )4.60, 3²Í= vv Rv  

( )4.7 0 3cv<¢  

 

4.1 ǵ Ҳ ǑȏǺ ș ǖ Лǵӭ♄  

ɉɣɶɆɱҘἶǮǶ Ǔ ҲǠȒǚǯș ǠȒḹֻǮ ș̌ὑǞǭǋȒ ǯǞǭǶ Ͻǵ ǉȒǋǶ

ǵ Ǳǰș ǋ ǵ Ҳǲǫǋǭ ǮǔȒ ǯǞǭ ȖȓȒ Ƕ ǵ͛ὓʣ ǯǞǭ ǋǹǯǫǵ

ǯǞǭҘἶǵ ╛ș ǠȒ ǫ̊ʣǵ Ǯ ǞǭǋȒ ǮǉȒȉǵǯ̌ὑǠȒǯ Ǯ ǮǔȒ

ἶǮǶ ɜȭȷȤȥɩǵ ╛ ș̓ Ǟǭ ș ǮǔȒ ǚǵ ǵ ǮǶ ḹ electric and 

magnetic fields ș̓ ǠȒ ɜȭȷȤȥɩǵ ╛ Ǯǵ Ǔ̟ ǠȒǵǲἁ medium ǯǱȒ ș̌ὑ

ǠȒǚǯǓ ɉɣɶɆɱҘἶǵ ǵ ǮǶⱳ ǮǉȒǯ ǏȐȓǦ ǤǵȏǍǱἁ șȦɶɄɩ ether ǯᴀȚǮǋ

Ǧ ȦɶɄɩș̌ὑǞǱǖǭȉ Ǔ̟ ǠȒǚǯș ȠȢɱȵɣȽȢɱǵ ᾍר Ǯ ǜȓǦ Ƕ

ʴǮ̟ ǠȒ Ǯǉȑ ϽǓ ʴș ǯǞǭ̟ ǞǭǋȒȉǵǯ ǮǔǦ ǚǵǚǯǮ ǵ̟ ǲ̌ὑ

ǜȓǭǋǦἁ ǯǱȒ ș ȈǱǖǭȉ ǵ̟ ș ǮǔȒǚǯǲǱǪǦ  

Ǔ ǲ ǞǭǋȒ ǵ ǮǶ Лș̓ Ǟǭ ╨ șὑ ǞǦ Ǥǵ ╨ Ƕ ἁ ș̓ ǞǱǋǮ

╨ șꜘ Ǟǭὑ ǞǦ Ǔ Ǯ ǲ̟ ǠȒǚǯș̌ὑǞǭ ╨ șὑ ǞǦ ЛǵЛקǲ ↔ר

ǵ̬ ș̌ὑǞǦ ǚǵǚǯǮǶ Ǔ ǲὑ ǞǦ ǵ ǜǑȏǺ ЛǮ Ǔ ǲὑ ǞǦ ș̓ Ǟǭ

Лקǵֺ̬ ǲ ǵ Ϸǵ↔ ș̌ὑǮǔȒ ↔ר ʣǵֺ̬ ǲὑ ǞǦ ǵ ș̓ ǠȒǚǯǮ

╨ ș ǠȒ ǮǉȒǚǯș ǮǔȒ ș ǠȒǵǲ ╨ ș̓ Ǟǭ ʴǵ ↔ר ʣș̟ ǮǔȒ

ǚǯș̌ὑǮǔ ἁ ǯǱȒ șⱳ ǯǞǭǋǱǋ ǚǵȏǍǲ ș ǏȒǚǯǮǶ ɉɣɶɆɱҘἶǵ ǵ όǯ

Ƕ ǱȒ Ǔ̟ Ǟǭ Ǔ ҲǠȒǚǯǮǶ ǵ ǵ Ҳș ǮǔȒ ἁ ǯǞǭ ȖȓȒ ǵЋ̱ǵ

Ҳ Ǔ ș ǖḹֻǮ ș ǮǔȒ ǚǵ ǮǶ ɉɣɶɆɱҘἶǮ ǯǞǭ ǠȒ ǵἁ ǯǱȒ

ǲǶ ǲ ș ǖ Ҳ Ǔ ǟȒ ǮǉȒ ș ǠȒȏȑȉ ǵ Ҳ ș Ǟǭ ǠȒ Ǔ

Ǔ ǋǦ ș ǠȒǵǲ ӴǮǉȒǚǯǓ ǲ ǏȒǧȔǍ Ǥǵ Ҳ ǮǶ Ǔ ǯǞǭǵר Ǯ

ǉȒ Ҳ ǑȏǺ șρǏȒǚǯǶ ǞǭǋǱǋ Ǔ ǲ ǞǭǋȒ ǵ ǮǶ Ƕ ǵȏǍǲ

₴ ᷀ǵ Ƕ ǏȒ Ƕ ǵ ҲǮ ǠȒȉǵǮǶǱǖ șʦǏȒק ș ǠȒ Ҳ Ǯ Ǯǔ

Ȓר ǮǉȒ Ǥǵ Ҳ
ɵ

Ƕ ǵ Ҳ ǮɉɣɶɆɱҘἶǵȏǍǲ ǮǔȒǚǯȉǉȒǓ ǓρǏǭǋȒ

Ҳ ȉᾚїǮǔȒ ǓρǏȒ Ҳ ǓἭ᷀ǠȒǚǯǮǶ ǑȏǺ ǵ șר ǲ̌ὑǮǔȒ  

ǮǶ Ǔ ǲ ǞǭǋȒ ǵ Ǯ ǓρǏǭǋȒ Ҳ șᾚїǠȒ ș ǠȒ Ǥǵ Ҳ

șᾚїǮǔȒǚǯǮ Ǥǵ Ҳ Ǯ ǏȒᶫ 2.1 ǵȏǍǱ Лș ǖǚǯǓǮǔȒ Ǥǵ ЛǮ̓ ǮǔȒ Ǒȏ

Ǻ Лǵӭ♄șᾚїǠȒ ș ǠȒ ǓρǏȒ Ҳ șᾚїǠȒ ǲǶ ȠȢɱȵɣȽȢɱǵ ᾍר
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ș̓ ǠȒ ǜȐǲ ȠȢɱȵɣȽȢɱǵϽ ἧ̌ ș̓ ǠȒ ǚǵǯǮǶ Ͻǲ ǑȏǺϽἧǮ ǑȏǺ

ǵ șר ǮǔȒ ǚǵ ǵר ἶǵ șḨ ǲǠȒ  

 

 ĚĚ ǵ Ҳ ĚĚ 

↔ר S ʣǮ ↓ ҲǠȒ ș̌ὑǞ Ǥǵ ר Ƕ 4.2 ș̓ Ǟǭ ר 4.1.1 Ǯ ǠȒ

Ǥǵ ǵ ǫЋȦɋɩȬɶǶ 4.1.2 Ǯ ǮǔȒ  

()( ) ( )4.20, 3cvvm ¢¢  

( )( )4.1.1masspoint__ wave
3SvS vm ǵ ר  

( ) ( ) ( )4.1.22

masspoint__masspoint__ wavewave
3cvmvE SvSSvS Ö= ǵ ǫЋȦɋɩȬɶ 

ϽἧǶ ʴǵϽǵ ǜǮ ҲșǠȒȉǵǯ̌ὑǠȒ ǤǵϽἧǵ ǫЋȦɋɩȬɶǶ 4.1.3 Ǯ Ǯǔ

Ȓ ǤǵϽἧǲǶ 4.1.3 ǵֳ ǮǶ ר ș̌ὑǞǭǋȒ  

() () ( )4.1.323ccmcE SS Ö= Ͻἧǵ ǫЋȦɋɩȬɶ 

Ǥǵ ר ș ὑǠȒ Ƕ̌
ɵ

ὑ
ɵ

4.1.4 ș̓ ǠȒ 4.1.4 ǮǶ ǤǵϽἧǵ ǫЋȦɋɩȬɶ 4.1.3 Ƕ

ǵ ǫЋȦɋɩȬɶ 4.1.2 ǲ Ǟǋȉǵǯ̌ὑǠȒ 4.1.4 ǵ‼ ǲ 4.1.2 ș̈ЊǞ ֳ ǲǶ 4.1.3 ș̈

ЊǠȒǚǯǮ 4.1.5 ș ǮǔȒ 4.1.5 ǒȐ 4.1.6 șᾚїǮǔȒ 4.1.6 ǮǶ ǤǵϽἧǵ ǫ ר Ě

Ě 4.1.6 ǵֳ ǵǚǯ ĚĚǶ ǵ ǫ ר ĚĚ 4.1.6 ǵ‼ ǵǚǯ ĚĚǲ Ǟǋȉǵǯ̌ὑǠȒ  

( ) ()( )4.1.4masspoint__ wave
3cEvE SSvS = 4.1.3 ǵϽἧǵ ר ș ὑǠȒ̌ὑ 

( ) () ( )4.1.522

masspoint__ wave
3ccmcvm SSvS Ö=Ö ̌ὑ 

( ) ()( )4.1.6masspoint__ wave
3cmvm SSvS =

 

4.1.6 ǵ ר șȉǫϽἧș̌ὑǠȒǚǯǮ ǤǵϽἧǵ Ҳ ǶϽἧǵ ǫȦɋɩȬɶ 2.16 ș̓ Ǟǭ

ὑǠȒ 2.16 ǵֳ ǲǶɕɧɱȭὑ 2.17 ș ǞǭǋȒ Ͻἧǵ ǫȦɋɩȬɶǶ Ҳ ǵȆǮ ὑǠȒǚǯ

ș 2.16 ǮǶ ǞǭǋȒ ̌ὑ 4.1.5 ǵֳ ǶϽἧǵ ǫЋȦɋɩȬɶǮǉȒǵǮ Ͻἧǵ ǫȦɋɩȬɶ 2.16

ș̓ ǠȒǯ̌ὑ 4.1.7 ș ǮǔȒ ̌ὑ 4.1.7 ș ǠȒϽἧș
ɵ ɵ

Ǟǭ ר 4.1.8 șᾚїǮǔȒ

4.1.8 ǮǶ‼ Ƕ ǵ ר Ǯǉȑ ֳ ǶϽἧǵ Ҳ ʴǵϽǵ ǜǑȏǺɕɧɱȭὑ Ǯ ǞǦ

ר ǮǉȒ 4.1.6 ǮǶ 4.1.8 ǵ ר ǶϽἧǵ ר ǮȉǉȒ  

() ( )2.16 3nÖ=hcE Ͻἧǵ ǫȦɋɩȬɶ 

( )2.17s J 1062606896.6 34 3-³=h ɕɧɱȭὑ  

() ( ) ( )4.1.7_

2

masspoint__ wave
3cSSvSS hcvmcE nÖ=Ö= ̌ὑ 

( ) ( )4.1.8
2

_

masspoint__ wave
3

c

h
vm

cS

SvS

nÖ
= Ͻἧǵ ר  

̌ὑ 4.1.7 Ǯ ǞǦϽἧǵ ר 4.1.8 ș ǔ Ǡǯ Ͻἧǵ Ҳ 4.1.9 ș ǮǔȒ ̌ὑ 4.1.4

ǮǶ ǵ ǫЋȦɋɩȬɶǶϽἧǵ ǫЋȦɋɩȬɶǲ Ǟǋȉǵǯ ǪǭǋȒ ǚǵǚǯǒȐ ̊ʤǲ ǙȒŪ

Ůǵ̌ὑșʦǏǭ ǵ ǫЋȦɋɩȬɶǶϽἧǵ ǫȦɋɩȬɶ 4.1.7 ǲ ǞǋǵǮ ǵЋȦɋɩȬɶș

2.16 ǵȏǍǲ Ҳ Ǯ ǠȒǚǯș̌ὑǠȒ  
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( )
( )4.1.9

2

masspoint__

_
wave 3

h

cvm SvS

cS

Ö
=n Ͻἧǵ Ҳ ǵ ὑ 

Ū ר 4.1.8 ǵ‼ ǵ Ẁ ǮǉȒ
ɵ ɵ

ǵ ↓ǵ ǜǶ ᶫ 2.1ǵȏǍǱ ЛǵЛקʣș Ǯᶥ Ǟǭ

ǋȒ ǵ ǜǮǶǱǋȉǵǯǞǭ̌ὑǠȒ ǵ ǞǭǋȒ ǵ Ǯǵᶫ 2.1 ǵЛקʣșᶥ ǠȒ ǵ

ǜǶ ǵ ǜǯǞǭ ǠȒ  

ū 2.6 ǮǶ ᶫ 2.1 ǵȏǍǱ ЛǮ ǑȏǺ ǵ ǜș 2.3 ǮВǲἭ᷀ǠȒǚǯș Ǟǭ

ǋȒ 4.1.8 ǵֳ ǮǶ ǵ ר șϽἧǵ Ҳ Ǯ ǞǭǋȒ ǚǵ Ƕ Ͻἧǵ Ҳ ǲ
ɵ

Ǟ
ɵ

ǋ
ɵ

ɵ

Ҳ
ɵ ɵ

Ǯ ǵ ר ș ǞǭǋȒ ǵ ר ș Ǥ
ɵ

ǵ
ɵ

ȏ
ɵ

Ǎ
ɵ

Ǳ
ɵ

Ǟǋ Ҳ Ǯ ǮǔȒǚǯǮ

Ǔ Ҳ șρǏȒĚĚǉȒǋǶ ǫĚĚȉǵǯ̌ὑǮǔȒ  

() () ( )2.6d wave 3thtvtl Ö=  

( )2.33t  

Ŭ Ҳ Ƕ ǵ Ҳ ș ǮǔȒ ᶫ 2.1 ǵȏǍǱЛקʣǮ 4.1.8 ǵ‼ ǲ ǞǦ Ẁ ǵ ǜǮ

ҲǠȒ ǵρǏȒ Ҳ ǵ ǵ ǜǮ ҲǠȒ

ǵ x ǑȏǺ y ǵ↔ ǮǶ 4.1.8 ǵֳ ǲ

ǞǦ Ҳ ǵ Ҳș ǮǔȒ Ǥǵ ǵ Ҳș Ǡ

↔ ǵΙǵẀҲǮǶ ș ǖǚǯǓǮǔȒ  

ŭ 4.1.8 ǵ‼ ǵ ר Ƕ ᶫ 2.1 ǵȏǍǱЛקʣ

șᶥ Ǟ ǘȒ ǵ Ҳ Ǯ ǠȒǚǯș̌ὑǮ

ǔȒ ǚǵǚǯǮǶ Лקʣǵֺ̬ ǲ ↔ר ʣ

ǵ̬ ș̌ὑǮǔȒǚǯǮ ǓἭ᷀ǠȒ ș

ǏȒǚǯǓǮǔȒ  

Ů ᶫ 2.1 ǵȏǍǱЛקʣșᶥ Ǟ ǘȒ Ǔ ↔ר

ʣǵ ǯ ͜șʦǏȐȓȒ ̏Ƕ̲ǒ ↔ר

ǲ ǯǞǭ Ǎ Ǔ ǟǭǋȒ ǚǵǚǯǒȐ

ǑȏǺ ǵ ǜǵ ͜ș Ǡⱨѝ 2.6

Ǔ ЛǑȏǺ ǯǵ ͜ș ǠȒ╛ǮǉȒȉǵ

ǯ ₴ ᷀ǵ Ƕ ǏȒ Ƕ ὕ ǲ

↔ר ǲἭ᷀ǠȒ ǲ►ǭȒ ș Ǟǭǋ

Ȓ ἧǶ ̀ǵ ἧǮ ǜȓǭǋȒǚǯș

ἶǮ ǠȒ ἧș ǞǭǋȒ ἧǶ ǜȓǭǋȒ ἧКǮ ҲǞǭǋȒǚǯș̌ὑǮǔȒ ǤǵȏǍ

Ǳ ҲǮǶ ⱨѝ 2.6 ș ǠȒ ↔ר ș̌ὑǠȒ қ ↓ ҲǠȒ↔ ǮǶ ֺ̬ Ǯ ↔ר ș

Ǥȓǥȓ̌ὑǠȒǚǯǮ ș ǏȒ ̀ǵ ἧǮ ǜȓǭǋǱǋ ἧǶⱨѝ 2.6 ș ǠȒ ҲșǞǭǋ

Ȓȉǵǯ̌ὑǠȒ  

ǚǵȏǍǱ ǵ ǮǶ ǞǦϽἧǵ Ҳ Ƕ 4.1.9 Ǯ ǠȒǵǮ 4.1.10 ș̌ὑǮǔȒ ̌ὑ 4.1.10

ǮǶ Ǔ Ҳ șρǏȒĚĚǉȒǋǶ ǫĚĚǚǯș̌ὑǞǭǋȒ Ǥǵ Ҳ Ƕ 4.1.9 ǑȏǺ 4.1.10 ǒȐ

ǵρǏȒ Ҳ 4.1.11 șᾚїǮǔȒ Ǔ 4.1.11 ǵ Ҳ șρǏȒǚǯǮǶ ʝ ǲ Ǔ ǯǞǭǵר

ș ǫǚǯș ǮǔȒ ǵρǏȒ Ҳ Ƕ 4.1.11 ǵֳ ǲ ǞǭǋȒ ʴǵϽǵ ǜ ɕɧɱȭὑ

ǑȏǺ ǵ ר Ǯ ǮǔȒǚǯǲǱȒ  

 ᶫ 2.1 қ Ǯǵ ᶥȑǵ╩↓ 

()
r

l
tt

l
pwq const. clock1counter 

clock1counter clock1counter 2 ÖÖ+Ö=  

x

y

r+

r+

r-

r-

O

const. clock1counter q

const. clock1counter l

()tl clock1counter 

()tclock1counter q

tr ÖÖ clock1counter w
tÖclock1counter w

const. clock1counter P

clock1counter P

rad 0P
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( )4.1.10__ wave
3cSvS nn = ǵ Ҳ ș̌ὑ 

( )
( )4.1.11

2

masspoint__

_
wave

wave
3

h

cvm SvS

vS

Ö
=n Ǯ ǠȒ ǵ Ҳ ǵ ὑ 

 

 ĚĚ ș Ǡ ǵЋȦɋɩȬɶĚĚ 

4.1.10 ș̓ ǠȒǯ ϽἧǵȦɋɩȬɶ 2.16 ǮϽἧǵ ǫȦɋɩȬɶ 4.1.12 ș ǮǔȒ 4.1.3 ǵϽ

ἧǵ ר ș ὑǠȒ̌ὑ 4.1.4 ș̓ ǠȒǯ
ɵ

ș
ɵ ɵ

Ǡ
ɵ

ǵ ǫЋȦɋɩȬɶǶ 4.1.13 Ǯ ǮǔȒ  

() ( )2.16 3nÖ=hcE Ͻἧǵ ǫȦɋɩȬɶ 

() ( )4.1.12
wave_ 3vSS hcE nÖ=  

() () ( )4.1.323ccmcE SS Ö= Ͻἧǵ ǫЋȦɋɩȬɶ 

( ) ()( )4.1.4masspoint__ wave
3cEvE SSvS = 4.1.3 ǵϽἧǵ ר ș ὑǠȒ̌ὑ 

( ) ( )4.1.13
wavewave _masspoint__ 3vSSvS hvE nÖ= ș Ǡ ǵЋȦɋɩȬɶ 

 

 ĚĚ Ǯ ǠȒ ǵ ĚĚ 

ʣ ȅǮǵ ǵ ǮǶ ᶫ 2.1 ǵЛקʣșᶥ ǠȒ ǲᾍꜘǠȒ ↔ר ʣș ↓ ҲǠȒ ǲ Ҳ ș

̌ὑǞǭ ș ǖǚǯș ǏǦ ș̌ὑǠȒǚǯǮǶ Ǥǵ ǵ șᾚїǮǔȒȉǵǯ Ƕ ǏȒ ╨ ǵ

Ҳ ș Ǯ 2.14 Ǯὑ ǞǦ Ǥǵ Ҳ ǵὑ ș̓ ǠȒǯ 4.1.14 ș̌ὑǮǔȒ 4.1.14 ǵֳ ǵѝ

ǲ ╨ ǵ ș̌ὑǞǦ Ҳ 4.1.14 ș ǔ Ǡǯ 4.1.15 ș ǮǔȒ  

( ) ( )2.140,Hz 3¸¹ l
l

n
wT

v
╨ ǵ Ҳ ǵὑ  

()
( )4.1.14

wave_

wave_

_ wave
3

vS

S

vS

tv

l
n = Ǯ ǠȒ ǵ Ҳ ǵὑ  

()
( )4.1.15

wave_

wave_

wave_ 3
vS

S

vS

tv

n
l = Ǯ ǠȒ ǵ ǵ ὑ 

 

 ĚĚ Лǵӭ♄ǵ ὑĚĚ 

ǓρǏȒ Ҳ 4.1.11 ǵ ǵ ș 4.1.15 Ǯ ǮǔǦ Ǔ ǲ ǞǭǋȒ Ǯ̓ ǠȒᶫ

2.1ǵȏǍǱ Лǵӭ♄ș ╨ ǵ ǵὑ 2.10 ș̓ Ǟǭ ǮǔȒ Лǵӭ♄Ƕ ╨ ǵ ǵὑ 2.10

ș Лǵӭ♄ 4.1.16 ǲ ǔ ǠǚǯǮ ǮǔȒ 4.1.15 ș Лǵӭ♄ 4.1.16 ǵѝἧǲ̈ЊǠȒǚǯǮ

Лǵӭ♄ 4.1.17 ș ǮǔȒ ╨ ǵ Ƕ Лǵӭ♄ 4.1.17 ș̓ Ǟǭȉ ǮǔȒ Лǵӭ♄ 4.1.17

ș ╨ ǵ ǵὑ 2.10 ǲ ǠȒǚǯǮ Ǯ ǠȒ ǵ ǵὑ 4.1.18 ș ǮǔȒ  

( ) ( )2.100,2 3¤<<ÖÖ¹ lpl r ╨ ǵ ǵὑ  

( ) ( )4.1.160,
2

3¤<<
Ö

= l
p

l
r Лǵӭ♄ 

( ) ( )4.1.170,
2

wave_
3¤<<

Ö
= l

p

lS
r Лǵӭ♄ǵ ὑ 

( )4.1.182wave_ 3rS ÖÖ= pl Ǯ ǠȒ ǵ ǵὑ  
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4.2 Ǯ ǠȒ ǵק ǑȏǺȦɋɩȬɶǵ ͜  

 ĚĚ Ǯ ǠȒ ǵק ĚĚ 

╨ ǵק Ƕ 2.18 Ǯὑ ǞǦ Ǔ Ҳ șρǏȒǚǯǮ 4.1.15 ș ǮǔǦ ǵר ǯǞǭ

Ҳ ǑȏǺ șᾚїǮǔǦǚǯǮ ǵק ș ǮǔȒǚǯǶ 2.18 Ǯ ȐǒǮǉȒ ǵ̟ ǞǦ Ƕ

ǵⱨѝ 2.6 Ǯ ǮǔȒ ǵק ǲ Ǔ̟ ǠȒ ș ǮǉȒȉǵǯ ǏȒǵǮ ș 4.2.1 Ǯ

ǠȒ  

( ) ( )2.180,s 3¸¹
T

T

v
v

T w

w

l
╨ ǵק ǵὑ  

()
( )4.1.15

wave_

wave_

wave_ 3
vS

S

vS

tv

n
l = Ǯ ǠȒ ǵ ǵ ὑ 

() () ( )2.6d wave 3thtvtl Ö=  

() ( )4.2.1d wave_ 3Stl ll =
 

ǵⱨѝ 2.6 ș 2.20 ǲ ǔ ǞǦ 2.20 Ǯק 2.18 ș ǠȒ 2.20 ǵѝἧǲ

4.2.1 ș̈ЊǞǭ Ǥǵѝ ǲ ǵ ǜș̈ЊǠȒǚǯǮק 4.2.2 ș ǮǔȒ
 

()
()

()( ) ( )2.200,
d

wave

wave

3¸= tv
tv

tl
ht

 

()
()( )( )4.2.20, wave

wave_

wave_

wave_ 3¸= tv
tv

T
S

S

S

l

 

ʴǵϽǵ ǜǶ Ͻǵ ǵר Ǯ ǠȒǯ 2.15 ǲǱȒ ᶫ 2.1 Ǯǵ όǮ̓ ǞǭǋȒ ǓρǏǭǋȒ

Ҳ 4.1.11 ș ǠȒ ʴǵϽǵ Ҳ ǑȏǺ ș̓ ǠȒǯ 4.2.3 ș ǮǔȒ  

( )2.15 3lnÖ=c ʴǵϽǵ ǜ 

( )4.2.3 __ 3cScSc ln Ö=
 

̌ὑ 4.1.10 ș̓ ǠȒǯ ʴǵϽǵ ǜ 4.2.4 ș ǮǔȒ 2.20 ș̓ Ǟǭ ʴǵϽǵק ș

4.2.5 Ǯ ǮǔȒ  

( )4.1.10__ wave
3cSvS nn = ǵ Ҳ ș̌ὑ 

( )4.2.4 __ wave
3cSvSc ln Ö=

 

( )4.2.5
_

_ 3Ö=
c

T
cS

cS

l

 

ʴǵϽǵ ǜ 4.2.4 șק 4.2.5 ǵѝ ǲ̈ЊǠȒǯ ʴǵϽǵק 4.2.6 ș ǮǔȒ ʴǵϽǵ

ק 4.2.6 ǵֳ ș ǠȒǯ 4.2.7 ǲǱȒ ʴǵϽǵק 4.2.7 ǵֳ ǲ ǞǦ Ҳ Ƕ ǓρǏ

Ȓ Ҳ 4.1.11 ǮǉȒ  

( )4.2.6
__

_

_

wave

3
cSvS

cS

cST
ln

l

Ö
=

 

( )( )4.2.70,
1

wave

wave

_

_

_ 3¸= vS

vS

cST n
n

 

( )
( )4.1.11

2

masspoint__

_
wave

wave
3

h

cvm SvS

vS

Ö
=n Ǯ ǠȒ ǵ Ҳ ǵ ὑ 
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ק Ǔ Ҳ ǵ Ǯ ǮǔȒǚǯǮǶ ǵρǏȒ Ҳ 4.1.11 ǵ ǵק Ƕ 4.2.8 Ǯ ǮǔȒ

ʴǵϽǵק 4.2.7 ǑȏǺ ǵρǏȒ Ҳ ǵ ǵק 4.2.8 Ƕֳ ș ǠȒǯ 4.2.9 ș ǮǔȒ  

( )( )4.2.80,
1

wave

wave

_

_

wave_ 3¸= vS

vS

ST n
n

Ǯ ǠȒ ǵק ǵ ὑ

 

( )4.2.9_wave_ 3cSS TT =
 

 

 ĚĚ ↔ר Ǯǵ ǑȏǺ ǵЋȦɋɩȬɶǯǵ ͜ĚĚ 

ǵρǏȒ Ҳ ǵ ǵק Ƕ 4.2.8 Ǯ ǮǔǦ Ҳ 4.1.11 ǮǶ ǵЋȦɋɩȬɶ 4.1.13 ș

ǮǔȒ ק Ƕ 2.20 ǮǉȒ ǓἭ᷀ǠȒǚǯǲ 4.1.13 Ǯ ǵ Ҳș ǮǔȒȦɋɩȬɶș

ǮǔȒ  

( ) ( )4.1.13
wavewave _masspoint__ 3vSSvS hvE nÖ= ș Ǡ ǵЋȦɋɩȬɶ 

ǵЋȦɋɩȬɶ 4.1.13 ǮǶ ǵר ș Ҳ Ǯ ǞǭǋȒ Ǥǵ Ƕ ҲǮǉȒȉǵǯᶫ 2.1

ǵȏǍǱ ЛǮǶ ǮǔȒ ↓ ҲǠȒ ǵר ǒȐ Ǯ̟ ǠȒ ș ǠȒ ǚǵ ͜Ƕ ǵר Ǯ

ǉȒ Ҳ Ǯ ǮǉȒק ș Ǟǭ ↔ר ʣǵ ǵ Ҳǲ ͜șʦǏǭǋȒ ק ǮǉȒ Ƕ ↔ר

ʣǮ ҲǠȒ ǵЋȦɋɩȬɶǮẀӓǠȒ ק ǮǉȒ Ǔ ↔ר ʣǮǵ ǵ ҲǮ◙ ș֗ȃǜȓȒ

ҲǠȒǚǯǮ ǵЋȦɋɩȬɶǓẀӓǠȒǚǯǮǶ ǓρǏȒ Ҳ ǓẀӓǠȒ ǚǵǚǯǮǶ Ǥǵ ǵק

ǓẀӓǠȒ  

Ƕ Ǯ̟ Ǟǭǋǔ ǶρǏǭǋȒ Ҳ ǵ ș ǟǜǢȒȉǵǯ ₴ ᷀ǵ Ƕ ǠȒ ǚǵ

ǵ̟ ǮǶ ǵ Ҳ ǓẀӓǠȒǚǯǮ ǟȒ ǓẀӓǠȒ ǚǵẀӓǠȒ Ƕ ǵ Ҳ ș Ǡ Ḹ

șדȇȉǵǯ̌ὑǮǔȒ ǵ Ҳ ǲǶ ʫ șͪǪǭǋȒȦɋɩȬɶǓֺ ǲ ѝǜȓǭǋǖǚǯș

ǵȦɋɩȬɶǵͪἭѸǒȐȉ̌ὑǮǔȒ ǚǵǚǯǶ Ҙἶ ǵȦɋɩȬɶͪἭѸǮȉ̌ὑǮǔȒ  

ȦɋɩȬɶǵͪἭѸǮ ǵ Ҳ ǓẀӓǠȒǚǯǶ ǲᾍǠȒ◙ ș ǮǔȒ ᶫ 2.1 ǵȏǍǱ ЛǮ ș

ǏȒǯ ק ǵ ǓẀӓǠȒǚǯǮ ǵ̟ ǠȒ ǜǓẀӓǠȒǚǯș̌ὑǮǔȒ ǵק ǵẀӓǶ ǵ Ҳ

ǵẀӓǮǉȒ Ҳ ǵẀӓǮǶ 4.1.11 ǵֳ ǵ ר ǓẀӓǠȒ Ǥǵ ר Ƕ ǵ ↓ǵ ǜș

Ẁ ǯǠȒ ǮǉȒ ǚǵǚǯǮǶ Ǥǵ ș ǟǜǢȒ Ǔ ǞǭǋȒ ↔ר ǵ ǜǶ ǱȒȉǵǲ

ǱȒ Ǔ ǞǭǋȒ ↔ר ǓẀȖȒǚǯǮ Ǥǵ ǵ ҲǓ̀ǵ ↔ר ʣǮȉẀӓǠȒ Ǥǵ ҲǶ

ֺ ↔ר ʣǮ ǱȒ ↓ ҲǮ ǮǔȒ ǚǵ ǜǓ ǱȒ ǮǶ ֺ ↔ר ʣǮǵ ǵρǏȒ Ҳ

4.1.11 Ǔ ǱȒ  

( )
( )4.1.11

2

masspoint__

_
wave

wave
3

h

cvm SvS

vS

Ö
=n Ǯ ǠȒ ǵ Ҳ ǵ ὑ 

ֺ ↔ר ʣǮǵ ǓρǏȒ Ҳ 4.1.11 ǵ ǵק 4.2.8 Ǔ ǱȒ ǚǵ Ƕ ֺ ↔ר ʣ

Ǯǵ Ǔ ǱȒǚǯș ǮǔȒ ǚǵ Ƕ ǵר Ǯǵ ǮǶǱǋ ǓρǏȒ ǵר Ǯǵק ǮǉȒ
ɵ

ɵ

ǵ ǮǉȒ ǶȠȢɱȵɣȽȢɱǵ ᾍר Ǯȉ ʴǵϽǵ ǜș Ǐǭ̟ ǮǔȒȉǵǯ ₴

᷀ǵ Ƕ ǏǭǋȒ ǚǵǚǯǮǶ ǤǵȏǍǱ ǜǵ Ǔ̟ ǠȒǚǯǶ ʴǵϽǵ ǜș ǏȒ ǜǮȦ

ɋɩȬɶǵП ѝș ὑǠȒǚ
ɵ

ǯ
ɵ

ș̌ὑǮǔȒ ȦɋɩȬɶǵП ѝǓ ǟȒǚǯǮ Ǔ ǠȒ ↔ר ǓẀ

ȖȒǚǯǓ̌ὑǮǔȒ ↔ר ǓẀȖȒǚǯǮǶ ș ǠȒ ǲ Ǯ Ȓ ǓẀӓǠȒȉǵǯ̌ὑǮǔ

Ȓ ǚǵẀӓǶ ᾍ șבὑǠȒ Ǔ ǟǜǢȒ ǵק Ǯ↔ ǵ șʦǏȒ șὑ ǠȒק ǲ

↔ר Ǯ̓ ǠȒ șʝ ǲὑ ǮǔȒǚǯș ȈȒ ↔ר ǵ ǵ ǫЋȦɋɩȬɶǮ Ҳ 4.1.11
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Ǔֺ ↔ר ǲʝ ǲὑȅȒǚǯǮ ↔ר Ǯǵ șὑ ǮǔȒ Ҳ 4.1.11 ǵֳ ǵẀ Ƕ ǵ

↔ר ʣǮǵ ↓ǵ ǜǵ
ɵ

Ȇ
ɵ

ǮǉȒ Ҳ 4.1.11 ǵ‼ ǵẀ Ƕ ǓρǏȒ Ҳ ǵ
ɵ

Ȇ
ɵ

ǮǉȒ Ҳ

4.1.11 ǵʰ ǲǹǯǫǡǫẀ Ǔ ǜȓǭǋȒ Ǔ ǠȒ ↔ר ǵ ↓ Ҳǵ ǜǲᾍǞǭǹǯ

ǫǵ Ҳ șᾍꜘǜǢȒǚǯǓ֯ ǮǉȒ Ǔ ǠȒ ↔ר ʣǵ Ҳ ș ΙǮ ǠȒǚǯȉ֯ Ǯǉ

ȒĚĚǚǵ Ƕ ǑȏǺ ǲ ǞǦ ĚĚ Ǥǵ Ҳ Ǯ Ǔ ǟǜǢȒ ǵק 4.2.8 ș Ǯǔ

Ȓ ǤǵȏǍǲ Ǔ ǟǜǢȒ ǵק 4.2.8 ș̓ Ǟǭ ↔ר ǵֺ̬ ǲὑ ǠȒ ș̌ὑǮǔȒ Ǥǵ

Ƕ ᶫ 2.1ǵȏǍǱ Лș̓ Ǟǭ 2.20 ș ǮǔȒ  

( )( )4.2.80,
1

wave

wave

_

_

wave_ 3¸= vS

vS

ST n
n

Ǯ ǠȒ ǵק ǵ ὑ

 

()
()

()( ) ( )2.200,
d

wave

wave

3¸= tv
tv

tl
ht

 

↔ר ǵ ǵ↔ ǵ ѝǶ Ǯ 3.1 ǑȏǺ 3.4 Ǯ ǞǦ ↔ר ǵ ǵ ѝǶ 3.2 ǑȏǺ

3.5 Ǯ ǞǦ  

( )1.3,, 3zyx ↔ר Sǵ ǵ ѝ 

( )4.3,, 111 3zyx ↔ר S1ǵ ǵ ѝ 

( )2.33t ↔ר Sǵ ǵ ѝ 

( )5.313t ↔ר S1ǵ ǵ ѝ 

↔ר ǵֺ̬ ǲ șὑ ǠȒǵǮ ǵ̬ ș Ǡ↔ ѝǑȏǺ ș Ǡ ǵΙș ǮǔȒ 3.3 Ǒ

ȏǺ 3.6 ș ǏȒ ₴ ᷀ǵ ἶǮǶ↔ 3.3 ǑȏǺ↔ 3.6 Ǯ ș̌ὑǠȒ

 ( ) ( )3.3,,, 3tzyx ↔ר SǮǵ ǵ↔ ǵ  

( ) ( )6.3,,, 1111 3tzyx ↔ר S1Ǯǵ ǵ↔ ǵ  

 

ʴǵϽǵ ǜǶɫɶɪɱɂẀ 3.9 3.12 ǵὑ Ӣ 3.18 ǲדȅǱǋ ὑ Ӣ 3.18 Ǯὑ ǞǦ

ȏǍǲ ↔ר ǵ ǜuǲǶ ʴǵϽǵ ǜǶ 3.17 Ǯ ǠȒȏǍǲ̓ ǮǔǱǋ ↔ר ǵ ↓ș

Ǔ ǠȒ ↓ǮǉȒȉǵǯ̌ὑǠȒǯ ʝ
ɵ ɵ

ǵ ǓρǏȒ Ҳ ǵ ǵ ǜǶ 4.2.10 ș ǮǔȒ ǚǵǚ

ǯǶ ǮᾚїǠȒ ʝ
ɵ ɵ

ǵ Ǔ ʴǵϽǵ ǜȏȑȉ ǋȉǵǯ̌ὑǮǔȒ ↔ר ʣǮ ǠȒ

Ǔ̌ὑǮǔ Ǥǵ ↔ר ʣș ʴǵϽǵ ǜǮϽǓ ҲǠȒǚǯș ǮǔȒ  

( )3.18 3cuc <<-  

( )3.17 3cu¸  

() ( )4.2.10wave_ 3ctvS ¸
 

ǹǯǫǵ ↔ר ʣǮǵ ǑȏǺϽἧǵ ǵק Ǔ 4.2.9 ǵȏǍǲʝ ǠȒ ק Ƕ ǮǉȒ ǚǵ Ƕ

ֿǟ ↔ר ʣǵֺ̬ Ǯֿ ǜȓǭǑȑʝ ǠȒ ֺ ↔ר ʣǮǵ ↓ǵ ǱȒǚǯǒȐ Ǔ Ǡ Ǔ

ǱȒǚǯǶǠǮǲ ǞǦ Ͻǵ ǵק ǲʝ ǠȒȏǍǲ ǓρǏȒ Ҳ 4.1.11 ǵ ǵק 4.2. ș

ǮǔȒ ǚǵǚǯǮǶ ǓρǏȒ Ҳ 4.1.11 ș ǠȒ ǲ̓ ǠȒ ↔ר ʣǮ ǞǦϽἧǵ Ǔ

Ἥ᷀ǠȒǚǯșͪ ǠȒ ǤǵϽἧǶ Ҳ 4.1.11 ǵᾚїǵ ǒȐȉ ↔ר ʣș ʴǵϽǵ ǜǮ

↓ ҲǞǭǋȒȉǵǯ̌ὑǮǔȒ ǤǵϽἧǵ ↓ Ҳǵ ׄǲǫǋǭǶ Ǯ ǞǭǋȒ ǚǵǚǯǶ

ȠȢɱȵɣȽȢɱǵ ᾍר ǵЏ ǲǱȒϽ ǵʥẀǵԍ ș ǠȒȉǵǯװ ₴ ᷀ǵ Ƕ ǏȒ

ǠȀǭǵ ↔ר Ǯ ѸǶֿǟǮǉȒǚǯș̌ὑǠȒ Ҳ 4.1.11 șᾚїǠȒ Ƕ ̀ǵ ↔ר Ǯ
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ǠȒȉǵǯ̌ὑǠȒ ǤǵᾚїǮǶ ȠȢɱȵɣȽȢɱǵ ᾍר ǮᾚїǠȒ ǵЋȦɋɩȬɶș̓ Ǟ

ǭǋȒ
 

( )4.2.9_wave_ 3cSS TT =
 

( )
( )4.1.11

2

masspoint__

_
wave

wave
3

h

cvm SvS

vS

Ö
=n Ǯ ǠȒ ǵ Ҳ ǵ ὑ

 

( )( )4.2.80,
1

wave

wave

_

_

wave_ 3¸= vS

vS

ST n
n

Ǯ ǠȒ ǵק ǵ ὑ 

Ͻ ǵʥẀǵԍ ǠȀǭǵ ↔ר Ǯ ʴǵϽǵ ǜǶǤǵϽ ǵ Ҳǵ Ǯ ὑǞǱǋǮὑ Ǯǉȑ ʴǵϽǵ ↓

Ƕ ↓ǮǉȒ  

Ͻ ǵʥẀǵԍ ǮǶ ǠȀǭǵ ↔ר Ǯ ʴǵϽǵ ↓Ƕ ↓ǮǉȒ Ͻ ǵ Ҳ Ǔ ↔ר КǮϽ ǒȐ ᾑ

ǜȓȒ ʴǵϽǵ ↓ǵׄǔș ὑǠȒ֯ Ƕר ǏȐȓȒ  

ǓρǏȒ Ҳ ǵ ǵ ș 4.2.11 Ǯ ǮǔȒ Ҳ 4.1.11 șᾚїǠȒ ǲ ǞǦϽἧǵρǏȒ

Ҳ ǵ ǵ ș 4.2.12 Ǯ ǮǔȒ  

() ( )4.2.11wave_wave_wave_ 3SSS Ttv Ö=l

 ( )4.2.12wave__ 3ScS TcÖ=l

↔ר  ʣǮ 4.2.10 ǑȏǺק 4.2.9 Ǔ ǠȒḹֻǮ ǵ ͜╛ 4.2.13 Ǔ ǠȒ 4.2.13 ǮǶ

ǓρǏȒ Ҳ 4.1.11 ǵ ǵ 4.2.11 Ƕ ǞǦϽἧǵρǏȒ Ҳ 4.1.11 ǵ ǵ 4.2.12 ǯ

Ƕ ǞǖǱǋ  

() ( )4.2.10wave_ 3ctvS ¸
 

( )4.2.9_wave_ 3cSS TT =  

( )4.2.13_wave_ 3cSS ll ¸  

ʝ ǲǶ Ͻǵ Ƕ 4.2.14 Ǯ ǮǔȒ ǵ Ҳ 4.1.11 ǵ̌ὑ 4.1.10 ș̓ ǠȒǯ 4.2.15 ș

ǮǔȒ   

( )4.2.14
_

_ 3
cS

cS

c

n
l =  

( )4.1.10__ wave
3cSvS nn = ǵ Ҳ ș̌ὑ 

( )4.2.15

wave_

_ 3
vS

cS

c

n
l =  

ǓρǏȒ Ҳ 4.1.11 ǵ ǵ Ƕ 4.1.15 Ǯ ǞǦ ǞǦϽἧǵρǏȒ Ҳ ǵ ǵ 4.2.15

ǑȏǺ ǓρǏȒ Ҳ 4.1.11 ǵ ǵ 4.1.15 ǵѝ ǲǶֿǟ Ҳ 4.1.11 ș ǞǭǋȒ ǚǵǚǯ

ǒȐ 4.2.16 șᾚїǮǔȒ 4.2.16 ș ǔ Ǟǭ 4.2.17 ș ǮǔȒ 4.2.17 ǵ‼ ǲ ǞǦ ǵ Ƕ

4.2.17 ǵֳ ǲ ǞǦ ǵ ǜǵ ǲ Ǟǋǚǯș Ǡ  

()
( )4.1.15

wave_

wave_

wave_ 3
vS

S

S

tv

n
l = Ǯ ǠȒ ǵ ǵ ὑ 

()
( )4.2.16

_

wave_

wave_ 3
ctv

cS

S

S ll
=  

()
( )4.2.17

wave_

_

wave_
3

c

tvS

cS

S
=

l

l
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₴ ᷀ǵ ǵ όǮǶ ǵȏǍǲǱȒ ἧǓ ҲǠȒǚǯǮ Ǔ ᾑ radiation ǜȓȒ

Ƕ ḹǮ Ǯǔ ḹǶȦɋɩȬɶș ǫ ǚǵ ḹǶὕ᷀ǠȒȉǵǯǞǭ ȖȓȒ ǮϽǵ ș

ǮǔȒ ϽǶϽἧǵ ᶧǮǉȒȉǵǯ ǠȒ ϽἧǓ ↓ ҲǠȒǚǯǮϽǵ Ǔ ǟȒ Ǔ̟ ǠȒǚ

ǯǶ ȦɶɄɩǵȏǍǱἁ Ǯǵ șǞǱǋ ϽǓ̟ ǠȒ ↔ר ǲ ʴǮǉȒḹֻǯǤǍǮǱǋḹֻș̌ὑ

ǮǔȒ ↓ ҲǠȒ ǓρǏȒ Ҳ ǵ Ǔ Ǥǵ ǵ ↓ ҲǮ ǟȒ Ǥǵ ǵ̟ Ƕ ǵ ↓

ҲǯǶ ǱȒ phenomenon ǮǉȒ Ǥǵ Ǔ ʴǵϽǵ ǜ̊ʣǮ̟ ǠȒǚǯș ǞǦ ͜╛ 4.2.18

Ƕ ǮᾚїǠȒ  

() () ()( )( )4.2.180, masspoint_

2

wave_masspoint_ 3¸=Ö tvctvtv SSS  

ǵ̟ Ǯἁ ș̌ὑǞǱǋǮ ↔ר КǓ ʴǮǉȒḹֻǯǤǍǮǱǋḹֻǮ ǮǔȒ Ǯǵ ǵȏǍ

ǲ ǵ Ҳǵ Ǯ ǠȒ Ƕ Ǔ ǲ ǠȒ ǵ Ǯǵᶫ 2.1 ǵ ЛǮ ǠȒ ǓρǏȒ Ҳ

4.1.11 ǵ ǯǶ ǱȒ ǵ ǵ ǮǶ ǤǵȏǍǲ ǵӢѩșʦǏǭϽἧǑȏǺϽǵ ș όǠȒ ̱ǵ

ҲǮ їǜȓȒ ș̌ὑǠȒǚǯǮǶ Ǥǵ ș ǟǜǢȒ ǵ ↓ Ҳș̌ὑǠȒǚǯǲǱȒ Ǥǵ ǲЋ

ȦɋɩȬɶ 4.1.13 ș̌ὑǠȒ Ǥǵ ǵ ↓ǵ ǜǶʝ ǲ Ҳ 4.1.11 ǵ ǵ ǜǯǶ ǱȒ ǵ ǜ

Ǔ ǵ ǜȏȑȉ ǋǚǯǮǶ ǵЋȦɋɩȬɶǓ̟ ǠȒȏȑȉϼǲ Ǔ̟ ǠȒǚǯș̌ὑǮǔȒ Ҳ

4.1.11 ǵֳ ǲǶ ǵЋȦɋɩȬɶǵ ḸǓ Ȓ Ǔϼǲ̟ ǠȒǚǯǮ Ǥǵ ǵЋȦɋɩȬɶǵ ḸǓ

ʴǵϽǵ ǜ̊ʣǵ ǵ ǜǮ ȐȓȒǚǯș̌ὑǮǔȒ  

( )
( )4.1.11

2

masspoint__

_
wave

wave
3

h

cvm SvS

vS

Ö
=n Ǯ ǠȒ ǵ Ҳ ǵ ὑ 

( ) ( )4.1.13
wavewave _masspoint__ 3vSSvS hvE nÖ= ș Ǡ ǵЋȦɋɩȬɶ 

↔ר Ǯ Ǔ ǞǭǋȒǒ ҲǞǭǋȒǒǵӢѩǶ̀ǵ ǯǵ ᾍרǮ ǮǔȒ ǚǵǚǯǶ

Ǯǵ ᾍ ǑȏǺ Ǯǵ ᾍ șבὑǠȒ̌ὑǒȐȉ ǮǔȒ ↔ר Ǯ ǞǭǋȒ Ƕ

̀ǵ ↔ר Ǔ ↓ ҲǞǭǋȒǚǯș ᾍרǮ ǮǔȒ Ҳ Ǯ ǵЋȦɋɩȬɶǓẀӓǠȒǚǯǶ

4.1.2 ǵֳ ǵ ר 4.1.1 ǵȆǓẀ ǮǉȒǚǯǒȐ Ȑǒǲ̌ὑǮǔȒ  

( ) ( ) ( )4.1.22

masspoint__masspoint__ wavewave
3cvmvE SvSSvS Ö= ǵ ǫЋȦɋɩȬɶ 

( )( )4.1.1masspoint__ wave
3SvS vm ǵ ר  

Ǯȉֺ ǵ ר ǓẀӓǠȒǚǯǮ ǵЋȦɋɩȬɶǓẀӓǠȒǚǯș̌ὑǮǔȒ șὑ

ǯǠȒǚǯǶ ȠȢɱȵɣȽȢɱǵ ᾍר Ǯ ǠȒ Ǔ Ǯ ǲὑ ǞǦ 4.1 Ƕὑ

ǮǉȒ ǚǵḹֻǶ ǵ ǓẀӓǞǱǋǚǯǮ ș ǞǭǋȒ К ǵȦɋɩȬɶǓ ǵẆǲ ї

ǜȓǱǋǚǯș̌ὑǠȒ Ǔ ↔ר ʣǲ Ǟǭǋǭȉ К ǒȐ ș ǞǭǋȒȦɋɩȬɶǓ ї

Ǟǭ ǵЋȦɋɩȬɶǓ ᾜǞǭǋȒḹֻǮǶ ǓẀӓǠȒǚǯș̌ὑǠȒ   

() ( ) ( )4.10,1
2

2

0 3cv
c

v
vmm ¢¢-Ö¹  

ǒȐ їǞǦȦɋɩȬɶǶ̀ǵ↔ ʣǮͪἭǜȓǭǋȒǚǯș̌ὑǠȒ ǚǵǚǯǶ ǵȦɋɩȬɶǵͪ

ἭѸǮ ǮǔȒ ǵɋɩȬɶǵͪἭѸǶ ѸǮǉȒȉǵǯḨ ἶǮ ǜȓȒ ₴ ᷀ȅǮ

ǵ ἶǵǠȀǭǵ Ǯ ǵȦɋɩȬɶǵͪἭѸǓ ǞǭǋǦȉǵǯ̌ὑǠȒ ǵȦɋɩȬɶǵͪἭѸ
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ǮǶ șǰǵȏǍǲ̌ὑǠȒǒǶᵂ ǮǉȒ ȦɋɩȬɶǵ Ƕ Ǯ ǠȒ ǚǵǚǯǮǶ ǵ Ҳ

ǓẀӓǠȒǦȈǲǶ̀ǵ ǯǵ ѦǮǵ Ҳǵ ᾍרǲ ᶦǠȒǚǯș̌ὑǮǔȒ ǚǵ ѦǲǫǋǭǶ

ǵ ǜǓ ʴǵϽǵ ǜ̊ʤǵ ǜǮ ҲǠȒǚǯș̀ǵ ǯǵ ᾍרǲ̌ὑǠȒ ǚǵǚǯǶ ȠȢɱȵɣȽȢ

ɱǵ ᾍר Ǯ ǠȒ ↓ ҲǠȒ ǓρǏȒ Ҳ 4.1.11 ǵ Ǔ̟ ǠȒǚǯș̌ὑǠȒ ǚǵ

̌ὑǮǶ Ǥǵ Ǔ ʴǵϽǵ ǜ̊ʣǮ̟ ǠȒǚǯǶ 4.2.18 Ǯ ǠȒ Ǥǵ Ǔ Ǥǵ ș ǟǜǢǭǋ

Ȓ ȏȑȉ ǖ̀ǵ ǵ ↓ǵ ǜșẀӓǜǢȒǚǯș̌ὑǠȒ ǚǵ̌ὑǮǶ ǓρǏȒ Ҳ ǵẀӓș

̀ǵ ǓρǏȒ Ҳ ǵ ǓʦǏȒǚǯș̌ὑǠȒ ǚǵǚǯǮǶ Ҳ șẀӓǜǢȐȓǦ Ƕ ǜșẀӓǜǢ

Ȓǚǯș ǓρǏȒ Ҳ 4.1.11 Ǯ ǮǔȒ  

( )
( )4.1.11

2

masspoint__

_
wave

wave
3

h

cvm SvS

vS

Ö
=n Ǯ ǠȒ ǵ Ҳ ǵ ὑ 

() () ()( )( )4.2.180, masspoint_

2

wave_masspoint_ 3¸=Ö tvctvtv SSS  

Ҳ ǵẀӓǮ ǵ ↓ǵ ǜǓẀӓǠȒǚǯǶ ↓ group velocity Ǯȉ ǮǔȒ ↓ǑȏǺ

↓ǵ ǜǯǵ ͜Ƕ ǮᾚїǠȒ ǲǶɓɶɨȦ 2.11 ǵȏ
ɵ

Ǎ
ɵ

Ǳ
ɵ

ǴֻȖǢǵқ Ǔʝ ǲ Ǡ

Ȓ ǚǵǚǯǶ Ḩ ἶǮ ǴֻȖǢǵԍ the principle of superposition ǯᴀǷȓǭǋȒ ǓρǏȒ Ҳ

4.1.11 ǵ Ǔ̟ Ǟǭ ǴֻȖǢǵԍ ǲ♫Ǫǭֺ ǵ ₦Ǔ ǮǔȒǚǯǶḨ ἶǮ̌ὑǮǔȒ ǚǵ

̌ὑǶ Ḩ ἶǵ Ǯȉⱳǡ ǠȒǚǯǶבὑǜȓǭǋȒ ǚǵǚǯǮǶ ǓρǏȒ Ҳ 4.1.11 ǵ

Ǯȉ̌ὑǮǔȒǚǯǶḨ ἶǒȐ ǏȐȓȒ ǴֻȖǢǵԍ ǮǶ ǯ ǯǵ ǴֻȖǢș ǞǭǋȒ

ș ǟǜǢȒ ǵЋȦɋɩȬɶǲǶ Ǔ֗ȚǮǋǱǋ ǤǞǭ ǓρǏȒ Ҳ 4.1.11 șẀӓǜǢȒǚǯ

șͪ ǠȒȉǵǮǶǱǋ  

()
()

() ( ) () ( )( ) ( )2.11cossin
2 1

0 3ä
¤

=

ÖÖ+ÖÖ+=
m

mm mfbmfa
fa

f qqq  

↔ר ʣǲ ̧Ǯ ǞǭǋȒȉǵǯ ȖȓȒ ҲșǠȒ ǮǶ ǓρǏȒ Ҳ 4.1.11 ǵ Ƕ

Ẏ infinity ǲ ǠȒ ǜǮ̟ ǠȒ ǚǵǚǯǶ ɉɣɶɆɱҘἶǵ Ḹ̟ ǵ ǜǲ ǋǚǯș ǠȒװ ɉɣ

ɶɆɱҘἶǮǶȠȢɱȵɣȽȢɱǵ ᾍר Ǯ ǠȒȏǍǱ ǵ ǜǵ șᾚїǞǭǋǱǋ ֺ ǲǶ

ǵ ǓẼ̲ǲ ȓǭǋǭȉ ˛̸ Ǔ ǟȒȅǮǵ Ǔ ǮǉȒǚǯșɉɣɶɆɱҘἶǶ ǞǭǋȒ

ǚǵǚǯǮǶ ǓρǏȒ Ҳ 4.1.11 ǵ ǵ◙ ș ǮǔǱǋ ↔ר ʣǲ ̧Ǯ ǞǭǋȒḹֻǮ

Ƕ ˛̸ Ǔ ǟȒȅǮǵ Ǔ ǲ ǋȉǵǯǱȒ ǚǵ ǮǶ ὕ ǲ Ǔ ↔ר ʣǲ ̧Ǯ Ǟǭ

ǋȒḹֻǮ 4.1.11 Ǔ ǠȒǚǯǶ ǜȓǭǋǱǋ ̧Ǯ ǞǭǋȒḹֻǮǶ ǵ↔ Ƕ ǓἭ᷀Ǟ

ǭǋǦ Ȓ↔ ǲ ̧ǠȒ↔ ș Ǡ ǚǵǚǯǮǶ ҘǑȏǺ ҘǵɛɄɱȵɡɩȦɋɩȬɶș ǠȒ

ǵ ȉʝ ǲȂȃ ǞǋΙǯǱȒ ǫǵ ǵֺ̬ Ǯ ǮǔȒ ǓȂȃ ǞǋǚǯǮɛɄɱȵɡɩȦɋɩȬ

ɶǓȂȃ ǞǋǚǯǮǶ ҲȦɋɩȬɶǮȉֿ ǮǉȒ ǵЋȦɋɩȬɶǮǶ Ǯǵ ǵЋȦɋɩȬ

ɶǲ ̧ǠȒǚǯǲǱȒ ǤǵȏǍǱȦɋɩȬɶǵ ̧ΙǮǶ Ẏǲ ǠȒ ǜǮ̟ ǠȒ ǵ◙ Ƕ Ƶǵ

ǵ ǲǶ ǋȉǵǯ ǜȓǭǞȅǍǒȉǞȓǱǋ  

Ҙș ǠȒǵǲǶɫɶɪɱɂҘ 4.2.19 the Lorentz force ș̓ ǠȒ ɫɶɪɱɂҘǮǶ ḹ electric 

field ǑȏǺ ḹ magnetic field ș ǞǭǋȒ Ҙ 4.2.20 Ƕ ḹǮ ǲ̸ ǠȒ Ҙ 4.2.21

Ƕ ḹǮ ↓ 4.2.22 Ǯǵ ҲșǞǭǋȒ ǲ̸ ǠȒ Ҙǵ ˛̸ ǓϽἧǵ ҲǮ ǮǔȒ ḹ

ǱȐǷ ̀ǵ ἧǵ ҲǑȏǺ ἧǓ ǟǜǢȒ ș ǠȒḹǮ ș̌ὑǮǔȒ̵᷂ȉǉȒȉǵǯר ₴
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᷀ǵ Ƕ ǏȒ  

( ) ( )4.2.193BvEF ³+=q ɫɶɪɱɂҘ 

( )4.2.203EF qE = Ҙ 

( )4.2.213BvF ³=qB Ҙ 

( )4.2.223v  

 

4.3 ǵ ЋȦɋɩȬɶǑȏǺ Ҳ ǵ ͜  

ǮǶ Ǔ ǲ ǞǭǋȒ ǵ Ǯ ǵЋȦɋɩȬɶ 4.1.2 Ƕ ǓρǏȒ Ҳ 4.1.11

Ǯ ǮǔȒǚǯș ǞǦ ǓρǏȒ Ҳ 4.1.11 ǵ‼ Ƕ ǵר ș Ǟǭǉȑ ֳ Ƕ ǵר ș

ǞǭǋȒ Ҳ 4.1.11 ǵֳ ǵѝ ǲ ǞǦɕɧɱȭὑ 2.17 ǶȦ
ɵ

ɋ
ɵ

ɩ
ɵ

Ȭ
ɵ

ɶ
ɵ ɵ

ᾑ
ɵ

Ǯ ǍȉǵǮǉȒ ɕɧ

ɱȭὑ Ǯ ǵר ǑȏǺ ǵר ș ̂͜ǘǭǋȒ ɕɧɱȭὑ ǵΙǶɝȭɫȷȯɶɩ microscale ǮǵΙș

ἧ quantum Ǯ ǠȒǵǲ̓ ǮǔȒ Ҳ 4.1.11 ǵֳ ǵѝἧǲ ǞǦ ǵЋȦɋɩȬɶ 4.1.2

ǵֳ Ƕ ǵר ǮǉȒ Ҳ 4.1.11 ǵ‼ Ǯ ǵר ǮǉȒ Ҳ ș ǮǔȒǚǯǮ Ǥǵ Ҳ 4.1.11

ǵ ǵ ș 4.1.15 Ǯ ǮǔǦ ǵЋȦɋɩȬɶǑȏǺ Ҳ Ƕ ȠȢɱȵɣȽȢɱǵ ᾍר ș̓

ǠȒǚǯǮ ǯǵ ͜șᾚїǮǔȒ  

( ) ( ) ( )4.1.22

masspoint__masspoint__ wavewave
3cvmvE SvSSvS Ö= ǵ ǫЋȦɋɩȬɶ 

( )
( )4.1.11

2

masspoint__

_
wave

wave
3

h

cvm SvS

vS

Ö
=n Ǯ ǠȒ ǵ Ҳ ǵ ὑ

 

( )2.17s J 1062606896.6 34 3-³=h ɕɧɱȭὑ  

()
( )4.1.15

wave_

wave_

wave_ 3
vS

S

vS

tv

n
l = Ǯ ǠȒ ǵ ǵ ὑ 

Ǔ Ǯ ǲὑ ǞǦ 4.1 ș̓ Ǟǭ ǵ șЋȦɋɩȬɶǑȏǺ Ҳ Ǯ ǮǔȒ

ǤǞǭ Ǥǵ ș̓ Ǟǭ ǵ ↓ǵ ǜǑȏǺ ʴǵϽǵ ǜǵ ͜ș ǮǔȒ ǚȓȐǵ ǫǵ

͜╛Ƕ ♥ǲ Ҳ ǑȏǺ ǵ ͜╛ș ǮᾚїǠȒǵǲ̓ ǠȒ ǮǶ Ҳ ǑȏǺ ǵ ͜

╛ș̓ Ǟǭ ǵЋȦɋɩȬɶ Ҳ ǑȏǺ ǵ ǜǵ ͜╛șᾚїǠȒ ǮǶ Ǥǵ ǫǵ ͜╛șᾚ

їǠȒ  

() ( ) ( )4.10,1
2

2

0 3cv
c

v
vmm ¢¢-Ö¹

 

 

 

4.1 ǵֳ ǲ ǞǦ ר ș₳ ǵʴǲ ǔ Ǟǭ 4.3.1 ș ǮǔȒ 4.3.1 ǵ₳ ǵʴ

ǵ ǲ ʴǵϽǵ ǜș ˆǞǦȉǵșѝἧǑȏǺѝ ǲ 4.3.2 ǵȏǍǲ ǠȒ  

( )( )
( )( )( )

( )4.3.1
2

2

masspoint_

2

masspoint__2

masspoint__masspoint_0
wave

wave
3

c

vvm
vmm

SSvS

SvSS

Ö
-=  

( )( ) ( )( )( )
( )4.3.2

2

2

masspoint_

2

masspoint__

4

42

masspoint__

masspoint_0
wavewave 3

c

vvm

c

cvm
m

SSvSSvS

S

Ö
-

Ö
=
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4.3.2 ǵֳ ǲ ǵЋȦɋɩȬɶǓ ǜȓǭǋȒǵǮ 4.1.2 ǵ‼ ș̓ Ǟǭ ǔ ǠǚǯǮ 4.3.3 ș

ǠȒ 4.3.3 ǵֳ ǲ ǵ Ҳ Ǔ ǜȓǭǋȒǵǮ 4.3.4 ǵ‼ ș̓ Ǟǭ ǔ ǠǚǯǮ 4.3.5 ș

ǠȒ 4.3.5 Ƕ ǵ ș ǵ ǫЋȦɋɩȬɶǑȏǺ Ҳ Ǯ ǞǦ ͜╛ǮǉȒ  

( ) ( ) ( )4.1.22

masspoint__masspoint__ wavewave
3cvmvE SvSSvS Ö= ǵ ǫЋȦɋɩȬɶ 

( )( ) ( )( )( )
( )4.3.3

2

2

masspoint_

2

masspoint__

4

2

masspoint__

masspoint_0
wavewave 3

c

vvm

c

vE
m

SSvSSvS

S

Ö
-=  

() ( ) ()( )4.3.4masspoint_masspoint___ wavewave
3tvvmtp SSvSvS Ö= ǵ Ҳ  

( )( ) ()( )
( )4.3.5

2

2

_

4

2

masspoint__

masspoint_0
wavewave 3
c

tp

c

vE
m

vSSvS

S -= ЋȦɋɩȬɶǑȏǺ Ҳ Ǯ ș ǞǦ ͜╛ 

 

4.3.5 ǵʰ ș ˆǠȒǯ 4.3.6 ș ǮǔȒ 4.3.6 ǵֳ ǵ ǲ ǞǭǉȒ Ҳ ș‼ ǲ Ǡ

Ȓ 4.3.6 ǵ‼ ǲ ǞǭǉȒ șֳ ǲ ǠȒǚǯǮ Ҳ 4.3.7 ș ǮǔȒ Ҳ Ǔ 4.3.9

ǮǉȒǚǯș̓ ǠȒǯ 4.3.10 ș ǮǔȒ 4.3.10 Ƕ ǑȏǺЋȦɋɩȬɶǮ Ҳ ș ǞǦ ͜

╛ǮǉȒ  

( )
( )( )

()( ) ( )4.3.6
2

_2

2

masspoint__2

masspoint_0 wave

wave 3tp
c

vE
cm vS

SvS

S -=Ö
 

()( )
( )( )

( ) ( )4.3.7
2

masspoint_02

2

masspoint__2

_
wave

wave
3cm

c

vE
tp S

SvS

vS Ö-=   

( ) () ( )9.3.40masspoint_masspoint__ wave
3²Ö tvvm SSvS  

()
( )( )

( ) ( )4.3.10
2

masspoint_02

2

masspoint__

_
wave

wave
3cm

c

vE
tp S

SvS

vS Ö-= ǑȏǺЋȦɋɩȬɶǮ Ҳ ș ǞǦ ͜╛ 

4.1 ǮǶ Ǔ ʴǵϽǵ ǜǮ ҲǞǭǋȒḹֻǵ Ƕ Ǯǉȑ 4.3.11 ș̌ὑǮǔȒ

4.3.11 ș 4.3.10 ǵֳ ǲ̈ЊǠȒǯ Ҳ 4.3.12 ș ǮǔȒ
 ( )4.3.110masspoint_0 3=Sm

 

()
( )

( )4.3.12
masspoint__

_
wave

wave
3

c

vE
tp

SvS

vS =
 

 

ǵЋȦɋɩȬɶ 4.1.2 Ƕ ǵρǏȒ Ҳ Ǯ ǠȒǯ 4.1.13 ǮǉȒ ǵЋȦɋɩȬɶ 4.1.13

Ƕ ἧȦɋɩȬɶǮǉȒȉǵǯ̌ὑǮǔȒ ǵ ἧȦɋɩȬɶ 4.1.13 ș 4.3.10 ǵֳ ǲ̈ЊǠȒǯ 4.3.14

ǲ ǮǔȒ  

( ) ( )4.1.13
wavewave _masspoint__ 3vSSvS hvE nÖ= ș Ǡ ǵЋȦɋɩȬɶ 

()( )
( )

( ) ( )4.3.14
2

masspoint_02

2

_2

_
wave

wave
3cm

c

h
tp S

vS

vS Ö-
Ö

=
n

 

Ҳ ș ˆǞǦ 4.3.14 ǵ‼ ǲ Ҳ 4.3.4 ǵֳ ș̈ЊǞǭ 4.3.15 ș ǮǔȒ ר 4.3.16 ǵ

ֳ ș 4.3.15 ǵ‼ ǲ̈ЊǠȒǯ 4.3.17 ǲǱȒ  

() ( ) ()( )4.3.4masspoint_masspoint___ wavewave
3tvvmtp SSvSvS Ö= ǵ Ҳ
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( ) ()( )
( )

( ) ( )4.3.15
2

masspoint_02

2

_2

masspoint_masspoint__
wave

wave
3cm

c

h
tvvm S

vS

SSvS Ö-
Ö

=Ö
n

 

( )
( )

( )4.3.16
2

masspoint__

masspoint__
wave

wave
3

c

vE
vm

SvS

SvS =
 

( )
()

( )
( ) ( )4.3.17

2

masspoint_02

2

_

2

masspoint_2

masspoint__ wavewave 3cm
c

h
tv

c

vE
S

vS

S

SvS
Ö-

Ö
=ö

ö

÷

õ

æ
æ

ç

å
Ö

n

 

4.3.17 ǵ‼ Ǯǵ ʴǵϽǵ ǜș ǵ ǫЋȦɋɩȬɶǑȏǺ ǵ ↓ǵ ǜǵǤȓǥȓǲ 4.3.18 ǵ

ȏ
Ǎǲ ǠȒ ǵ ǫ ἧȦɋɩȬɶ 4.1.13 ǵֳ ș 4.3.18 ǵ‼ ǵ ǵ ǫЋȦɋɩȬɶǲ̈ЊǠȒ

ǯ 4.3.19 ǲǱȒ

 ( ) () ( )
( ) ( )4.3.18

2

masspoint_02

2

_

2

masspoint_masspoint__ wavewave 3cm
c

h

c

tv

c

vE
S

vSSSvS
Ö-

Ö
=ö

ö

÷

õ

æ
æ

ç

å
Ö

n

 

() ( )
( ) ( )4.3.19

2

masspoint_02

2

_

2

masspoint__ wavewave 3cm
c

h

c

tv

c

h
S

vSSvS
Ö-

Ö
=ö

ö

÷

õ

æ
æ

ç

å
Ö

Ö nn

 

4.3.19 ǵ‼ ǵǹǯǫǵ ╩ș 4.3.20 ǵ‼ ǵȏǍǲ ǫǲǞǭ ǠȒ 4.3.20 ǵ‼ ǵ ǵר ș Ǡ

╩ǵ ѝș 4.3.21 ǵȏǍǲֳ ǲ ǔ Ǡ  

() ( )
( ) ( )4.3.20

2

masspoint_02

2

_

2

masspoint_

2

_ wavewave 3cm
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h
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tv
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S

vSSvS
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ö
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õ
æ
æ
ç
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÷
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æ
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åÖ nn

 

() ( )
( )

( )
( )

( )4.3.21
2

_

2
2

masspoint_02

_

2

2

2

_

2

masspoint_

wavewave

wave 3
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vSS

h
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c

c

h
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nn
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Ö
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Ö
Ö

Ö
=ö

ö
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õ
æ
æ
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å

 

4.3.21 ǵֳ ș ǠȒǯ 4.3.22 ǵ‼ ǵȏǍǲ ǮǔȒ 4.3.22 ǵ‼ ǮǶ ǵ ↓ǵ ǜǓẀ

ǮǉȒ 4.3.22 ǵֳ ǮǶ ǓρǏȒ Ҳ 4.1.11 ǵȆǓẀ ǮǉȒ ǚǵǚǯǮ 4.3.22 ǵ‼ Ǯǵ

ǵ ↓ǵ ǜǶ Ǥǵֳ ǵ ǓρǏȒ Ҳ ǲ Ẁ ǵ ǋǓ֯ ǮǉȒ ǓρǏȒ Ҳ ǓẎǔǋ

Ȃǰ ǵ ↓ǵ ǜǶ ǖǱȒ Ҳ ǓẎǔǋǚǯǒȐ Ǥǵ Ҳ ǵק ǶᾛǜǖǱȒ ק ǓᾛǜǋǚǯǮ

Ƕ Ǔ ǖ ȇǚǯǓ̌ὑǮǔȒ ǚǵ ǮǶװ Ǔ ǞǭǋȒ ↔ר ʣǲǶ Ҳ Ƕ 4.3.22 ǵֳ

ǵ Ǔ ǲ֛ ǠȒȏǍǲẀӓǠȒ ǚǵẀӓǮǶ Ҳ ǓᾛǜǖǱǪǭǋǖ Ҳ ǓᾛǜǖǱǪǭǋǖǚ

ǯǮ Ǥǵ Ҳ ǵק ǶẎǔǖǱǪǭǋǖ ק ǓẎǔǋǚǯǮǶ Ǔ ǖ ȇǚǯǓ̌ὑǮǔȒ 4.3.22 Ǯ

Ƕ ↔ר Ǯǵ ǵ Ȇ Ǔ ֿǟ ǲᾍǞǭ ǱȒǚǯș ǮǔȒ ǚǵǚǯǶ Ǔ ǲ Ǟǭ

ǋȒ ǵ ǮᾚїǞǦ Ҳ 4.1.11 ș̓ Ǟǭ ǞǦ ǓρǏȒ Ҳ 4.1.11 Ǯǵ Ҳ ǵẀ Ƕ

Ǯ ǠȒ  

()
( )

( )
( )4.3.221

2

_

2
2

masspoint_0

2

masspoint_

wave

3
vS

S

S

h

c
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c

tv
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ÖÖ-=ö

ö
÷

õ
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( )
( )4.1.11

2

masspoint__

_
wave

wave
3

h

cvm SvS

vS

Ö
=n Ǯ ǠȒ ǵ Ҳ ǵ ὑ 

 

ǵ ἧȦɋɩȬɶ 4.1.13 ǵ‼ ș 4.3.22 ǵֳ ǵ ǲ̈ЊǠȒǯ 4.3.23 ǲǱȒ ǵ ǫЋȦ

ɋɩȬɶ 4.1.2 ǵֳ ș 4.3.23 ǵֳ ǵ ǲ̈ЊǠȒǚǯǮ 4.3.24 ș ǮǔȒ  
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( ) ( )4.1.13
wavewave _masspoint__ 3vSSvS hvE nÖ= ș Ǡ ǵЋȦɋɩȬɶ
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( )
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( ) ( ) ( )4.1.22

masspoint__masspoint__ wavewave
3cvmvE SvSSvS Ö= ǵ ǫЋȦɋɩȬɶ
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( )4.3.241
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ʴǵϽǵ ǜșʥ ╛ 4.3.30 ǵֳ ǲ ǠȒǯʥ ╛ 4.3.31 ș ǮǔȒ ʥ ╛ 4.3.31 ‼ Ƕ
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4.4 ǵ Ҳ ǑȏǺ ǵ ͜Ǯ όǠȒ ǵ ǜǑȏǺ ǵ ǜǵ ͜  

ǓρǏȒ Ҳ 4.1.11 ǵ ǵ ǜǶ ǵ ↓ǵ ǜǯǶ ǱȒ ǚǵǚǯǶ 4.2.18 Ǯ ǲ ȓǦ

4.3.31 Ǯ ǵ ↓ǵ ǜǓ ʴǵϽǵ ǜș ǏǱǋǚǯșᾚїǮǔǦ  
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4.2.18 ș ǵ ǜ 4.4.1 ǲ ǔ Ǡ ǵ ↓ǵ ǜǶ ʴǵϽǵ ǜǲ Ǟǋǚǯș 4.4.2 Ǯ̌ὑ

ǠȒ 4.4.2 ș 4.4.1 ǵѝ ǲ̈ЊǠȒǯ 4.4.3 șᾚїǮǔȒ 4.4.3 ǮǶ ǵ ǜǓ ʴǵϽǵ ǜǲ

ǞǋǚǯǒȐ ǓρǏȒ Ҳ ǵ ǵ ǜǶ ʴǵϽǵ ǜǲ Ǟǋǚǯș ǞǭǋȒ ǚǵǚǯǶ ϽἧǮ

ǮǔȒ Ͻǵ Ƕ Ǯǉȑ ϽἧǶϽǵ ἧǮǉȒǚǯș ₴ ᷀ǵ ἶǮ ǠȒ ʴǵ

ǑȏǺϽἧǶ ʴǵϽǵ ǜǮ ҲǠȒȉǵǯἶ Ƕ ᾚș֞ǘȒ
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ǵ ↓ǵ ǜǓ ʴǵϽǵ ǜȏȑᾛǜǋΙǮǉȒȉǵș 4.4.1 ǵѝ ǲ̈ЊǠȒ ǚǵǚǯǮ 4.4.1
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ǓρǏȒ Ҳ 4.1.11 ǵ ǵ ǯǵ ͜ș ǠȒ ǵ Ҳ Ǔ ǵ Ǯ ǮǔȒ ǚǵǚǯǮ Ҳ

4.1.11 Ǯ ǠȒ ǵЋȦɋɩȬɶǮǉȒ ἧȦɋɩȬɶ 4.1.13 ǑȏǺ Ҳ 4.1.11 ǵ Ǯ ǠȒ
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Ǔ ǲ ǞǭǋȒ ǵ Ǯ ǵ Ǯ ǮǔȒ ǵ Ҳ ǑȏǺ 4.4.1 șᾚїǠȒǚǯǓǮǔȒ

ǮǶ ǵ Ǯ ǮǔȒ ǵ Ҳ șᾚїǠȒ Ǯ ǵ ↓ǵ ǜǑȏǺ ǵ ǜǵ ͜╛

4.2.18 șᾚїǠȒ  

 

  ĚĚ ǵ Ҳ ǑȏǺ ǯǵ ͜ĚĚ 

Ҳ 4.3.10 ǵֳ ǲ ǞǦ₳ ǵʴǲ ǞǭǋȒ ș₳ ǵẆǲ ǠȒǯ 4.4.5 ǲǱȒ

Ҳ 4.4.5 ǵ₳ ǵʴǲ ǞǭǋȒ ǵ ǵ ǫЋȦɋɩȬɶǲ 4.1.2 ǵֳ ș̈ЊǠȒǚǯǮ 4.4.6

ș ǮǔȒ  
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Ҳ 4.4.13 ǵֳ ǲǶ ǓρǏȒ Ҳ 4.1.11 ǵ ǵ 4.4.11 Ǔ ǜȓǭǋȒ ἧȦɋɩȬɶ

ș ǠȒ ǵ Ҳ șᾚїǠȒǵǮ ɕɧɱȭὑ 2.17 Ǔ ǮǔȒǚǯǶ̌ὑǮǔȒ Ҳ 4.4.13 ǵ

ֳ ǲǶ̀ǵȉǵǓ ǜȓǭǋȒ Ǥǵ̀ǵ ѝǲǫǋǭ όǠȒǯ 4.4.12 ǵ ѝǓ ǜȓǭǋȒ Ҳ
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Ҳ 4.4.13 ǵֳ ǑȏǺ Ҳ 4.4.15 ǵֳ ș ǠȒǵǮ 4.4.13 ǵ‼ ǲ 4.4.15 ǵֳ ș̈ЊǠ
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Ҳ 4.4.13 ǑȏǺ Ҳ 4.4.15 ǮǶ ǵ̌ὑ 4.4.17 ǑȏǺě ǵ ǜǑȏǺ ǵ ǜǵ ͜Ĝǵ

̌ὑ 4.4.18 ș̓ ǠȒǚǯǮ Ҳ 4.4.19 ș ǮǔȒ Ҳ 4.4.19 Ƕ Ҳ ǑȏǺ ǓρǏȒ Ҳ
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4.1.11 ǵ 4.1.15 Ǯ ǮǔȒ Ҳ 4.4.19 șᾚїǮǔǦ ǚǵǚǯǮǶ ǓρǏȒ Ҳ 4.1.11

ǵ ǵ Ǯ Ҳ ș ǞǭǋȒ ǵ ǫЋȦɋɩȬɶǮǉȒ ἧȦɋɩȬɶǑȏǺ Ҳ Ƕ ǵר ǮǉȒ
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4.2.16 ș 4.2.17 ǲ ǔ Ǡ 4.2.17 ǵʰ Ƕ ǵר Ǯ ǞǭǋȒ 4.2.17 ǵֳ Ƕ ǓρǏȒ
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Ҳ 4.1.11 ǵ ǵ ǜǑȏǺ ʴǵϽǵ ǜǮ ǞǭǋȒȉǵǯ ǮǔȒ 4.2.17 ǵֳ ș 4.4.20
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2

masspoint_0

wave_
wave

3¸-= S

SvS

S

S

v
vm

m

tv

c

 

ʝ 4.4.21 ǵֳ Ƕ ǵר Ǯ ǞǭǋȒ 4.4.21 ǵֳ Ƕ 4.3.28 ǵֳ ǲ Ǟǋ 4.3.28 ǵʰ Ƕ

ǵר Ǯ ǞǭǋȒȉǵǯ ǮǔȒ 4.3.28 ǵ‼ ș 4.4.21 ǵֳ ǲ̈ЊǠȒǯ 4.4.22 ș Ǯǔ

Ȓ 4.4.22 ǵ‼ Ƕ ǵר Ǯ ǞǭǋȒȉǵǯ ǮǔȒ 4.4.22 ǵֳ Ƕ ǵר Ǯ ǞǭǋȒȉ

ǵǯ ǮǔȒ

 

()
( )

( )4.3.281

2

masspoint__

masspoint_0masspoint_

wave

3
ö
ö

÷

õ

æ
æ

ç

å
-=

SvS

SS

vm

m

c

tv
ǵ ǜǑȏǺ ʴǵϽǵ ǜǵ ͜╛ 

()

()
( )( )4.4.220, masspoint_

masspoint_

wave_

3¸= S

S

S

v
c

tv

tv

c

 

4.4.22 ș ǔ Ǡǯ 4.4.23 ǲǱȒ 4.4.23 Ƕ̌ὑ 4.4.18 ǲ Ǟǋ  

 

() ()
( )( )4.4.230,1 masspoint_

wave_masspoint_
3¸=Ö S

SS
v

c

tv

c

tv

 

() ()
( )( )4.4.180,1 masspoint_

masspoint_wave_
3¸=Ö S

SS
v

c

tv

c

tv

 

4.4.20 ǵ‼ Ƕ ǵ ͜╛ 4.1.15 ǑȏǺ 4.2.15 ǒȐ 4.4.22 ǵ‼ șᾚїǞǦ ǵ ͜╛ 4.1.15 Ǒ

ȏǺ 4.2.15 Ƕ 4.3.1 ǯǶ Ǟǭ ǮǔǦȉǵǮǉȒ 4.4.20 ǵֳ Ƕ 4.3.1 ș ǔ

ǞǭᾚїǞǦ 4.3.28 ș̓ ǞǦ ѝǮǉȒ  

( )
( )( )

( )( )4.4.200,1 masspoint_2

masspoint__

2

masspoint_0

wave_

_

wave

3¸-= S

SvS

S

S

cS
v

vm

m

l

l

 

()
( )4.1.15

wave_

wave_

wave_ 3
vS

S

S

tv

n
l = Ǯ ǠȒ ǵ ǵ ὑ 

( )4.2.15

wave_

_ 3
vS

cS

c

n
l =

 

( )( )
( )( )( )

( )4.3.1
2

2

masspoint_

2

masspoint__2

masspoint__masspoint_0
wave

wave
3

c

vvm
vmm

SSvS

SvSS

Ö
-=

 

ǵר ǮǉȒ 4.3.1 ș̓ ǠȒǚǯǮ 4.4.20 ǵֳ ș
ɵ ɵ

ǵ ↓ǵ ǜǑȏǺϽ
ɵ

ἧ
ɵ

ǵ ǜǮ ǔ

ǢȒ ǵר ǮǉȒ ͜╛ 4.1.15 ǑȏǺ 4.2.15 ș̓ ǠȒǚǯǮ 4.4.20 ǵ‼ ș ǓρǏȒ Ҳ
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4.1.11 ǵ
ɵ

ǵ ǜǑȏǺ ʴǵϽǵ
ɵ

ǵ ǜǮ ǔ ǢȒ 4.4.17 ǒȐ̌ὑ 4.4.18 ǓᾚїǮǔǭǋȒ
 

( )
( )( )

( )( )4.4.170,

1

masspoint_

2

masspoint__

2

masspoint_0

_

wave_

wave

3¸

-

= S

SvS

S

cS

S v

vm

m

l
l

 

4.4.16 ǵʰ Ƕ ǵר ǮǉȒ ͜╛ 4.1.15 ǑȏǺ 4.2.15 ș̓ ǞǭᾚїǞǭǋȒ 4.4.16 ǵʰ Ƕ

ǵר ǮǉȒ 4.3.1 ǒȐȉᾚїǞǭǋȒ 4.4.16 ǵʰ Ƕ ǵר ǮǉȒ ǵ ͜╛ 4.1.15 ǑȏǺ

4.2.15 ș ǠȒ ǜȐǲ ǵר ǮǉȒ 4.3.1 ș ǠȒ 4.4.17 ǒȐ̌ὑ 4.4.18 Ǔ

ᾚїǮǔȒǚǯǮ Ҳ 4.4.19 ș ǮǔȒ ǵר ǮǉȒ 4.4.17 Ǯ ǵ ͜╛ 4.1.15 ǑȏǺ 4.2.15

ș Ǟǭ ǵר ǮǉȒ 4.3.1 ș ǠȒ Ҳ 4.4.19 ș ǮǔȒ

 ( )
( )( )

() ()
( )( )4.4.160,

1

masspoint_

masspoint_wave_

wave_

2

masspoint__

2

masspoint_0

_

wave

3¸ÖÖ=

-

S

SS

vS

SvS

S

cS

v
c

tv

c

tvh

vm

m

h

ll
 

() ( )( )4.4.190, masspoint_

wave_

_ wave
3¸= S

S

vS v
h

tp
l

Ҳ ǑȏǺ ǓρǏȒ Ҳ ǵ ǯǵ ͜ 

 

4.4.23 Ƕ 4.4.24 ǲ ǔ ǢȒ 4.4.24 Ƕ 4.2.18 ǲ Ǟǋ  

() () ( )( )4.4.240, masspoint_

2

wave_masspoint_ 3¸=Ö SSS vctvtv
 

() () ()( )( )4.2.180, masspoint_

2

wave_masspoint_ 3¸=Ö tvctvtv SSS  

 

4.4.22 ǵֳ Ƕ ǵ ↓ǵ ǜĚĚ ǵר ǮǉȒ ĚĚǮǵ ǮǉȒ 4.4.22 ǵ‼ ǮǶ ǵ

ĚĚ ǵר ǮǉȒ ĚĚǮǵ ǮǉȒ

 

()

()
( )( )4.4.220, masspoint_

masspoint_

wave_

3¸= S

S

S

v
c

tv

tv

c

 

4.4.18 ǑȏǺ 4.2.17 ș̓ ǠȒǯ 4.4.25 ș ǮǔȒ   

() ()
( )( )4.4.180,1 masspoint_

masspoint_wave_
3¸=Ö S

SS
v

c

tv

c

tv
 

()
( )4.2.17

wave_

_

wave_
3

c

tvS

cS

S
=

l

l
 

()
( )( )4.4.250,1 masspoint_

_

wave_masspoint_
3¸=Ö S

cS

SS
v

c

tv

l

l

 

4.4.25 ș Ҳ 4.1.11 ǵ 4.4.26 ǲ ǔ Ǡ 4.4.26 ǲ ǠȒ όș ǵẀ ╛ǯǞǭ Ǯ

ǞǭǋȒ

 ( )
( )4.1.11

2

masspoint__

_
wave

wave
3

h

cvm SvS

vS

Ö
=n Ǯ ǠȒ ǵ Ҳ ǵ ὑ 
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()
( )( )4.4.260, masspoint_

masspoint_

_

wave_ 3¸= S
S

cS

S v

c

tv

l
l  

Ǔ ʴǵϽǵ ǜ 4.4.2 Ǯ ҲǠȒḹֻǲǶ ǵ ǜǶ ʴǵϽǵ ǜ 4.4.3 ǲǱǪǦ ǤǞǭ Ҳ

4.1.11 ǵ 4.4.26 Ƕ ʴǵϽǵ ǲ Ǟǋǚǯș 4.4.27 Ǯ Ǡ

 
() ( )4.4.2masspoint_ 3ctvS =

 

() ()( )( )4.4.3, masspoint_wave_ 3ctvctv SS ==
 

( )( )4.4.270, masspoint__wave_ 3¸= ScSS vll

 ǵ ↓ǵ ǜǓ ʴǵϽǵ ǜȏȑȉ ǋḹֻș 4.4.28 Ǯ ǠȒ 4.4.28 ǮǶ ǵρǏȒ Ҳ

4.1.11 ǵ ǵ Ƕ ʴǵϽǵ ȏȑȉ ǋǚǯș 4.4.29 Ǯ Ǡ  

() ( )4.4.28masspoint_ 3ctvS <
 

( )( )4.4.290, masspoint__wave_ 3¸> ScSS vll
 

 

ǓρǏȒ Ҳ 4.1.11 ǵ ǵ 4.4.17 Ƕ Ǔ ʴǵϽǵ ǜǮȉἭ᷀ǠȒ ǮǉȒ ǚǵ Ƕ

4.1.15 Ǯ ǮǔȒ  

( )
( )4.1.11

2

masspoint__

_
wave

wave
3

h

cvm SvS

vS

Ö
=n Ǯ ǠȒ ǵ Ҳ ǵ ὑ 

( )
( )( )

( )( )4.4.170,

1

masspoint_

2

masspoint__

2

masspoint_0

_

wave_

wave

3¸

-

= S

SvS

S

cS

S v

vm

m

l
l

 

()
( )4.1.15

wave_

wave_

wave_ 3
vS

S

S

tv

n
l = Ǯ ǠȒ ǵ ǵ ὑ 

Ҳ 4.1.11 ǵ 4.4.17 ǵֳ ǮǶ Ǔ ǞǭǋȒḹֻǲǶѝ Ǔ ǲǱȒǵǮ ǓǮǔǱǋ Ҳ

4.1.11 șᾚїǠȒ̌ὑǮǶ Ƕ ↓ ҲșǞǭǋȒ ǚǚǮǶ ↓ ҲǞǭǋȒ Ǔ ǞǭǋȒ

↔ר ʣǮǶ Ǥǵ Ƕ ș ǟǜǱǋȉǵǯ̌ὑǠȒ Ǔ ǟǭǋǱǋǚǯǮǶ ǵ ǜǶ ǮǉȒȉǵ

ǯ ǏȒǒ ǞǭǋȒ ǮǶ ǵ ǜǶ ǮǉȒ ǚǵǚǯǮ ǵ ǜǓ ǮǉȒǯ 4.4.24 ș ǞǱ

Ǳǋ 4.4.24 Ǯȉ 4.4.17 Ƕ Ǔ ↓ ҲǞǭǋȒǚǯș̌ὑǞǭᾚїǮǔȒ 4.4.24 ǮǶ ǵ

↓ǵ ǜǓ ǲ֛ ǠȒḹֻǮǶ Ǥǵ ǵ ǜǶ Ẏǲ ǠȒ ǚȓǶ Ǥǵ Ǔ ș ǟǜǢǱǋ̌ὑǯ

Ƕ֚ǠȒȉǵǯ ₴ ᷀ǵ Ƕ ǠȒ  

() () ( )( )4.4.240, masspoint_

2

wave_masspoint_ 3¸=Ö SSS vctvtv
 

Ҳ 4.1.11 șᾚїǠȒǵǲ̌ὑǞǦ ἧȦɋɩȬɶ 2.16 ǲǶ ЛǵЛקș Ǯᶥ Ǟ ǘȒ ǓἭ᷀ǠȒ

ǚǯș̌ὑǞǭǋȒ ǤǵȏǍǲ Ǯᶥ ǞǭǋȒ ǓἭ᷀ǞǱǋǚǯǮ Ҳ Ƕ ǮǉȒ Ҳ Ǔ ǱȐǷϽἧ

ǵ ǫ ἧȦɋɩȬɶ 2.16 ȉ ǮǉȒ Ͻἧǵ ǫЋȦɋɩȬɶǓ ǮǉȒǚǯǮǶ Ͻἧǵ Ǔ ǮǉȒ

Лקșᶥ ǠȒ ǓἭ᷀ǞǱǋǵǮ Ҳ Ǔ ǲǱȒḹֻǮǶ ЛǵЛקșᶥ ǠȒ ǵ ǜǓ ǮǉȒ ǚǵǚǯ

Ƕ ǓρǏȒ Ҳ ǵ ǵ ǜǓ ǮǉȒǚǯș ǠȒװ Ͻἧǵ ǫЋȦɋɩȬɶǶ̀ǵ ǲ֛טǜȓ

ʴǵϽǵ ǜǮ ҲǞǭǋǦϽἧǶ ǞǭǋȒȉǵǯ̌ὑǮǔȒ  

() ( )2.16 3nÖ=hcE Ͻἧǵ ǫȦɋɩȬɶ 
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ȠȢɱȵɣȽȢɱǵ ᾍר ǮǶ ↔ר Ƕ ʴǵϽǵ ǜǮǶ ↓ ҲșǞǱǋ ǚǵȏǍǱ ↔ר

ǵὑ Ӣ 3.18 ǮǶ ʴǵϽǵ ǜǵϽἧǓ ǮǔȒ ↔ר Ƕ̌ὑǮǔǱǋ ϽἧǶ Ǔ

ǮǉȒ ἧǱǵǮ ↓ǵ ǜǓ ǮǉȒǚǯǮ ↔ר ʣǲ ǞǭǋȒǚǯǶǮǔǱǖЋȦɋɩȬɶǓ Ǯ

ǞǭǋȒȉǵǯ ǮǔȒ ȦɋɩȬɶǵͪἭѸș ǠȒǚǯǮ Ǥǵ ǞǦϽἧǓ ǪǭǋǦЋȦɋɩȬɶǶ

̀ǵ ǲ֛טǜȓǦȉǵǯ̌ὑǮǔȒ  

( )3.18 3cuc <<-  

4.1.15 ǮǶѝ ǑȏǺѝἧǓ ǲ֛ convergence ǠȒǚǯǮǶ Ιǵʥὑ◐ș ǠȒ ǚǵʥὑ◐

Ǯ Ƕ Ẏǲ ǠȒǚǯș̌ὑǮǔȒ ᶫ 2.1 ǵЛקʣǲ Ǔ ǞǭǋȒǚǯǮǶ ᶫ 2.1 ǵ ˧↔ ʣǵ

ǵ Ҳș ǮǔǱǋ ǚǵ ǞǭǋȒ ǵ νǮǶ Ẏǵ Ǔ Ǟǭǋȉ Ƕ ˧↔ ʣǵ Ǔ

ǞǭǋȒ ʣǵΙǵ νșʦǏȒ ǚǵȏǍǲ ˧↔ ʣǵǹǯǫǵ ǵ νș̓ ǞǦ Ȓ ș Ẏǵ Ǯ

ǖǵǮ ק Ǔ ẎǮ Ƕ Ẏǲ ǠȒǚǯș̌ὑǮǔȒ ק Ǔ ẎǵḹֻǮǶ Ҳ Ƕ ǲ֛ ǠȒ

ǚǯș 4.2.8 Ǯȉ̌ὑǮǔȒ ǦǧǞ ǵ ↓ǵ ǜǓ ǲ֛ ǠȒǯ Ǥǵ ǵ ǜǶ 4.4.24 ǮǶ

Ẏǲ ǠȒ ǚǵ ǵ ǜǓ Ẏǲ ǠȒḹֻǮǵ Ǔ Ẏǲ ǠȒǚǯǶ 4.1.15 Ǯ ֯ ǮǉȒ

ǵ ẎǓ ǵ ǜǵ ǲ ͜ǠȒḹֻǲǫǋǭ̂ ĵǮ όǞǭǉȒ  

( )( )4.2.80,
1

wave

wave

_

_

wave_ 3¸= vS

vS

ST n
n

Ǯ ǠȒ ǵק ǵ ὑ 

() () ( )( )4.4.240, masspoint_

2

wave_masspoint_ 3¸=Ö SSS vctvtv  

ǵ ↓ǵ ǜǓ ǲ֛ ǠȒḹֻǮǶ Ǥǵ ǓρǏȒ Ҳ ǵ Ǔ ẎǮǉȒǚǯș̌ὑǮǔȒ ǚǵǚ

ǯǶ 4.4.17 ș ǔ ǞǦ 4.4.30 ǵֳ ǵȆǮ ǓρǏȒ Ҳ 4.1.11 Ǔʥ ǲǱȒḹֻǮȉ 4.4.24

ș̓ ǠȒǚǯǮ ǮǔȒ 4.4.30 ǵֳ ǵ͜ ǮǉȒ₳ Ƕ ǲ֛ Ǟǭ 4.4.30 ǵֳ ǵȆǮǶ ǵΙ

Ƕ ὑǮǔǱǋ 2.16 ǵϽἧǓ ǠȒḹֻǮǶ 4.4.30 ǵ‼ Ƕ ǲ̌ὑǮǔȒ ǤǵȏǍǱϽἧǵ ǮǶ

Ǯǵᾚї ǮǶ Ҳ 4.1.11 șᾚїǮǔǱǋǵǮ 4.4.30 ș̓ ǠȒ ̏ș ǞǭǋǱǋ ʝ

4.4.17 ǮǶ ѝ Ǔ ǲ֛ ǠȒ ǲǶѝἧǵ Ǔ ̊Ẇǵ ΙǮǉȔǍǯȉ Ẏǲ ǞȏǍǯȉ‼

Ƕ Ẏǲ ǠȒǚǯș ǮǔȒ  

( )
( )( )

( )( )4.4.300,1 masspoint_2

masspoint__

2

masspoint_0

wave__

wave

3¸-Ö= S

SvS

S

ScS v
vm

m
ll

 

 

4.4.17 ǒȐ̌ὑ 4.4.18 șᾚїǠȒ ȠȢɱȵɣȽȢɱǵ ᾍר Ǯǵ ᾍ 4.5 ș̓

ǠȒ ᾍ 4.5 ș ר 4.1.1 Ǯ 4.4.31 ǲ ǔ Ǡ  

() ( )4.5

1
2

2

0 3

c

v

m
vm

-

=

 

( )( )4.1.1masspoint__ wave
3SvS vm ǵ ר

 
( )

( )
( )( )4.4.310,

1

masspoint_

2

2

masspoint_

masspoint_0

masspoint__ wave
3¸

-

= S

S

S

SvS v

c

v

m
vm
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ᾍ 4.4.31 ǵʰ ș ˆǠȒǚǯǮ 4.4.32 ș ǮǔȒ 4.4.32 ș 4.4.33 ǲ ǔ Ǡ  

( )( )
( )
( )

( )( )4.4.320,

1

masspoint_

2

2

masspoint_

2

masspoint_02

masspoint__ wave
3¸

-

= S

S

S

SvS v

c

v

m
vm

 

( ) ( )
( )( )

( )( )4.4.330,1 masspoint_2

masspoint__

2

masspoint_0

2

2

masspoint_

wave

3¸=- S

SvS

SS
v

vm

m

c

v
 

ǓρǏǭǋȒ Ҳ 4.1.11 ǵ ǵ 4.4.17 ǵֳ ǵ₳ ǵʴǲ 4.4.33 ș̈ЊǠȒǯ 4.4.34 ǲǱ

Ȓ 4.4.34 ǵֳ ș ǵ 4.4.17 ǵֳ ǲ̈ЊǠȒǯ 4.4.35 ș ǮǔȒ ר Ǯ ǞǭǋǦ

4.4.17 ș ǵ ǜǮ ǠȒǯ 4.4.35 ǲǱȒ  

( )
( )( )

( )( )4.4.170,

1

masspoint_

2

masspoint__

2

masspoint_0

_

wave_

wave

3¸

-

= S

SvS

S

cS

S v

vm

m

l
l  

( )
( )( )

( )
( )( )4.4.340,1 masspoint_2

2

masspoint_

2

masspoint__

2

masspoint_0

wave

3¸=- S

S

SvS

S
v

c

v

vm

m

 

( )
( )( )4.4.350, masspoint_

2

2

masspoint_

_

wave_ 3¸= S

S

cS

S v

c

v

l
l

 

ǓρǏǭǋȒ Ҳ ǵ ǵ 4.4.35 ǵֳ ș ǠȒǯ 4.4.36 ș ǮǔȒ ǵ 4.4.36 Ƕ 4.4.26

ǲ Ǟǋ ǵ 4.4.36 ș ǠȒǯ 4.4.37 ǲǱȒ
 

( )( )4.4.360, masspoint_
masspoint_

_

wave_ 3¸= S
S

cS

S v

c

v

l
l

 

()
( )( )4.4.260, masspoint_

masspoint_

_

wave_ 3¸= S
S

cS

S v

c

tv

l
l

 

( )( )4.4.370, masspoint_

wave_

_masspoint_
3¸= S

S

cSS
v

c

v

l

l

 

4.4.37 ǑȏǺ 4.2.17 ș̓ ǠȒǯ 4.4.38 șᾚїǮǔȒ 4.4.38 Ƕ 4.4.24 ǲ Ǟǋ 4.4.38 ș̓ Ǡ

Ȓǯ ǵ ǜǓ 4.4.39 ǵḹֻǮǶ ǓρǏȒ Ҳ 4.1.11 ǵ ǵ ǜǶ 4.4.40 ǮǉȒ 4.4.40 ǮǶ

ǓρǏȒ Ҳ 4.1.11 ǵ ǵ ǜǓ ʴǵϽǵ ǜ̊ʣǮǉȒ  

()
( )4.2.17

wave_

_

wave_
3

c

tvS

cS

S
=

l

l
 

() () ( )( )4.4.380, masspoint_

2

wave_masspoint_ 3¸=Ö SSS vctvtv
 

() () ( )( )4.4.240, masspoint_

2

wave_masspoint_ 3¸=Ö SSS vctvtv
 

() ( )( )4.4.390, masspoint_masspoint_ 3¸¢ SS vctv
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( )
( )4.1.11

2

masspoint__

_
wave

wave
3

h

cvm SvS

vS

Ö
=n Ǯ ǠȒ ǵ Ҳ ǵ ὑ 

() ( )( )4.4.400, masspoint_wave_ 3¸² SS vctv  

 

 

Ҳ 4.3.10 șᾚїǞǦ ǚǚǮǶ Ǔ 4.3.11 ǵ ǵ Ҳ șᾚїǠȒ
 

()
( )( )

( ) ( )4.3.10
2

masspoint_02

2

masspoint__

_
wave

wave
3cm

c

vE
tp S

SvS
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ἧȦɋɩȬɶ 4.1.13 ș Ҳ 4.3.12 ǲ̈ЊǠȒǯ 4.4.41 ǲǱȒ  
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wavewave _masspoint__ 3vSSvS hvE nÖ= ș Ǡ ǵЋȦɋɩȬɶ 
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ǵ Ҳ 4.4.19 ǵ ǲ 4.4.45 ǵ‼ ș̓ ǠȒǯ Ҳ 4.4.47 ș ǮǔȒ 4.4.46 ǵֳ

ș̓ ǠȒǯ Ҳ 4.4.47 Ƕ 4.4.48 ǲǱȒ Ͻἧǵ Ҳ Ƕ 4.4.48 Ǯ ǮǔȒ  
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ǮǔȒ 4.4.54 ș Ҳ 4.4.53 ǵֳ ǲ̈ЊǠȒǯ Ҳ 4.4.55 ǲǱȒ Ҳ 4.4.55 Ƕ Ҳ 4.4.48
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ǲǱȒ

 

( ) ( ) ( )4.1.22

masspoint__masspoint__ wavewave
3cvmvE SvSSvS Ö= ǵ ǫЋȦɋɩȬɶ

 

( ) ()( )4.1.6masspoint__ wave
3cmvm SSvS =

 

()
()( )( )4.5.90, masspoint_wave_

masspoint_

2

3¸= SS

S

vtv
tv

c
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() ( )4.6.120 2

masspoint_0

2

_ wave
3cmcm SvS Ö=Ö
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()
( )4.6.13

0 2

masspoint_0

2

_ wave 3
h

cm

h

cm
SvS Ö

=
Ö

 

ǵ ǫ ἧȦɋɩȬɶ 4.1.13 ǲ ǵ ↓ǵ ǜ 4.6.8 ș̈ЊǠȒǯ Ι 4.6.14 ș Ǯǔ

Ȓ ǵ ↓ǵ ǜǓ 4.6.8 ǵḹֻǮ ǵ ǫ ἧȦɋɩȬɶ 4.6.14 Ƕ ǵ ǫ ǵЋȦ

ɋɩȬɶ 4.6.12 ǲ ǞǋǚǯǲǱȒ 4.6.15 ǵ‼ Ƕ ǵ ἧȦɋɩȬɶǵ Ι 4.6.14 Ǯǉȑ Ǥ

ǵֳ Ƕ ǵ ǫ ǵЋȦɋɩȬɶ 4.6.12 ǮǉȒ  

( ) ( )4.1.13
wavewave _masspoint__ 3vSSvS hvE nÖ= ș Ǡ ǵЋȦɋɩȬɶ 

( )4.6.80masspoint_ 3=Sv  

( ) ()( )( )4.6.140,0lim masspoint__masspoint__
0 wavewave

masspoint_

3¸Ö=


SvSSvS
v

vhvE
S

n
 

() ( )( )4.6.150,0 masspoint_

2

masspoint_0_ wave
3¸Ö=Ö SSvS vcmhn

 

ǓρǏȒ Ҳ ǵ Ι 4.6.5 ǵ‼ Ƕ 4.6.16 ǵֳ Ǯ ǮǔȒ 4.6.16 ǵֳ Ƕ 4.6.5 ǵֳ ș

ǔ Ǡǯ 4.6.13 ǵֳ ǲ ǞǋǵǮ Ι 4.6.17 ș ǮǔȒ ǓρǏȒ Ҳ ǵ Ι 4.6.17 Ƕ 4.6.18

Ǯ ǮǔȒ 4.6.15 ǵ‼ ș 4.6.18 ǵֳ ǲ̈ЊǠȒǯ 4.6.17 ǵ‼ ǲǱȒ ǓρǏȒ Ҳ ǵ

Ι 4.6.18 Ƕ Ιǲ֛ ǠȒḹֻș ǠȒ  

( )
( )

( )4.6.5limlim

2

masspoint__

0
masspoint__

0

wave

masspoint_
wave

masspoint_

3
h

cvm
v

SvS

v
SvS

v SS

Ö
=


n

 

( ) ()( )16.6.40lim
wavewave

masspoint_

_masspoint__
0

3vSSvS
v

v
S

nn =


 

() ( )4.6.170

2

masspoint_0

_ wave
3

h

cm S

vS

Ö
=n  

( ) ( )( )18.6.40,lim masspoint_

2

masspoint_0

masspoint__
0 wave

masspoint_

3¸
Ö

=


S

S

SvS
v

v
h

cm
v

S

n
 

 

ǵ Ҳ Ƕ 4.4.19 Ǯ ǮǔǦ Ҳ 4.4.19 ș̓ Ǟǭ ǓρǏȒ Ҳ 4.1.11 ǵ ǵ ș

4.5.1 Ǯ ǮǔȒ  

() ( )( )4.4.190, masspoint_

wave_

_ wave
3¸= S

S

vS v
h

tp
l

Ҳ ǑȏǺ ǓρǏȒ Ҳ ǵ ǯǵ ͜ 

( )
( )4.1.11

2

masspoint__

_
wave

wave
3

h

cvm SvS

vS

Ö
=n Ǯ ǠȒ ǵ Ҳ ǵ ὑ 

()
( )( )4.5.10, masspoint_

_

wave_

wave

3¸= S

vS

S v
tp

h
l  

4.5.1 ǵʰ ǵ ΙǶ 4.6.19 Ǯ ǮǔȒ Ι 4.6.19 ǵֳ Ƕ Ẏǲ ǠȒǵǮ 4.6.20 Ǯ

ǮǔȒ  

()
( )( )4.6.190,limlim masspoint_

_
0

wave_
0

wave
masspoint_masspoint_

3¸=


S

vS
v

S
v

v
tp

h

SS

l  
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( )( )4.6.200,lim masspoint_wave_
0masspoint_

3¸¤=


SS
v

v
S

l ǵρǏȒ Ҳ ǵ ǵ Ǔ  

 

ǓρǏȒ Ҳ Ƕ 4.1.11 ǮǉȒǵǮ ǵ ↓ǵ ǜș Ẁ ǯǠȒ ǵ ǜǶ 4.5.9 ǮǉȒǵ

Ǯ ǵ ↓ǵ ǜș Ẁ ǯǠȒ ǵ Ƕ 4.1.15 ǮǉȒǵǮ ֳ Ƕ ǵ ↓ǵ ǜș Ẁ

ǯǠȒ ǚǵǚǯǮ ǵ 4.1.15 ǵʰ Ƕ ǵ ↓ǵ ǜș Ẁ ǯǠȒ ǜȐǲ 4.1.15 ș̓ Ǟ

ǭ 4.6.21 Ǯ ǓρǏȒ Ҳ ș ǮǔȒ  

()
()( )( )4.5.90, masspoint_wave_

masspoint_

2

3¸= SS

S

vtv
tv

c
 

()
( )4.1.15

wave_

wave_

wave_ 3
vS

S

S

tv

n
l = Ǯ ǠȒ ǵ ǵ ὑ 

( )
( )
( )

( )4.6.21
masspoint_wave_

masspoint_wave_

masspoint__ wave
3

SS

SS

SvS
v

vv
v

l
n =  

ǵ ǜș Ẁ ǯǠȒ ǵ 4.1.15 ǵ ΙǶ 4.6.22 Ǯ ǮǔȒ 4.6.22 ǵֳ ǲǶ Ι 4.6.18

ǵ‼ Ǔ ǞǭǉȒ 4.6.18 ǵֳ ș 4.6.22 ǵֳ ǲ̈ЊǠȒǯ 4.6.23 ǲǱȒ Ι 4.6.23 ǵֳ

Ƕ Ι 4.6.24 ǵֳ ǵȏǍǲ Ẏǲ ǠȒ ǓρǏȒ Ҳ 4.1.11 ǵ ǵ Ƕ 4.6.20 ǵȏǍǲ

Ẏǲ ǠȒ  

( )
( )
( )

( )( )4.6.220,limlim masspoint_

masspoint__

masspoint_wave_

0
masspoint_wave_

0
wave

masspoint_masspoint_

3¸=


S

SvS

SS

v
SS

v
v

v

vv
v

SS n
l  

( ) ( )( )18.6.40,lim masspoint_

2

masspoint_0

masspoint__
0 wave

masspoint_

3¸
Ö

=


S

S

SvS
v

v
h

cm
v

S

n  

( )
( )

( )( )4.6.230,limlim masspoint_2

masspoint_0

masspoint_wave_

0
masspoint_wave_

0v masspoint_tS_masspoin

3¸
Ö

=


S

S

SS

v
SS v

h

cm

vv
v

S

l  

( )
( )( )4.6.240,lim masspoint_2

masspoint_0

masspoint_wave_

0masspoint_

3¸¤=
Ö

S

S

SS

v
v

h

cm

vv

S

 

( )( )4.6.200,lim masspoint_wave_
0masspoint_

3¸¤=


SS
v

v
S

l ǵρǏȒ Ҳ ǵ ǵ Ǔ  

ǓρǏȒ Ҳ 4.1.11 Ƕ ǵ Ǯ 4.1.14 ǲǱȒ Ҳ 4.1.14 Ǔ 4.6.21 Ǯ ǵ ↓ǵ ǜ

ș Ẁ ǯǠȒǚǯǶ ǲ ǞǦ 4.6.21 ǵʰ ǵ ΙǶ 4.6.25 Ǯ ǮǔȒ

 ()
( )4.1.14

wave_

wave_

_ wave
3

S

S

vS

tv

l
n = Ǯ ǠȒ ǵ Ҳ ǵὑ  

( )
( )
( )

( )4.6.21
masspoint_wave_

masspoint_wave_

masspoint__ wave
3

SS

SS

SvS
v

vv
v

l
n =  

( )
( )
( )

( )( )4.6.250,limlim masspoint_

masspoint_wave_

masspoint_wave_

0
masspoint__

0 masspoint_
wave

masspoint_

3¸=


S

SS

SS

v
SvS

v
v

v

vv
v

SS l
n

 

Ι 4.6.25 ǵֳ Ƕ 4.6.26 Ǯ ǮǔȒ Ι 4.6.26 ǵֳ Ƕ ǵ ǜǵ 4.6.4 ǑȏǺ ǵ
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4.6.20 Ǯʥὑ◐ 4.6.27 ǮǉȒ ʥὑ◐ǮǉȒ Ι 4.6.27 Ƕ ǓρǏȒ Ҳ 4.1.11 ǵ Ι 4.6.18

ǲ ǞǋǵǮ֛ ǠȒ ǵ ↓ǵ ǜǓ ȑǱǖ ǲ ǬǖǚǯǮǶ ǵ ǜǑȏǺ Ƕ Ẏǲ Ǟ

Ҳ Ƕ Ιǲ֛ ǠȒḹֻș ǮǔȒ  

( )
()

()
( )( )4.6.260,

0

0
lim masspoint_

wave_

wave_

masspoint__
0 wave

masspoint_

3¸=


S

S

S

SvS
v

v
v

v
S l

n
 

( ) ( )( )4.6.40,lim masspoint_masspoint_wave_
0masspoint_

3¸¤=


SSS
v

vvv
S  

( )( )4.6.200,lim masspoint_wave_
0masspoint_

3¸¤=


SS
v

v
S

l ǵρǏȒ Ҳ ǵ ǵ Ǔ
 

( ) ( )( )4.6.270,   lim masspoint_masspoint__
0 wave

masspoint_

3¸
¤

¤


SSvS

v
vv

S

ǮǉȒǶʥὑ◐Ʊn
 

( ) ( )( )18.6.40,lim masspoint_

2

masspoint_0

masspoint__
0 wave

masspoint_

3¸
Ö

=


S

S

SvS
v

v
h

cm
v

S

n
 

 

ǓρǏȒ Ҳ 4.1.11 șᾚїǠȒ ǲ 4.1.10 ș̌ὑǞǦ ǚǵǚǯǮ ʴǵϽǵ Ƕ 4.2.15

Ǯ ǮǔȒ  

( )4.1.10__ wave
3cSvS nn = ǵ Ҳ ș̌ὑ 

( )4.2.15

wave_

_ 3
vS

cS

c

n
l =

 

ʴǵϽǵ 4.2.15 ǵʰ ǵ ΙǶ 4.6.28 ș ǮǔȒ Ι 4.6.28 ǵֳ ǲǶ 4.6.18 Ǔ

ǞǭǉȒ 4.6.18 ǵֳ ș Ι 4.6.28 ǵֳ ǲ̈ЊǠȒǯ 4.6.29 ǲǱȒ  

( )( )4.6.280,limlim masspoint_

_
0

_
0

wave
masspoint_masspoint_

3¸=


S

vS
v

cS
v

v
c

SS n
l  

( )( )4.6.290,0,lim masspoint_masspoint_02

masspoint_0_
0

wave
masspoint_

3¸¸
Ö

=


SS

SvS
v

vm

h

cm

cc

S n

 

Ι 4.6.29 ǵֳ Ƕ ǠȒǯ 4.6.30 ǲǱȒ 4.6.11 Ǯ ʴǵϽǵ ǜǮ̟ ǠȒϽἧǵ Ҳ

Ƕ 4.6.31 Ǯ ǮǔȒ  

( )( )4.6.300,0,lim masspoint_masspoint_0

masspoint_0_
0

wave
masspoint_

3¸¸
Ö

=


SS

SvS
v

vm
cm

hc

S n
 

()( )( )4.6.110,0 masspoint__masspoint_0 wave
3cvmm SvSS ¢¢=  

( )( )4.6.310,0, masspoint_masspoint_0masspoint_0cmasspoint_0 3¸¸Ö= SSSS vmcmp
 

ʴǵϽǵ ș̓ ǠȒǯϽἧǵ Ҳ Ƕ 4.4.54 Ǯ ǮǔȒ ʴǵϽǵ ǜǮ ҲǠȒϽἧǵ Ҳ Ƕ

4.4.48 Ǯȉ ǞǦ  

() ( )54.4.4
_

_ 3
cS

cS

h
tp
l
= Ͻἧǵ Ҳ

 

() () ( )84.4.4_ 3ccmtp ScS Ö=
 

ǓρǏȒ Ҳ 4.1.11 șᾚїǠȒ ǲ Ǥǵ ǵ ר Ƕ
ɵ ɵ

ǜȓǦϽἧǵ ר ǲ Ǟǋǚǯș 4.1.6
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Ǯ̌ὑǞǦ 4.6.11 ǮǶ 4.1.6 ș̓ ǠȒǯ 4.6.32 ǲǱȒ 4.6.11 Ͻἧǵ Ҳ 4.6.31

ǑȏǺ 4.6.32 ș̓ ǠȒǯ Ͻἧǵ Ҳ 4.6.33 ș ǮǔȒ
 

( ) ()( )4.1.6masspoint__ wave
3cmvm SSvS =

 
() ()( )( )4.6.320,0,0 masspoint_masspoint_0_ wave

3¸¸= SSSvS vmcmm
 

()( )( )4.6.330,0, masspoint_masspoint_0_cmasspoint_0 3¸¸= SScSS vmtpp
 

Ͻἧǵ Ҳ 4.4.54 ș̓ ǠȒǯ ʴǵϽǵ Ƕ 4.6.34 Ǯ ǮǔȒ Ҳ 4.6.33 ǵ‼ ș̓ Ǟ

ǭ ʴǵϽǵ 4.6.34 ǵֳ Ƕ 4.6.35 ǵֳ Ǯ ǮǔȒ  

()
( )4.6.34

_

_ 3
tp

c

cS

cS =l

 

( )( )4.6.350,0, masspoint_masspoint_0

cmasspoint_0

_ 3¸¸= SS

S

cS vm
p

c
l  

4.6.35 ș̓ ǠȒǯ ʴǵϽǵ ǜǮ̟ ǠȒϽἧǵ Ҳ 4.6.31 Ƕ 4.6.36 ǵֳ ǲ ǮǔȒ

Ι 4.6.37 Ƕ 4.6.36 Ǯ ẎǲǶ ǞǭǋǱǋḹֻș ǮǔȒ  

( )( )4.6.360,0,lim masspoint_masspoint_0

cmasspoint_0_
0

wave
masspoint_

3¸¸=


SS

SvS
v

vm
p

hc

S n
 

( )( )4.6.370,0,lim masspoint_masspoint_0_
0masspoint_

3¸¸¤̧


SScS
v

vm
S

l
 

ǵ ↓ǵ ǜǓ ǲ ȑǱǖ Ǭǖḹֻǵ Ҳ 4.1.11 ǵ Ǯ ǟȒ ǵ ΙǮǉȒ Ƕ 4.6.20 Ǯ

Ẏǲ ǞǦ ǵ ↓ǵ ǜǓ ǲ ȑǱǖ Ǭǖḹֻǵ ʴǵϽǵ ǵ Ƕ 4.6.37 Ǯ Ιǲ֛

ǠȒḹֻș ǮǔȒ ǚǵǚǯǶ 4.2.13 Ǯ ǮǔȒ 4.6.36 Ƕ 4.6.38 Ǯ ǮǔȒ  

( )( )4.6.200,lim masspoint_wave_
0masspoint_

3¸¤=


SS
v

v
S

l ǵρǏȒ Ҳ ǵ ǵ Ǔ
 

( )4.2.13_wave_ 3cSS ll ¸=  

( )( )4.6.380,0,lim masspoint_masspoint_0

cmasspoint_0

_
0masspoint_

3¸¸=


SS

S

cS
v

vm
p

h

S

l ʴǵϽǵ Ǔ֛  

4.6.38 ǮǶ ↔ר ʣș ʴǵϽἧǓ ↓ ҲǞǭǋȒḹֻǮǉȒ ǤǵϽἧǵ ἧȦɋɩȬɶǓ Ǟǭ

ǋȒ ǵ ἧȦɋɩȬɶǲ ǞǋǚǯǮ Ι 4.6.38 ǵ ș ǮǔȒ ǞǭǋȒ ǵ Ƕ Ǯ

Ǳǋǚǯș̌ὑǞǦ Ͻἧǵ Ƕ ǮǉȒ Ι 4.6.38 ǵ̌ὑǓ ǞǱǋḹֻǮ ǵ Ǔ 4.6.39

ǮǉȒǚǯǮǶ ʴș ↓ ҲǞǭǋȒϽἧǵ Ƕ 4.6.40 ǵȏǍǲ Ẏǲ ǠȒ  

( )4.6.390masspoint_0 3=Sm  

( )( )4.6.400,lim masspoint__
0masspoint_

3¸¤=


ScS
v

v
S

l
 

Ͻἧǵ ǜǓ ȑǱǖ ǲ ǬǖḹֻǮǶ 4.6.41 Ǔ ǠȒ ǚǚǮǶ 4.6.39 ș̌ὑǞǭ 4.6.18 ̓ ǠȒ

ǯ Ҳ ǵ Ι 4.6.41 Ƕ ǲǱȒ ǚǵ Ƕ ʴǵϽǵ 4.2.15 Ǯ Ιș ǞǭᾚїǮǔȒ  

( ) ( )( )41.6.40,0lim masspoint_masspoint__
0 wave

masspoint_

3¸=


SSvS
v

vv
S

n
 

( ) ( )( )18.6.40,lim masspoint_

2

masspoint_0

masspoint__
0 wave

masspoint_

3¸
Ö

=


S

S

SvS
v

v
h

cm
v

S

n
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( )4.2.15

wave_

_ 3
vS

cS

c

n
l =

 

 

 

ǵ ǫЋȦɋɩȬɶǶ 4.1.2 Ǯ ǮǔȒ ǵ ǫЋȦɋɩȬɶ 4.1.2 ș̓ ǠȒǯ ʴǵϽǵ

ǜǵ ˆǶ 4.6.42 ǲǱȒ 4.6.42 ș̓ ǠȒǯ ʴǵϽǵ ǜǶ 4.6.43 Ǯ ǮǔȒ ʴǵϽǵ

ǜ 4.6.43 Ƕ ǵ ǫЋȦɋɩȬɶǑȏǺ ר ș ǵ ↓ǵ ǜǮ ὑǮǔȒ ʴǵϽǵ ǜǶὑ

ǮǉȒ ֺ ↔ר ʣǮǵ ǵ ↓ǵ ǜǮ Ǥǵ ǵ ǫЋȦɋɩȬɶǑȏǺ ר Ǔ ʴǵϽǵ

ǜ 4.6.43 ǵΙǲǱȒȏǍǲ ǮǔȒ  

( ) ( ) ( )4.1.22

masspoint__masspoint__ wavewave
3cvmvE SvSSvS Ö= ǵ ǫЋȦɋɩȬɶ 

( )
( )

( )( ) ( )4.6.420, masspoint__

masspoint__

masspoint__2

wave

wave

wave 3Ö¸= SvS

SvS

SvS
vm

vm

vE
c  

( )
( )

( )( ) ( )4.6.430, masspoint__

masspoint__

masspoint__

wave

wave

wave 3Ö¸= SvS

SvS

SvS
vm

vm

vE
c

 

ǵ ↓ǵ ǜǑȏǺ ǓρǏȒ Ҳ 4.1.11 ǵ ǵ ǜǯǵ ͜Ƕ 4.4.24 Ǯ ǮǔȒ 4.4.24

ǵֳ ǲ 4.6.42 ș̈ЊǠȒǯ 4.6.44 ǲǱȒ  

() () ( )( )4.4.240, masspoint_

2

wave_masspoint_ 3¸=Ö SSS vctvtv
 

() ()
( )
( )

( )( )4.6.440, masspoint_

masspoint__

masspoint__

wave_masspoint_

wave

wave 3¸=Ö S

SvS

SvS

SS v
vm

vE
tvtv

 

 

 

ǵ ǫЋȦɋɩȬɶ 4.1.2 ǑȏǺ 4.1.1 Ƕ ʴǵϽǵ ǜ 4.6.43 Ǯ ὑǠȒ Ǔ Ǟǭ

ǋȒ ǲǶ ǵ 4.6.7 Ƕ Ǥǵ ǮǵЋȦɋɩȬɶ 4.6.9 șʦǏȒ ǮǉȒ 

( ) ( ) ( )4.1.22

masspoint__masspoint__ wavewave
3cvmvE SvSSvS Ö= ǵ ǫЋȦɋɩȬɶ 

( )( )4.1.1masspoint__ wave
3SvS vm ǵ ר  

( )
( )

( )( ) ( )4.6.430, masspoint__

masspoint__

masspoint__

wave

wave

wave 3Ö¸= SvS

SvS

SvS
vm

vm

vE
c

 

( )
( )

( )( )4.6.70,1 masspoint_2

2

masspoint_

masspoint__masspoint_0 wave
3cv

c

v
vmm S

S

SvSS ¢¢-Ö=

 

() () ( )4.6.900 2

__ wavewave
3cmE vSvS Ö=  

ǤǵЋȦɋɩȬɶ 4.6.9 ǲ Ǟǋ ἧȦɋɩȬɶ 4.1.13 șЋȦɋɩȬɶǯǠȒϽἧǵק 4.2.5 Ǯ 4.2.20

Ǔ ǞǖǱǋǚǯș ǮǔȒ ʴǵϽǵ 4.2.12 Ǔ ǱȒǚǯǶ Ͻἧǵ Ҳ 4.4.53 Ǯ ǮǔȒק
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4.2.5 Ǔ ǱȒǚǯǮ ǮǔȒ ǚǵק 4.2.5 Ǔ ǱȒǚǯǶ ǵ ǜǶ ǞǋǚǯǮ Ҳ 4.2.20

Ǔ ǱȒǚǯǒȐ 4.2.12 Ǔ ǱȒǚǯǲǱȒ  

( ) ( )4.1.13
wavewave _masspoint__ 3vSSvS hvE nÖ= ș Ǡ ǵЋȦɋɩȬɶ 

( )4.2.5
_

_ 3Ö=
c

T
cS

cS

l

 

()
()

()( ) ( )2.200,
d

wave

wave

3¸= tv
tv

tl
ht

 

( )4.2.12wave__ 3ScS TcÖ=l
 

( )4.4.53
_

_ 3
cS

cS

c

l
n =

 

Ҳ 4.1.11 ǵ ʴǵϽǵ 4.2.12 ș 4.4.17 Ǯ Ǥǵ ǓρǏȒ Ҳ 4.1.11 ǵ ǵ ǲẀ

ǠȒǚǯǓǔȒ ǵ ↓ǵ ǜǓ ǲ ȑǱǖ ǬǖḹֻǲǶ 4.6.20 ǵȏǍǲ ǓρǏȒ Ҳ ǵ

Ƕ ǠȒ 4.6.20 Ǔ ǠȒḹֻǮǶ ʴǵϽǵ Ƕ Ι 4.6.38 Ǯ֛ ǠȒ Ͻἧǵ Ƕ 4.6.39

ǲǱȒ Ι 4.6.40 ǮǶ ǜǓ ǲ ȑǱǖ Ǭǖ ǵ 4.6.39 Ǯǵ ẎǲǱȒ ǮǉȒ ǚǚ

Ǯ ǞǭǋȒ ↔ר ǵ ș̌ὑǠȒḹֻǲǶ ʴǵϽǵ ǜǶ ↔ר ʣș̟ ǞǭǋȒǚǯǲǱȒ

șӢѩǠȒ ḸǯǞǭ ǵ ǜ Ҳ 4.1.11 ǑȏǺ
ɵ ɵ

ʴ
ɵ

ǵ
ɵ

Ͻǵ 4.2.12 ș ǍǚǯǓǮǔȒ

 ( )
( )4.1.11

2

masspoint__

_
wave

wave
3

h

cvm SvS

vS

Ö
=n Ǯ ǠȒ ǵ Ҳ ǵ ὑ

 

( )
( )( )

( )( )4.4.170,

1

masspoint_

2

masspoint__

2

masspoint_0

_

wave_

wave

3¸

-

= S

SvS

S

cS

S v

vm

m

l
l  

( )( )4.6.200,lim masspoint_wave_
0masspoint_

3¸¤=


SS
v

v
S

l ǵρǏȒ Ҳ ǵ ǵ Ǔ  

( )( )4.6.380,0,lim masspoint_masspoint_0

cmasspoint_0

_
0masspoint_

3¸¸=


SS

S

cS
v

vm
p

h

S

l ʴǵϽǵ Ǔ֛  

( )4.6.390masspoint_0 3=Sm

 
( )( )4.6.400,lim masspoint__

0masspoint_

3¸¤=


ScS
v

v
S

l

 

Ҳ 4.1.11 Ƕ 4.1.10 Ǯ ʴǵϽǵ Ҳ ǲ Ǟǋ ʴǵϽǵק ǲ 4.2.7 Ǔ ǠȒǚǯǮ 4.2.9

Ǔ ǞǭǋȒ ǚǵǚǯǮ ʴǵϽǵ 4.2.12 Ƕ Ҳ 4.1.11 Ǔ ǱȒǚǯǮẀӓǠȒ ʴǵϽǵ

Ҳ 4.1.10 Ǯ ʴǵϽἧș ǞǭǋȒ ǤǵȏǍǱϽἧǵ Ƕ Ҳ 4.1.11 ǵֳ Ǔ ǵר Ǯ

Ǎ Ǔ ǞǭǋȒ ↔ר ʣǮ ʴǵϽș ǠȒ ǞǭǋȒ ǵρǏǭǋȒ Ҳ 4.1.10 ǵק

4.2.9 Ǯǵ ʴǵϽǵ 4.2.12 Ǔ ǮǔȒ ǚǵ 4.2.12 ǵ ǮǶ ↔ר ʣș̟ Ǟǭ

ǋȒ ʴǵϽǵ ș ǞǭǋȒ ʴǵϽǵ 4.2.12 Ǔ ΙǮǉȒǵǮ 4.4.54 ǮǶϽἧǵ Ҳ ș

ΙǮ ǠȒ ǵ ↓ǵ ǜǓ ȑǱǖ ǲ ǬǖḹֻǮǶ ʴǵϽǵ ǵ Ι 4.6.38 Ǔ֛ Ǡ

Ȓ ʴǵϽǵ Ǯȉ Ҳ 4.1.10 Ǔ ΙǮǉȒǵǮ ʴǵϽǵ 4.2.15 Ǔ ΙǮǉȒȉǵǯ Ǯ

ǔȒ  
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( )4.1.10__ wave
3cSvS nn = ǵ Ҳ ș̌ὑ 

( )( )4.2.70,
1

wave

wave

_

_

_ 3¸= vS

vS

cST n
n

 

( )4.2.9_wave_ 3cSS TT =
 

( )4.2.12wave__ 3ScS TcÖ=l
 

() ( )54.4.4
_

_ 3
cS

cS

h
tp
l
= Ͻἧǵ Ҳ  

( )( )4.6.380,0,lim masspoint_masspoint_0

cmasspoint_0

_
0masspoint_

3¸¸=


SS

S

cS
v

vm
p

h

S

l ʴǵϽǵ Ǔ֛  

( )4.2.15

wave_

_ 3
vS

cS

c

n
l =  

ǓρǏȒ Ҳ 4.1.11 Ǯ ǮǔȒ ʴǵϽǵ 4.2.12 Ǯ Ǔ ǱȒǚǯș ǮǔȒȉǵǯ̌

ὑǮǔȒ ǮǶ ק 4.2.7 ș Ƶǵ̓ ǠȒ 2.20 ǲѝҊǞǭ̓ ǮǔȒ ק Ǔ ǱȒǚǯǮ

ЋȦɋɩȬɶ 4.1.13 Ǔ ǱȒǚǯș ǮǔȒ  

( )( )4.2.70,
1

wave

wave

_

_

_ 3¸= vS

vS

cST n
n

 

()
()

()( ) ( )2.200,
d

wave

wave

3¸= tv
tv

tl
ht

 

( ) ( )4.1.13
wavewave _masspoint__ 3vSSvS hvE nÖ= ș Ǡ ǵЋȦɋɩȬɶ 

Ͻἧǵ ǫ ἧȦɋɩȬɶǶϽἧǵ Ҳ Ǯ ǮǔȒ ǤǵϽἧǵ Ҳ ǵ ὑǶ ʴǵϽǵ ǵק ǵ ὑǮ

ǉȒ Ǥǵק Ƕ ↔ר ǵ ǵק ǯǞǭ Ǎ ↔ר ǵ Ƕ Ǥǵ ↔ר ǑȏǺ̀ǵ ↔ר

ǯǵ Ǯ
ɵ

ᾍ
ɵ

ר
ɵ

Ǯǵ ↓ǵ ǜș ὑǞǭ ǮǔȒ Ǥǵ ᾍרǮǵ ↔ר ǵ ǜǶ Ǥǵ ↔ר ʣǲ

ǞǭǋȒ ǵ̀ǵ ↔ר ʣǮǵ ↓ǵ ǜǮǉȒ ̀ǵ ↔ר ʣǮ ǵ ↓ǵ ǜǑȏǺ ʴǵ

Ͻǵ ǜș ǮǔȒ Ǥǵ ǲ ʴǵϽș Ҳ 4.1.11 Ǯ ǠȒ  

( )
( )4.1.11

2

masspoint__

_
wave

wave
3

h

cvm SvS

vS

Ö
=n Ǯ ǠȒ ǵ Ҳ ǵ ὑ 

Ǔ ǞǭǋȒ ↔ר 1S ș Ǯǔ ǞǦϽǮ ǵק șʦǏȒ ǚǵǚǯǮ Ǥǵ Ǔ Ǟǭ

ǋȒ ↔ר 1S Ƕ ǵ ↓ǵ ǜǮʝ ǲ ὑǮǔȒ ǚǵ ǵק ǑȏǺ ↔ר ǵ ǜǵ ὑǮǶ

↔ר 1S ǲ ǠȒǹǯǫǵ ș̌ὑǠȒ Ǥǵ ǵ ǫЋȦɋɩȬɶș ǮǔȒ ↔ר 1S ǵ ὑǵȆ

ǮǶ ↔ר 1S ʣǲ ǵק ș ǮǔǱǋ ǵק Ǯ Ҳ Ǔʝ ǲ ὑǞ ἧȦɋɩȬɶș Ǯǔ

Ȓ Ǥǵ ἧȦɋɩȬɶșǹǯǫǵ ǵ ǫЋȦɋɩȬɶǯǠȒǚǯǮ Ǥǵ̌ὑǞǦǹǯǫǵ ǵ ר

4.1.1 Ǯ ǵק ș̌ὑǮǔȒ  

( )( )4.1.1masspoint__ wave
3SvS vm ǵ ר  

↔ר ʣǵ ǵק Ƕ ǮǉȒǚǯǮ̑ ǲ ǮǔȒ̵᷂Ƕ Ȓ Ǥǵ̑ ǵ̵᷂Ǯ ↔ר 1S ǲ

ǠȒǚǯș̌ὑǞǦǹǯǫǵ КǲͪἭǞǭǋȒЋȦɋɩȬɶș ἧȦɋɩȬɶǲ ǠȒ Ҳ Ǯ

2.20 ș ȒǚǯǓǮǔȒ ↔ר Sǵ ǵ Ҳ Ƕ Ǔ ↓ ҲǞǭǋȒ ↔ר SǮ Ǟǭǋ

Ȓ ǜȐǲ Ǥǵ Ǔ ǞǭǋȒ ↔ר 1S ǵ ǵ Ҳ ǯǞǭẀ ǮǔȒ ↔ר 1S ǲ ǞǭǋȒǹ

ǯǫǵ ș ǯǞǭ ǞǭǋȒǤȓǥȓǵ Ǔ Ȓ ǤȓȐǵ Ǔ ǞǭǋȒ ↔ר Ǯǵ ǲ
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↔ר SǮ ǞǦ Ҳ ǵ ǵ Ƕ ʴǵϽǵ
ɵ

ǵ ǜǮẀ ǮǔȒ ǚǵ 2.20 ǵ ǮǶ ʰ

ǵ ↔ר ʣǮ ʴǵϽǵ ǜǓֿǟὑ Ǯ ǮǔȒ Ҳ ǵẀ Ƕ ǮᾚїǞǭǋȒ  

()
()

()( ) ( )2.200,
d

wave

wave

3¸= tv
tv

tl
ht

 

ᶫ 2.1ǵȏǍǱ ЛǵЛקǲǱȒ ʴǵϽǵ Ƕ Ι 4.6.38 Ǯ ǮǔȒ 4.6.38 Ƕ Ǔ Ǟ

ǭǋȒḹֻǮǵ ΙǮǉȒ Ǔ ǞǭǋȒ ↔ר ʣǵ Ƕ ᶫ 2.1ǵȏǍǱ ЛǵЛקǓ Ι 4.6.38

Ǯ Ǔ ʴǵϽǵ ǜǵ ǮЛקșᶥ Ǟ ǘȒ Ǔ ǞǭǋȒ ↔ר ǵ ǵ Ҳ Ƕ Ι

4.6.18 ǮǉȒ Лș̓ ǞǦ ǮǶ Ǥȓǥȓǵ ↔ר ǵ ǯǞǭֿǟΙǮǉȒ ʴǵϽǵ ǜǮ

ǮǔȒ 4.6.38 ǑȏǺ Ҳ 4.6.18 Ƕ Ǔ ↓ ҲǞǭǋȒ ↔ר ʣǮ ǵ ↓ǵ ǜǓ

ȑǱǖ ǲ Ǭǖǚǯș̌ὑǞǭ ǞǭǋȒ ǚǵ Ι 4.6.18 ǲ Ҳ Ǔ֛ ǠȒǚǯǮǶ ǠȀǭǵ ר

↔ Ǯ ѸǶֿǟǮǉȒǚǯș̌ὑǠȒǵǮ̀ǵ ↔ר Ǯȉ ǠȒǚǯǲǱȒ ǚǵǚǯǶ ֿǟ ʴ

ǵϽǵ ǜǮ ǮǔȒǚǯș ǠȒ  

( )( )4.6.380,0,lim masspoint_masspoint_0

cmasspoint_0

_
0masspoint_

3¸¸=


SS

S

cS
v

vm
p

h

S

l ʴǵϽǵ Ǔ֛  

( ) ( )( )18.6.40,lim masspoint_

2

masspoint_0

masspoint__
0 wave

masspoint_

3¸
Ö

=


S

S

SvS
v

v
h

cm
v

S

n  

ֺ ↔ר Ǯ Ҳ 4.6.18 Ǔ ǱȒǚǯǮ 4.6.38 ǵЛקǶ ǜȓȒ ǤǵЛקǵ Лǵק Ƕ Ǔ

↓ ҲǞǭǋȒ ↔ר ǵ ǯ ǱȒק ǮǉȒ ֿǟ ǵק Ǔ ǱȒǚǯǶ Ǥǵ ↔ר ǲ Ǟǭ

ǋȒǚǯș̌ὑǞǦ Ǔ ǫЋȦɋɩȬɶǓɕɧɱȭὑ ǲ ͈Ǟǭ Ҳ 4.6.18 ǲ ǜȓȒǚǯǮ ǮǔȒ

ǵ Ҳ 4.1.11 ĚĚǚǵ ǮǶ 4.6.18 Ǯȉ̓ ǮǔȒ ĚĚǶ Ǔ ↓ ҲǞǭǋȒ ↔ר ʣ

Ǯ ǞǦ ʴǵϽǵ ǜǮ ǞǦȉǵǮǉȒ ǚǵ ǮǶ ̀ǵ ↔ר ǵ ǮȉֿǟΙǮǉȒ ʴǵ

Ͻǵ ǜș̓ ǠȒ Ǥȓǥȓǵ ǓǤȓǥȓǵ ↔ר Ǯ ș ǮǔȒ ǚǵǚǯǶ ̀ǵ ↔ר Ǯȉ

ǠȒȉǵǯ ǏȒǚǯǓǮǔȒ ʴǵϽǵ ǜǶ 3.14 Ǯ ǮǔǦ ʴǵϽǵ ǜ 3.14 ǵֳ ǲ

ǞǦὑ Ƕ ǠȀǭǵ ʴǵ ↔ר Ǯ ǠȒὑ ǯǞǭ ₴ ᷀ǵ ἶǮǶ ǍǚǯǓǮǔ

Ȓ

 
( )

( )4.1.11

2

masspoint__

_
wave

wave
3

h

cvm SvS

vS

Ö
=n Ǯ ǠȒ ǵ Ҳ ǵ ὑ

 

( ) ( )3.140,0,
1

00

3>¸
³

= cc
Ůɛ

c ʴǵϽǵ ǜ 

ȦɋɩȬɶǵẀӓǶ Ǔ ǱȒǚǯș̌ὑǮǔȒ ǚǵǚǯǶ Ҳ 4.1.11 ǓẀӓǠȒǚǯǮ ǵק 4.2.8

Ǔ ǱȒǚǯǓ Ҳ șḨ ǲǞǭ̌ὑǮǔȒ ʴǵϽǵ ǜǶ 4.6.43 ǵֳ Ǯ ↔ר ʣǵ ǵЋȦɋ

ɩȬɶ 4.1.2 ǑȏǺ 4.1.1 ș ὑǠȒḨ ǯǱȒΙǮǉȒ 4.6.43 ș ὑǠȒ ʴǵϽǵ Ҳ ș

ǓρǏȒ Ҳ ǲ ǞǖǠȒǚǯș 4.1.10 Ǯ̌ὑǞǦ Ҳ ǑȏǺ ǵ ǜǓ ὑǠȒǚǯǮ ʴǵϽǵ

Ǔʝ ǲὑȅȒ Ҳ Ƕ ǵק șʦǏȒǚǯǓǮǔȒ ǤǞǭ Ҳ 4.1.11 Ƕǹǯǫǵ ↔ר ʣ

Ǯ ǠȀǔ Ҳ ș ǫ ʴǵϽș ὑǮǔȒḨ ǮǉȒ ȉǵǯ ₴ ᷀ǵ Ƕ ǏȒ  

( )
( )4.1.11

2

masspoint__

_
wave

wave
3

h

cvm SvS

vS

Ö
=n Ǯ ǠȒ ǵ Ҳ ǵ ὑ 
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( )( )4.2.80,
1

wave

wave

_

_

wave_ 3¸= vS

vS

ST n
n

Ǯ ǠȒ ǵק ǵ ὑ 

( )
( )

( )( ) ( )4.6.430, masspoint__

masspoint__

masspoint__

wave

wave

wave 3Ö¸= SvS

SvS

SvS
vm

vm

vE
c

 

( ) ( ) ( )4.1.22

masspoint__masspoint__ wavewave
3cvmvE SvSSvS Ö= ǵ ǫЋȦɋɩȬɶ

 
( )( )4.1.1masspoint__ wave

3SvS vm ǵ ר

 ( )4.1.10__ wave
3cSvS nn = ǵ Ҳ ș̌ὑ 

ǵ ↓ǵ ǜǮ ↔ר ǵ Ǔ ǱȒǚǯș ὑǮǔȒ ǚǵ ǜǮǶ ↔ר ʣǲ ǞǭǋȒǚ

ǯș̌ὑǞǦǹǯǫǵ ǵ ǫЋȦɋɩȬɶǓ ǱȒ ↔ר ʣǵ ǵ ǫЋȦɋɩȬɶǓ ǱȒǚǯǮ Ǥ

ǵЋȦɋɩȬɶ 4.1.2 ș ἧȦɋɩȬɶ 4.1.13 ǯǠȒ Ҳ 4.1.11 Ǔ ǱȒ ǚǵ Ҳ 4.1.11 ǲǶ

↔ר ǵ ↓ǵ ǜǓ̀
ɵ

ǵ
ɵ

ֿǟΙǵ Ҳ ǯǶ ǱȒ șʦǏȒװ ǚǵ ǮǶ Ǥǵ ↔ר ǲ Ǟǭǋ

Ȓǚǯș̌ὑǞǦǹǯǫǵ ǵ ǫЋȦɋɩȬɶ 4.1.2 Ƕ Ǥǵ КǵЋȦɋɩȬɶǵᴇǮǉȒ ǚǵǚǯǮ

ǹǯǫǵ ș ǯǞǭ̌ὑǠȒ Ǥǵ ș ǠȒֺ ǵ ǫЋȦɋɩȬɶ 4.1.2 ǵ Ҳ 4.1.11

ǑȏǺ ↓Ǯǵ ǜș̌ὑǮǔȒ ǚǵǚǯǮǶ ǤȓǥȓǵЋȦɋɩȬɶ 4.1.2 Ǯǵ ↓ǵ ǜǮ ὑǠȒ

↔ר ǵ ș̌ὑǮǔȒ Ǥǵ ǲǶ ЋȦɋɩȬɶǵ Ҳ Ǯ ǵק șʦǏȒǚǯǓǮǔȒ  

( ) ( )4.1.13
wavewave _masspoint__ 3vSSvS hvE nÖ= ș Ǡ ǵЋȦɋɩȬɶ 

 

Ƶǵ̱Ƕ̀ǵ ἧǮ ǜȓǭǋȒ Ƶǵ̱Ǔ ǞǭǋȒ ↔ר 1S ș̌ὑǠȒǯ Ǥǵ ↔ר 1S ʣǮ

Ƶǵ̱ș ǯǞǭ̌ὑǠȒ ↔ר 1S ʣǮ Ǥǵ ǵ ǫЋȦɋɩȬɶ 4.1.2 Ǯ ǓρǏȒ Ҳ 4.1.11

ș̌ὑǮǔȒ Ǥǵ Ҳ 4.1.11 Ǯק 4.2.8 ș Ǟǭ ↔ר 1S ʣǵ ș̌ὑǮǔȒ Ǥǵ ǮǶ

ș 2.20 Ǯ ǮǔȒĚĚ Ǯȉ ̧ǵ șǞǭǋȒ ĚĚ  

()
()

()( ) ( )2.200,
d

wave

wave

3¸= tv
tv

tl
ht  

ǜȐǲ Ƶǵ̱ș ǞǭǋȒ ̱Ǜǯǲ ǮǉȒȉǵǯ̌ὑǞǦЋȦɋɩȬɶ 4.1.2 ș ǮǔȒǚǯș̌

ὑǠȒ Ǥǵ̌ὑǮǶ ǤȓȐǵЋȦɋɩȬɶ 4.1.2 ǓἭ᷀ǠȒ ↔ר șǤȓǥȓ̌ὑǠȒǚǯǮֺ ǵρǏ

Ȓ Ҳ 4.1.11 Ǯק 4.2.8 ș ǮǔȒ ↔ר ʣǵ ș̌ὑǮǔȒ Ǥǵ ǲ ↔ר ǵ ǮǶ

ֺ ǯǞǭ Ǎ ̱Ǔ ǞǭǋȒǚǯǮ ↔ר ǵ ǜș ǮǔȒ ǚǵ ǮǶ ֺ ↔ר ǲ ǵק

4.2.8 Ǔ ǱȒǵǮֺ ↔ר ǲ ǠȒ ǵ ǫЋȦɋɩȬɶ 4.6.9 ǵṔ ǓǤȓǥȓǵ ǵ Ҳ Ǯ

ǮǔȒ ǤǵȦɋɩȬɶǵṔ Ǯ ֺ ̱ǵ ֻǑȏǺѝ ș όǮǔȒ  

( )( )4.2.80,
1

wave

wave

_

_

wave_ 3¸= vS

vS

ST n
n

Ǯ ǠȒ ǵק ǵ ὑ 

() () ( )4.6.900 2

__ wavewave
3cmE vSvS Ö=  

ǚǵȏǍǱ όǮ ǵ ↓ǵ ǜǮǶ ↔ר ș Ǯǔ ǵ ǜǮǶ ș ǮǔȒȉǵǯ̌ὑǮǔȒ

ǵ ǜǶ ǵ ↓ǵ ǜǲ ͜ 4.6.44 ș Ǩ ǵ ǫЋȦɋɩȬɶ 4.1.2 ș ǮǔȒ ǤǵЋȦɋ

ɩȬɶ 4.1.2 ș ἧȦɋɩȬɶ 4.1.13 ǯǞǭ ǏȒǚǯǮ Ҳ 4.1.11 ș ὑǮǔȒ Ǥǵ Ҳ 4.1.11
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ǒȐק 4.2.8 ș Ǯǔ ș̌ὑǮǔȒ Ǥǵ ǒȐ 2.20 ș ǮǔȒ ǵ ↓ǵ ǜǶ 4.4.39

ǮǶ ʴǵϽǵ ǜș ǏǱǋ ǓρǏȒ Ҳ 4.1.11 ǵ ǵ ǜǶ 4.4.40 ǮǶ ʴǵϽǵ ǜ̊ʣǮ

ǉȒ ǵ ǜǓ Ẏǵ ǜǮǉȒḹֻǮȉ Ҳ 4.6.16 Ƕ 4.1.10 ș Ǟǭ֛ ǠȒ  

() ()
( )
( )

( )( )4.6.440, masspoint_

masspoint__

masspoint__

wave_masspoint_

wave

wave 3¸=Ö S

SvS

SvS

SS v
vm

vE
tvtv  

() ( )( )4.4.390, masspoint_masspoint_ 3¸¢ SS vctv  

() ( )( )4.4.400, masspoint_wave_ 3¸² SS vctv  

( ) ( )16.6.4lim

2

masspoint_0

masspoint__
0 wave

masspoint_

3
h

cm
v

S

SvS
vS

Ö
=


n

 
( )4.1.10__ wave
3cSvS nn = ǵ Ҳ ș̌ὑ 

 

4.7 ↓ǑȏǺ ǵ ↓ǵ ǜ  

ǵρǏȒ Ҳ 4.1.11 ǵ ǵ ǜǑȏǺ ǵ ↓ǵ ǜǶ ↓ 4.7.1 Ǯ ǮǔȒ ↓ 4.7.1

ș ǠȒǚǯǮ ǵ ↓ǵ ǜǓᾚїǮǔȒ  

( )
( )4.1.11

2

masspoint__

_
wave

wave
3

h

cvm SvS

vS

Ö
=n Ǯ ǠȒ ǵ Ҳ ǵ ὑ 

( )4.7.1
d

d

wave_

_

 velocitygroup
wave3

S

vS
v

k

n
= ↓ 

ǮǶ Ǥǵᾚїș ǠȒ ↓ 4.7.1 ǵֳ ǮǶ Ҳ ǑȏǺ ș ǞǭǋȒ ↓ 4.7.1

ǲǶ Ҳ 4.1.11 ǑȏǺ 4.7.2 Ǯ ǠȒ  

( ) ( )2.7.40,
1

wave_

wave_

wave_ 3¸= S

S

S l
l

k  

ǓρǏȒ Ҳ 4.1.11 ǵ 4.4.17 Ǯ 4.7.2 ș ǠȒ 4.4.17 ǑȏǺ Ҳ 4.1.11 Ƕ

Ҳ 4.1.14 ș ǠȒ  

( )
( )( )

( )( )4.4.170,

1

masspoint_

2

masspoint__

2

masspoint_0

_

wave_

wave

3¸

-

= S

SvS

S

cS

S v

vm

m

l
l

 

()
( )4.1.14

wave_

wave_

_ wave
3

S

S

vS

tv

l
n = Ǯ ǠȒ ǵ Ҳ ǵὑ  

Ҳ 4.1.14 ǵֳ ǲǶ ǵ ǜș ǞǭǋȒ ʝ Ҳ 4.1.11 ǵֳ ǲǶ ǵ ↓ǵ ǜș Ǟ

ǭǋȒ ǵ ǵ ǜǶ Ҳ 4.1.14 ǑȏǺ 4.4.17 ǯǵ ͜ș ǮǔȒ ǚǵ ͜ǮǶ 4.4.17

ǵֳ ǲ ǵ ↓ǵ ǜǓ ǜȓǭǋȒ ǵ ↓ǵ ǜǶ ר 4.1.1 ǵ Ẁ ǯǞǭ̓ ǜȓ

ǭǋȒ

 

( )( )4.1.1masspoint__ wave
3SvS vm ǵ ר  

ȠȢɱȵɣȽȢɱǵ ᾍר Ǯ Ǔ ǲὑ ǞǦ 4.1 ș̓ ǠȒǯ 4.6.7 ș Ǯ

ǔȒ 4.6.7 ǵֳ ǲ ר 4.1.1 ș ǞǭǋȒ  
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() ( ) ( )4.10,1
2

2

0 3cv
c

v
vmm ¢¢-Ö¹  

( )
( )

( )( )4.6.70,1 masspoint_2

2

masspoint_

masspoint__masspoint_0 wave
3cv

c

v
vmm S

S

SvSS ¢¢-Ö=  

ר ǵὑ Ƕ ₴ ᷀ȅǮǵ ǵ ǮǶ ᾍר ǮʦǏȐȓǱǋȉǵǯ ǏǭǋȒ ᾍ

ר ǮǶ Ҙș Ǎ Ǯǉȑ Ҙș ǮǔǱǋ ǚǵǚǯǶ ʠ ╠Ҙǵ Ѹș ᾍר ǮᾚїǮ

ǔǱǋᵂ Ǔ ǟȒ ɉɣɶɆɱҘἶǵ Ҳ ╛ș̓ Ǟǭʠ ╠Ҙǵ ѸǶᾚїǮǔȒ ǚǵǚǯǮǶ ר

ǑȏǺ Ҙ ǵ ǵᵂר͔ ș ǏȒ ȠȢɱȵɣȽȢɱӵṲǵ ĚĚ ĚĚǮǶ ר ǑȏǺ Ҙ

Ƕ Ǟǋǚǯș ǞǭǋȒ ר 4.1.1 ǶȠȢɱȵɣȽȢɱǵ ᾍר Ǯ ǮǉȒǚǯǓᾚїǜȓ

Ǧ ǚǵ ר Ƕ ɉɣɶɆɱҘἶǵὑ ǮǉȒ ר ǯǶ ǞǖǱǋ ǜȐǲ Ҙș ǞǭǋǱǋ ǚǵǚ

ǯǮǶ ʠ ╠Ҙǵ Ѹș ǮǔǱǋ ḹș̌ὑǞǭǋȒǵǮ Ҙ ǵ Ҙ ǯȉ ǮǔǱǋ ǵ

ὑ Ƕ ₴ ᷀ǵ ǫǵҘĚĚ Ҙ Ҙ ▌ǋҘǑȏǺ▀ǋҘǵǚǯ ĚĚǮֺҘǵ ǑȏǺǠȀǭ

ǵҘǵ ʝ Ǯ ǠȒȉǵǮǉȒǒ ș ȈȒȉǵǮǉȒǯ ₴ ᷀ǵ Ƕ ǏȒ ǚǵȏǍǱǚǯǮ

4.1.1 ǵὑ ǶʦǏǱǋǮ 4.1 șὑ ǠȒ ǲ ר 4.2 ș̌ὑǞǦȉǵǮǉȒ  

()( ) ( )4.20, 3cvvm ¢¢
 

ȠȢɱȵɣȽȢɱǵʝ ᾍר ǮǶ ҘǶқ ↓Ǯ ǠȒ ǚǵǚǯǮ ̓ ǠȒ↔ Ƕқ ↓ ҲǠȒ↔

ǮǉȒ ר 4.1.1 ǮǶ ↔ר ʣǮǵ ǮǉȒ ↔ר ǵ ǜșқ ↓ ҲǠȒ ǵֺ

ǵ ǜǲᾍꜘǜǢȒǚǯǮқ ↓↔ ʣǲ ↔ר ș̌ὑǞǦ όǓǮǔȒ ǚǵ ǮǶ ↓ ҲǠȒ

ș̌ὑǞǭǋȒ Ҳ 4.1.11 ǑȏǺ 4.4.17 ǮǶ ↓ ҲǠȒ ș̌ὑǞǭ ǑȏǺ ǵ șר

ǠȒ  

Ǯǵר Ƕ Ҳ ǑȏǺ Ǔ ǵ ↓ǵ ǜș Ẁ ǯǠȒǵǮ Ҳ ǵ 4.7.1 Ƕ 4.7.2

ș Ẁ Ǯ ǮǔȒ ǵ ↓ǵ ǜǓẀӓǠȒǚǯǮ Ҳ ǑȏǺ ǓẀӓǠȒ Ҳ ǲǶ Ҳ

ǵⱨѝ͜ ș̌ὑǞǭ 4.7.3 Ǯ Ǎ Ҳ ǵṔқѝ 4.7.3 ǮǶ ǵ ↓ǵ ǜǮʦǏȒὑ Ӣ Ƕὕ Ǯ

ǉȒ Ǥǵὑ Ӣ Ǯǵ Ҳ ǵṔқѝ 4.7.3 ǵΙḢǶὕ ǮǉȒ  

( ) ( )
( )

( )( )4.7.3;
d

d
masspoint_

masspoint_

masspoint__

masspoint__masspoint__
wave

wavewave
3vSv

S

SvS

SvSvSvS hvh
v

v
vhv a

n
nn +Ö=-+  

Ҳ ǵṔқѝ 4.7.3 ǮǶ ǵ ↓ǵ ǜǶ 4.7.5 Ǯὑ ǯǠȒ Ҳ ǵṔқѝ 4.7.3 ǵ Ẁ Ƕ 4.7.6

ǮǉȒȉǵǯ ǮǔȒǓ Ẁ ǯǱȒ ѝǶ 4.7.7 ǮǉȒ  

( )5.7.4const.masspoint_ 3=Sv  

( )4.7.6masspoint_ 3vS hv +  

( )7.7.43vh  

Ẁ 4.7.7 Ƕ ǵ ↓ǵ ǜǵṔқѝǮǉȒ ǚǵ ǮǶװ ǵ ↓ǵ ǜ 4.7.5 șὑ ǯǠȒὕ ǵ

ǮǵṔқѝ 4.7.7 ș Ẁ ǯǠȒ 4.7.8 ǮǉȒ  

( ) ( )
( )

( )( )4.7.8;
d

d
masspoint_

masspoint_

masspoint__

masspoint__masspoint__
wave

wavewave
3vSv

S

SvS

SvSvSvS hvh
v

v
vhv a

n
nn +Ö+=+  

Ҳ 4.7.8 ǵֳ ǲǶ ( )vS hv ;masspoint_a 4.7.9 ș ǞǦ 4.7.9 Ƕ Ι 4.7.10 ș ǮǔȒ

4.7.9 ǵ Ι 4.7.10 Ƕ 4.7.11 ǲǱȒ  
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( ) ( ) ( )( )
( )

( )4.7.9
d

d
;

masspoint_

masspoint__

masspoint__masspoint__masspoint_
wave

wavewave
3v

S

SvS

SvSvSvSvS h
v

v
vhvhv Ö--+¹

n
nna  

( ) ( ) ( )( )
( )

( )4.7.10
d

d
lim;lim

masspoint_

masspoint__

masspoint__masspoint__
0

masspoint_
0

wave

wavewave
3
îý

î
ü
û

îí

î
ì
ë

Ö--+=


v

S

SvS

SvSvSvS
h

vS
h

h
v

v
vhvhv

vv

n
nna  

( ) ( )4.7.110;lim masspoint_
0

3=


vS
h

hv
v

a  

Ҳ ǵ 4.7.8 Ǔ Ҳ ǵⱨѝ͜ ș̓ Ǟǭ ǮǔȒ ǚǵǚǯǮ Ҳ 4.1.11 ǵֳ ǵ ǵ ǫ

ЋȦɋɩȬɶǵẀӓ 4.7.12 Ƕ 4.7.7 ș Ẁ ǯǠȒⱨѝǵᵀǮǉȒ Ҳ ǵⱨѝ 4.7.13 Ƕ ǵ

↓ǵ ǜǵⱨѝǮǉȒṔқѝ 4.7.14 ș Ẁ ǯǠȒ ◐ ǮǉȒ ǵ ↓ǵ ǜ 4.7.5 șὑ ǯǠ

Ȓὕ ǵ Ǯǵ ◐ 4.7.13 ǵ͜ Ƕ 4.7.12 ǮǉȒ ǵ ↓ǵ ǜ 4.7.5 Ǯǵ Ҳ 4.1.11 ǵ

ǵϊǔǮǉȒⱨѝ͜ Ǔ̌ὑǮǔȒ Ǥǵ ǵϊǔǮǉȒⱨѝ͜ 4.7.12 ǵֳ ǲǶ ר ǵẀӓ ș

ǞǭǋȒ ǚǵǚǯǶ ǵЋȦɋɩȬɶǵẀӓ ș ǠȒ  

( )
( )4.7.12

d

d

d

d

masspoint_

masspoint__
2

masspoint_

_ wavewave 3
S

SvS

S

vS

v

vm

h

c

v
Ö=

n

 

()
( )

( )4.7.13
d

d
d

masspoint_

masspoint__
2

_
wave

wave
3v

S

SvS

vvS h
v

vm

h

c
h ÖÖ=n

 

() ( )4.7.14d masspoint_ 3vvS hhv =
 

Ǔ ↓ ҲǞǭǋȒǚǯǮǶ Ǥǵ ǵ ǫЋȦɋɩȬɶǵẀӓǓ Ҳ ǵⱨѝ͜ Ǯ̌ὑǜȓǭǞȅǍ

ǚǵ̌ὑǮ ǵȦɋɩȬɶǵẀӓǓ˔ Ǯǔ ǵ ↓ǵ ǜǓẀӓǠȒȮɧɓș ǖǚǯǓǮǔȒ ǤǵȮɧ

ɓǵ ↓ǵẀӓǓ ȒǚǯǮ ҲǵẀӓș˔ ǮǔȒ ǵ ҲǵẀӓș ǠȒȏǍǲ Ƕ ǵ ↓ǵ ǜǮ

ЋȦɋɩȬɶșͪǫǚǯș̌ὑǮǔȒ 4.7.13 ǵṔқѝ 4.7.6 ǵ νǮЋȦɋɩȬɶǵẀӓѝș ǠȒǚǯș̌

ὑǮǔȒ Ǥǵ ǮǶ ǵρǏȒ Ҳ 4.1.11 ǵ νǮǵ ǵ Ǔ ǟǭǋȒǚǯș̌ὑǮǔȒ  

ǓρǏȒ Ҳ 4.1.11 ǵ νǮ ǟȒ ǵ Ǯ Ҳ 4.1.11 ǵẀӓ Ǔ 4.7.12 Ǯ ὑǠȒǚǯș

̌ὑǮǔȒ ǵ ǵ Ҳ Ƕ Ҳ ǵẀӓ 4.7.12 ǵ νǲדȅȓȒ Ҳ ǵṔқѝǮǵ Ҳ 4.7.8 ǵ

νǵΙǮ̌ὑǞǭǋȒ Ҳ 4.7.8 Ǯ ǮǔȒḹֻǮǶ ǵ ↓ǵ ǜǶὕ Ιǵὑ ǮǉȒ ǵ

ǵ Ҳ ǵẀӓǶ Ҳ 4.7.8 ǵⱨѝ͜ ǵẀӓ 4.7.12 ș̌ὑǮǔȒ ǵ ↓ǵ ǜǓὑ ǮǉȒǵ

Ǯ ⱨѝ͜ 4.7.12 Ƕὑ ǮǉȒ ⱨѝ͜ 4.7.12 ǵẀӓǶ ǵ ↓ǵ ǜǓẀӓǠȒǚǯș̌ὑǮǔȒ

ǚǵȏǍǱⱨѝ͜ 4.7.12 ǵẀӓǵ ǮǶ ̀ǵ ↔ר ǯǵ ᾍרǮǵ Ҳ ǵẀ ș ǞǭǋȒȉǵǮ

ǶǱǋ ǵר ǵẀӓǒȐ ǵ ↓ǵ ǜǵṔ ș ǮǔȒ ǵ ș ǯǠȒ όǮǉȒ  

( )
( )4.1.11

2

masspoint__

_
wave

wave
3

h

cvm SvS

vS

Ö
=n Ǯ ǠȒ ǵ Ҳ ǵ ὑ 

 

ǵρǏȒ Ҳ 4.1.11 ǓẀӓǠȒǚǯǮǶ Ǥǵ ǵ ȉẀӓǠȒǚǯǶ 4.1.14 Ǯȉ̌ὑǮǔȒ

4.4.17 ǮǶ ǵ ↓ǵ ǜǓ Ẁ ǲǱǪǭǋȒȉǵǯ̌ὑǮǔȒ  

()
( )4.1.14

wave_

wave_

_ wave
3

S

S

vS

tv

l
n = Ǯ ǠȒ ǵ Ҳ ǵὑ  



A LIFE COM.  
≢─ ─  

 
 

57 

( )
( )( )

( )( )4.4.170,

1

int_

2

masspoint__

2

masspoint_0

_

wave_

wave

3¸

-

= masspoS

SvS

S

cS

S v

vm

m

l
l  

ǚǵǚǯǮǶ 4.7.2 ǓẀӓǠȒǚǯș ǵ ↓ǵ ǜș Ẁ ǯǠȒ Ǯ̌ὑǮǔȒ ǵ ↓

ǵ ǜș Ẁ ǯǠȒ Ҳ ǑȏǺ Ǯǵⱨѝ͜ ǮǉȒ ↓ 4.7.1 ǲֻ ǵⱨѝ ș̓ ǠȒ ǚǵǚ

ǯǒȐ ↓ 4.7.1 Ƕ 4.7.15 Ǯ ǮǔȒ  

( ) ( )2.7.40,
1

wave_

wave_

wave_ 3¸= S

S

S l
l

k

 
( )4.7.1

d

d

wave_

_

 velocitygroup
wave3

S

vS
v

k

n
= ↓

 

( )4.7.15

d

d

d

d

masspoint_

wave_

masspoint_

_

 velocitygroup

wave

3

S

S

S

vS

v

v
v

k

n

=  

 

 ĚĚ ǵ ǜș Ẁ ǯǠȒ Ҳ ǑȏǺ ǵ ǵᾚїĚĚ 

ǓρǏȒ Ҳ 4.1.11 ș ǔ ǠǚǯǮ ↓ș ǠȒ Ҳ ǵ șᾚїǠȒ ᾍר ǮǶ

ר 4.1.1 Ƕ 4.4.31 Ǯ ǮǔȒ ר 4.4.31 ș Ҳ 4.1.11 ǵֳ ǲ̈ЊǠȒǯ 4.7.16 ș

ǮǔȒ Ҳ 4.7.16 ǵֳ ș 4.7.17 ǵȏǍǲ ǔ Ǡ
 

( )
( )4.1.11

2

masspoint__

_
wave

wave
3

h

cvm SvS

vS

Ö
=n Ǯ ǠȒ ǵ Ҳ ǵ ὑ 

( )( )4.1.1masspoint__ wave
3SvS vm ǵ ר  

( )
( )

( )( )4.4.310,

1

masspoint_

2

2

masspoint_

masspoint_0

masspoint__ wave
3cv

c

v

m
vm S

S

S

SvS <<

-

=  

( )
( )4.7.16

1

2

2

2

masspoint_

masspoint_0

_ wave
3

h

c

c

v

m

S

S

vS Ö

-

=n  

( )
( )4.7.17

1
2

2

masspoint_

masspoint_0

_ wave
3

h

c

c

v

cm

S

S

vS Ö

-

Ö
=n  

4.7.17 ǵֳ ǲǶ Ҳ 4.6.31 Ǔ ǜȓǭǋȒ Ҳ 4.6.31 Ƕ ↔ר ʣș ʴǵϽǵ ǜǮ

↓ ҲǞǭǋȒϽἧǵ Ҳ ǮǉȒ Ͻἧǵ Ҳ Ƕ Ǯ 4.4.47 Ǯȉ ǮǔȒ Ͻἧǵ Ҳ 4.4.47 ǵ

ֳ ǵ ʴǵϽǵ Ƕ 4.4.53 ǲ ǞǭǋȒ  

( )( )4.6.310,0, masspoint_masspoint_0masspoint_0cmasspoint_0 3¸¸Ö= SSSS vmcmp
 

() ( ) ( )4.4.470,
_

_ wave
3¸= c

h
tp

cS

vS
l

Ͻἧǵ Ҳ  
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( )4.4.53
_

_ 3
cS

cS

c

l
n =

 

Ͻἧǵ Ǔ ǮǉȒǚǯǮ 4.4.17 Ƕ 4.4.45 Ǯ ǮǔȒ 4.4.45 Ƕ ǠȒǯ 4.4.46

ǲǱȒ  

( )
( )( )

( )( )4.4.170,

1

masspoint_

2

masspoint__

2

masspoint_0

_

wave_

wave

3¸

-

= S

SvS

S

cS

S v

vm

m

l
l

 

()
()( )

( )( )4.4.450,
0

1

masspoint_

2

_

2

_

wave_

wave

3¸

-

= S

vS

cS

cS v

cm

l
l

 

( )( )4.4.460,_wave_ 3¸= ccScS ll
 

Ͻǵ ǲ 4.7.18 Ǔ ǠȒ Ҳ 4.7.17 ǵֳ ǲ Ҳ 4.6.31 ș̈ЊǠȒǯ 4.7.19 ǲǱȒ
 

( )4.7.18
_

_ wave0
3

cS

vS

c

l
n =

 

( )
( )4.7.19

1
2

2

masspoint_

cmasspoint_0

_ wave
3

h

c

c

v

p

S

S

vS Ö

-

=n  

Ҳ 4.7.19 ǵֳ ǲ Ҳ 4.4.47 ș̈ЊǠȒǯ 4.7.20 ǲ ǮǔȒ Ҳ 4.7.20 ǵֳ ș

ǠȒǯ 4.7.21 ǲǱȒ
 

( )
( )4.7.20

1
2

2

masspoint_

_

_ wave
3

h

c

c

v

h

S

cS

vS Ö

-Ö

=

l

n  

( )
( )4.7.21

1

1

_

2

2

masspoint_

_ wave
3

cS
S

vS

c

c

v l
n Ö

-

=  

Ҳ 4.7.21 ǵֳ ǲ Ҳ 4.7.18 ș̈ЊǠȒǯ 4.7.22 ǲǱȒ 4.7.22 Ƕ Ҳ ǵẀ ǮǉȒ
 

( )
( )4.7.22

1
2

2

masspoint_

_

_
wave0

wave
3

c

vS

vS

vS

-

=
n

n Ǔ ǲ ǞǭǋȒ ǵ Ǯǵ Ҳ ǵẀ  

ʝ ȠȢɱȵɣȽȢɱǵ ᾍר ǮǵϽǵ Ҳ ǵẀ Ƕ 4.7.23 ǮǉȒĚĚ 4.7.23 Ƕ Ǯᾚ

їǞǭǋȒ ĚĚ ╩↓
1xq Ƕ ↔ר S1ǵ x1 ǯ ↔ר S1ǵ ↓ɗȭɆɩǯǵ ↓ǮǉȒ  

( )23.7.4

1

cos1

2

2

1

1 3

c

u

c

u
x

-

Ö+

³=

q
nn ȠȢɱȵɣȽȢɱǵ ᾍר ǮǵϽǵ Ҳ ǵẀ  

̵╨Ǔ 4.7.24 ǲǱȒǚǯș̌ὑǠȒ ╩↓Ƕ ↔ר S1ǵ x1 ǯḉ ׄǲǱȒ ̵╨ 4.7.24 ș

Ҳ ǵẀ 4.7.23 ǵֳ ǲ̈ЊǠȒǯ 4.7.25 ǲǱȒ Ҳ ǵẀ 4.7.25 Ƕ 4.7.26 ǲ ǔ ǢȒ
 



A LIFE COM.  
≢─ ─  

 
 

59 

( )24.7.4
2

,0cos 11 3ö
÷
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Ҳ ǵẀ 4.7.22 ș Ҳ ǵẀ 4.7.26 ǯ șǠȒ 4.7.22 ǵ‼ ǵ Ҳ
wave_vSn Ƕ ↔ר

SǮ ↓ ҲǞǭǋȒ ș ǞǦḹֻǵ ǵ ἧȦɋɩȬɶǵ Ҳ ǮǉȒ 4.7.22 ǵ‼ ǵ Ҳ
wave_vSn ș

ρǏȒ Ǔ ǠȒ ↔ר S1ș̌ὑǠȒ ↔ר S1ʣǲ ǠȒ ǓρǏȒ Ҳ
wave_vSn ș ǠȒ

Ƕ ↔ר S ʣǵ ǮǉȒ 4.7.22 ǵֳ ǵ Ҳ
wave0_vSn Ƕ ↔ר S ʣǮ ǜǓ ǲ ȑǱǖ Ǭ

ǖ ș̌ὑǠȒ ↔ר S1ʣǮ Ǥǵ Ǔ ǞǭǋȒȉǵǯ̌ὑǮǔȒ șǞǦḹֻǵ ǵ ἧȦɋɩ

Ȭɶǵ Ҳ Ǔ
wave0_vSn ǮǉȒ ǚǵȏǍǲ̌ὑǠȒǚǯǮ ǵȏǍǲ ǓǮǔȒȉǵǯǠȒ ↔ר Sʣǵ

Ҳ
wave0_vSn ǵ Ƕ ↔ר S ʣǮǶ ↓ Ҳǵ ǜǮ ҲǞǭǋȒ ↔ר S1ʣǮǵ ǵ ↓ǵ

ǜǶ ȑǱǖ ǲ Ǭǖǚǯș̌ὑǞǭǋȒ ǚǵȏǍǲ ǍǚǯǮ ↔ר Sʣǵ Ҳ
wave0_vSn ǵ ș

ǠȒ Ƕ ↔ר S1ʣǲ ǞǭǋȒ ǵ̬ ǲὑ Ǟǭ᷀Ȓ ǵ ǲ Ǟǋȉǵǯ̌ὑǮǔȒ  

Ǔ ↓ ҲǞǭǋȒǵǮ Ǥǵ Ǔ ǠȒ ↔ר ș̌ὑǮǔȒ Ǥǵ ↔ר S1ʣǮ ǞǭǋȒ

ǵ ↓ɗȭɆɩǶ ɗȭɆɩǮǉȒ ↔ר S1ʣǮ ʴǵϽἧǶ ǵ ↓ɗȭɆɩǲḉ ׄǲ ↓

ҲǞǭǋȒǚǯǲǱȒ Ҳ
wave0_vSn Ƕ ↔ר S1 ǵ Ǯ ǠȒ 4.6.7 Ƕ ȠȢɱȵɣȽȢ

ɱǵ ᾍר Ǯ Ǔ ǲὑ ǞǦȉǵǮǉȒ ᾍר ǮǵɫɶɪɱɂẀ ǮǶ ǵֳ ǵ

ר ǲ ǘȒ͜ ĚĚ₳ ǵǚǯǮǉȒ ĚĚǶ ǵẀ ǮǉȒȉǵǯ ₴ ᷀ǵ Ƕ ǠȒĚĚ

ǲ ǞǭǉȒ ĚĚ ǚǵ ǵẀ ǲǫǋǭǶ Ǯ όǞǭǋȒ  

( )
( )

( )( )4.6.70,1 masspoint_2

2

masspoint_

masspoint__masspoint_0 wave
3cv

c

v
vmm S

S

SvSS ¢¢-Ö=  

ɫɶɪɱɂẀ ǵ 3.12 ǮǶ͜ Ƕ 3.13 ǮǉȒ 3.12 ș̓ ǠȒǯ x ѝǓὑ ǵḹֻǮǶ 4.7.27 ș

ᾚїǮǔ 4.7.28 ǲǱȒ ͜ 3.13 ǵ₳ Ǔ 4.6.7 ǵ₳ ǮǉȒȉǵǯ ₴ ᷀ǵ Ƕ

ǠȒ 3.12 ǵ x ѝǓὑ Ǯ ǜȓǦ ↔ר SʣǮ ʴǵϽἧǵ ↓ ҲǠȒ ׄș ὑǠȒǚǯ

ǲǱȒ ǵ ↓ɗȭɆɩǓ ǲǱȒḹֻǮǵ ↔ר S1ʣǮ ș ǞǦ ǚǵḹֻǶ ɗȭɆɩǲ

ḉ ׄǓϽἧǵ ↓ Ҳǵ ׄǮǉȒ ↔ר SʣǮǶ y ׄǓ x ׄǲ ↓ ҲǠȒ ǵ Ҳ ׄ

ǲᾍǞǭḉ ׄǲǱȒ ǚǵȏǍǲ ǏȒǚǯǮǶ ↔ר Sʣǵ ʴǵϽἧǓ ↓ ҲǠȒ ׄǶ y

ׄǮǉȒȉǵǯ̌ὑǮǔȒ ǚǵ ׄǶ╩↓ǮǶ 4.7.24 ș ǠȒ ↔ר SʣǮǵ y ǵ ׄșϽἧǵ Ҳ

ׄǲǠȒǚǯǮǶ ǵẀ ǮǉȒ 4.7.28 ǵ ǓǮǔȒ ǚǵǚǯǮ Ҳ ǵẀ 4.7.22 ș ǮǔȒ

ȉǵǯ ₴ ᷀ǵ Ƕ ǏȒ ǚǵ Ҳ ǵẀ 4.7.22 ș Ǯǔ Ǔ ǲ ǞǭǋȒ ǵ

Ǯ ǵẀ ș ǞǭǋȒ ↔ר S1ʣǮ ǮǔȒ ʴǵϽǵ ǜș ǠȒ ↓ǵẀ Ƕ ǮᾚїǞ

Ǧ ǦǧǞ ʣ ǮǶ ↔ר SʣǮ ↓ ҲǠȒ ǑȏǺ ǞǭǋȒ ǲǫǋǭ Ǐǭ Ǥǵ♥ǲ Ǟ

ǭǋȒ Ƕ ↔ר S1ʣǮǵ ǮǉȒȉǵǯ ǪǭǋȒ ʴǵϽǶ ↔ר SʣǮ y ׄǲ ʴǵϽ
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ǵ ǜǮ їǞǭǋȒ Ǥǵ ʴǵϽǵ ǜș ↔ר S1ʣǮ ǠȒǵǲ ᾍר Ǯǵ ↓ǵẀ ș̓

ǠȒ
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( ) ( )4.7.280,1 3=DDÖ=D xtt g  

Ҳ 4.7.22 ș Ҳ 4.7.26 ǯ ǠȒ Ǔ ǲ ǞǭǋȒ ǵ Ǯǵ Ҳ ǵẀ 4.7.22 ǶȠ

ȢɱȵɣȽȢɱǵ ᾍר ș̓ ǞǭᾚїǞǦ Ҳ ǵẀ 4.7.26 ǲ Ǟǋȉǵǯ ǮǔȒ  

 

ǵ Ҳ Ƕ 4.4.19 Ǯ ǓρǏȒ Ҳ 4.1.11 ǵ ș 4.5.1 Ǯ ǮǔȒ ǵ Ҳ Ƕ 4.3.4

Ǯ ǮǔȒ Ҳ 4.3.4 ș 4.5.1 ǵֳ ǲ̈ЊǠȒǯ 4.7.29 ǲǱȒ  

() ( )( )4.4.190, masspoint_
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vS v
h
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Ҳ ǑȏǺ ǓρǏȒ Ҳ ǵ ǯǵ ͜ 
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() ( ) ()( )4.3.4masspoint_masspoint___ wavewave
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4.7.2 ǵֳ ǲ 4.7.29 ș̈ЊǠȒǯ 4.7.30 ș ǮǔȒ ר 4.4.31 ș 4.7.30 ǵֳ

ǲ̈ЊǠȒǯ 4.7.31 ǲǱȒ  
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masspoint_
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2

masspoint_

masspoint_0

wave_ 3
h

v
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v

m S

S

S

S Ö

-

=k  

ȠȢɱȵɣȽȢɱǵ ᾍר ș̓ ǠȒǚǯǮ ʝ ǲǶ ↔ר Ǯ̟ ǠȒ ǵ Ҳ ǑȏǺ Ƕ

ǵ ↓ǵ ǜǑȏǺ Ǯ ὑǠȒ ǚǵǚǯǮ ǹǯǫǵ ǵ Ƕὑ ǮǉȒǚǯș̌ὑǠȒǵǮ

ǵ ↓ǵ ǜǓ Ẁ ǮǉȒȉǵǯ̌ὑǮǔȒ
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 ĚĚ Ҳ ǑȏǺ ǵⱨѝ͜ ǵᾚїĚĚ 

Ҳ 4.7.17 Ƕ 4.7.32 ǲ ǮǔȒ Ҳ 4.7.32 ǵʰ șⱨѝǠȒǚǯǮ 4.7.33 ǲǱȒ  
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4.7.33 ǵֳ ș ǠȒǯ 4.7.34 ș ǮǔȒ ↓ǵ ǮǶ 4.7.34 ș ǠȒ
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4.7.36 ǵֳ ǵ Ƕ ǵ ↓ǵ ǜș ˆǞǭ Ǟ ǑȏǺɕɧɱȭὑ Ǯ ǠȒ 4.7.36

ǵֳ ǵ Ƕ ǑȏǺɕɧɱȭὑ Ǯ ǠȒ ǚǵȏǍǲ ǠȒǯ 4.7.37 ș ǮǔȒ  
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4.7.39 ǵ ╩ǵʴș 4.7.40 ǵʴ ╩ȏǍǲ ǔ Ǡ 4.7.40 ǵʴ ╩ǵ ș 4.7.41 ǵȏǍǲ ǠȒ
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 ĚĚ ↓ǵ ĚĚ 

4.7.35 ǑȏǺ 4.7.45 ș ↓ 4.7.15 ǲ̈ЊǠȒǯ 4.7.46 ș ǮǔȒ 4.7.46 ǵѝ ǑȏǺѝἧǵ

В ѝș ǠȒǚǯǮ 4.7.47 ǲǱȒ ↓ 4.7.47 ǵֳ Ƕ ǵ ↓ǵ ǜǮǉȒ  

( )
( )4.7.351

d

d 2

3

2

2

masspoint_masspoint_0

masspoint_

masspoint_

_ wave 3

-

ö
ö

÷

õ

æ
æ

ç

å
-ÖÖ=

c

v

h

m
v

v

SS

S

S

vSn
 

( )
( )4.7.451

d

d 2

3

2

2

masspoint_masspoint_0

masspoint_

wave_
3

-

ö
ö

÷

õ

æ
æ

ç

å
-Ö=

c

v

h

m

v

SS

S

Sk
 

( )4.7.15

d

d

d

d

masspoint_

wave_

masspoint_

_

 velocitygroup

wave

3

S

S

S

vS

v

v
v

k

n

=  



A LIFE COM.  
≢─ ─  

 
 

63 

( )

( )
( )4.7.46

1

1

d

d

d

d

2

3

2

2

masspoint_masspoint_0

2

3

2

2

masspoint_masspoint_0

masspoint_

masspoint_

wave_

masspoint_

_ wave

3
-

-

ö
ö

÷

õ

æ
æ

ç

å
-Ö

ö
ö

÷

õ

æ
æ

ç

å
-ÖÖ

=

c

v

h

m

c

v

h

m
v

v

v

SS

SS

S

S

S

S

vS

k

n

 

( )4.7.47

d

d

d

d

masspoint_

masspoint_

wave_

masspoint_

_ wave

3S

S

S

S

vS

v

v

v
=

k

n

↓Ƕ ǵ ↓ǵ ǜǲ Ǟǋ 

↓ 4.7.47 Ƕ 4.7.15 ș̓ ǠȒǚǯǮ 4.7.48 ǲ ǮǔȒ 4.7.48 ǮǶ ↓Ƕ ǵ ↓ǵ ǜ

ǲ Ǟǋ
 

( )4.7.48masspoint_ velocitygroup 3Svv =  

 

5 ǑȏǺȦɋɩȬɶǵ ͜  

ǮǶ ǑȏǺȦɋɩȬɶǵ ͜ǲǫǋǭ όǠȒ Л

ʣǮᶥק Ǟ ǘȒ ǵ Ҳ ǵⱨѝ 2.6 ǵ 2.3 Ǯ

ǵ νǮ ǑȏǺ ǜșὑ ǮǔȒǚǯș Ǯ

ǞǦ ǚȓȐǵ Ƕ ᶫ 2.1ǵȏǍǱ Лǵ Ǯ̓ ǠȒ  

() () ( )2.6d wave 3thtvtl Ö= Лקʣǵ ǵ Ҳ ǵⱨѝ 

( )2.33t
 

Ǔ ǲ ǞǭǋȒ ǵ ǮᾚїǞǦ ǓρǏȒ

Ҳ 4.1.11 ǵֳ Ǯ ǵ ǫЋȦɋɩȬɶș Ǟǭǋ

Ȓ Ҳ 4.1.11 ǵ‼ ǮǶ ק 4.2.8 ș ǮǔȒ

ק Ƕ ǮǉȒ Ҳ 4.1.11 ǵֳ ǮǶ ǵר Ǯ

ǉȒЋȦɋɩȬɶșѝἧǲ ǞǭǉȒ Ҳ 4.1.11 ǵֳ

ǵѝ Ƕ ἧș ǠȒװ ǚǵǚǯǮǶ Ҳ 4.1.11

ș̓ Ǟǭ ǵ ἧȦɋɩȬɶș 4.1.13 Ǯ ǮǔȒ

ǵ ἧȦɋɩȬɶǮǶ ȦɋɩȬɶǵ ἧǮ ǠȒ ἧ

ȦɋɩȬɶǶ ↔ר Ǯ ǠȒȉǵǮǉȒ ↔ר ʣǮ

ǵ ↓ǵ ǜș̌ὑǠȒ ǚǵ ǮǶװ ǓρǏȒ

Ҳ 4.1.11 ǵֳ ǮǶ ↔ר ʣǮǵ ǮǉȒ Ҳ

4.1.11 ǵ‼ ǮǶ ᶫ 2.1ǵȏǍǱ Лǵ ǮǉȒ ǵק 4.2.8 ǵ ǮǉȒ
 

( )
( )4.1.11

2

masspoint__

_
wave

wave
3

h

cvm SvS

vS

Ö
=n Ǯ ǠȒ ǵ Ҳ ǵ ὑ 

( )( )4.2.80,
1

wave

wave

_

_

wave_ 3¸= vS

vS

ST n
n

Ǯ ǠȒ ǵק ǵ ὑ

 

( ) ( )4.1.13
wavewave _masspoint__ 3vSSvS hvE nÖ= ș Ǡ ǵЋȦɋɩȬɶ 

șᶫ 2.1 ǵȏǍǱ ЛǮ ǠȒǵǮ ᶫ 2.1 ǵȏǍǱ ЛǮ ș ǏȒǚǯǓǮǔȒ ק 4.2.8 ǲǶק

 ᶫ 2.1 қ Ǯǵ ᶥȑǵ╩↓ 

()
r

l
tt

l
pwq const. clock1counter 

clock1counter clock1counter 2 ÖÖ+Ö=  

x

y

r+

r+

r-

r-

O

const. clock1counter q

const. clock1counter l

()tl clock1counter 

()tclock1counter q

tr ÖÖ clock1counter w
tÖclock1counter w

const. clock1counter P

clock1counter P

rad 0P
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4.2.9 Ǔ ǠȒ ק 4.2.9 ǵֳ Ƕ ʴǵϽǵ ǵק ǮǉȒ ק ș̓ Ǟǭ ȏȑᾛǜǱ șὑ Ǯǔ

Ȓ Ǥǵ ĚĚ Ǔ Ǯ ș ǲὑ ǞǦ ĚĚș̓ Ǟǭ șʦǏȒǚǯǓǮǔȒ ș ЛǮ

ǮǔȒǓ 4.1.11 ǮǶ ↔ר ș̓ Ǟǭ ǠȒ ↔ר ǵ̬ Ḹǲ ǵ ḸșқǏǭ Ϸǵ șȠ

ȢɱȵɣȽȢɱǵ ᾍר ǮǶ̌ὑǠȒ ǵ ḸǶ ֺ̬ ǲ̌ὑǞǦ ș̓ ǠȒ Ǥǵ Ƕ Ǔ

ǲ ǞǭǋȒ ǵ ǮǶᶫ 2.1 ǵȏǍǱ Лș̓ Ǟǭ ǏȒ ǮǶ ЛǵЛקʣș Ǯ Ǐ Ǳǖᶥ

Ǟ ǘȒ ș̌ὑǠȒ Ǥǵ Лș ǯǞǭ Ǔᶥ ǠȒǚǯǮǶ ʝ ǲ Ιǵ ǵ ǜ Лקǵ ǜǑȏǺק

ș̓ ǠȒǚǯǓǮǔȒ  

( )4.2.9_wave_ 3cSS TT =
 

↔ר ʣǵ ǵ ↓ǵ ǜǓ ȑǱǖ ǲ Ǭǖḹֻǵ Ǔ 4.6.20 Ǯ Ẏǲ ǠȒ ǵ

Ι 4.6.20 ǵḹֻǮǵ ǵ ǵ ǜ 4.6.4 Ƕ Ẏǲ ǠȒ Ҳ ǵ Ι 4.6.18 Ǯ Ιǲ֛

ǠȒ Ι 4.6.18 ǮǶ Ƕ ǮǱǋȉǵǯ̌ὑǠȒǚǯǮק 4.2.8 Ǔ ΙǲǱȒ  

( )( )4.6.200,lim masspoint_wave_
0masspoint_

3¸¤=


SS
v

v
S

l ǵρǏȒ Ҳ ǵ ǵ Ǔ
 

( ) ( )( )4.6.40,lim masspoint_masspoint_wave_
0masspoint_

3¸¤=


SSS
v

vvv
S  

( ) ( )( )18.6.40,lim masspoint_

2

masspoint_0

masspoint__
0 wave

masspoint_

3¸
Ö

=


S

S

SvS
v

v
h

cm
v

S

n
 

ǵρǏȒ Ҳ 4.1.11 Ƕ ʴǵϽἧǵ Ҳ ǲ 4.1.10 ș̌ὑǞǭǋȒ ǤǵϽἧǵ Ҳ 4.6.31

ș̌ὑǞǭǉȒ ǤǵȏǍǱ ʴǵϽἧǵ Ҳ 4.6.31 Ƕ ΙǮǉȒ Ǔ ǲ ǞǭǋȒ ǵ

Ǯǵ ǵ Ҳ Ƕ Ǥǵ ǵ ș̓ Ǟǭ 4.4.19 Ǯ ǮǔȒ Ҳ 4.4.19 ǵֳ ǲ ǞǦ

ǵ Ƕ 4.4.17 ǮǉȒ  

( )4.1.10__ wave
3cSvS nn = ǵ Ҳ ș̌ὑ 

( )( )4.6.310,0, masspoint_masspoint_0masspoint_0cmasspoint_0 3¸¸Ö= SSSS vmcmp
 

() ( )( )4.4.190, masspoint_

wave_

_ wave
3¸= S

S

vS v
h

tp
l

Ҳ ǑȏǺ ǓρǏȒ Ҳ ǵ ǯǵ ͜ 

( )
( )( )

( )( )4.4.170,

1

masspoint_

2

masspoint__

2

masspoint_0

_

wave_

wave

3¸

-

= S

SvS

S

cS

S v

vm

m

l
l  

ǵ Ҳ ǵ̌ὑ 4.1.10 ǑȏǺ ʴǵϽǵ 4.2.15 ș̓ ǠȒǯ ǵ Ι 4.6.29 Ǔ Ǯ

ǔȒ ʴǵϽǵ 4.6.29 Ƕ 4.6.38 ǲǱȒ ʴǵϽǵ 4.6.38 Ƕ֛ ǞǭǋȒ  

( )4.2.15

wave_

_ 3
vS

cS

c

n
l =

 

( )( )4.6.290,0,lim masspoint_masspoint_02

masspoint_0_
0

wave
masspoint_

3¸¸
Ö

=


SS

SvS
v

vm

h

cm

cc

S n
 

( )( )4.6.380,0,lim masspoint_masspoint_0

cmasspoint_0

_
0masspoint_

3¸¸=


SS

S

cS
v

vm
p

h

S

l ʴǵϽǵ Ǔ֛  

ʴǵϽǵ 4.2.15 Ҳ 4.1.10 ǑȏǺ ʴǵϽǵ ǜǓ ΙǮǉȒ ǚȓȐǵ Ιș̓ Ǟ
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ǭᶫ 2.1ǵȏǍǱ ЛǮ ș̌ὑǮǔȒ ȠȢɱȵɣȽȢɱǵ ᾍר Ǯȉ ʴǵϽș̓ Ǟǭ ș

ǏȒǚǯǶ Ǯ ǞǭǉȒ ᶫ 2.1ǵȏǍǱ ЛǮǶ Ҳ Ƕ 4.6.18 Ǯ֛ ǠȒ ǚǵ ǮǶװ

ǑȏǺ ǵ ǜǲǶ ͜Ǳǖ ș ǮǔȒ ǵ͛ὓǮǶ ΙǵΙǮ ǠȒ ǓẺȅȓȒǧȔǍ Ʌȶ

Ƚɩ ǮǶ̓ ǠȒ ǓṔǏȒǚǯǮẉǖǵ ǑȏǺ ș̓ ǠȒǚǯǶʝ Ǳ ǮǉȔǍ

₴ ᷀ǵ Ǯǵ ǵ SI ǵ ǵӴ̬ secondǵὑ ȉȹȵȤɞ caesium ԍἧǵȦɋɩȬɶ

ᾑǵק ș̓ ǞǭǋȒ ǚǵȏǍǲ Ǔ ǲ ǞǭǋȒ ǵ ǮǱǖǭȉȦɋɩȬɶǮ ș ǏȒǚ

ǯǓ Ȓ  

ǵẀӓǮ ǵȦɋɩȬɶǵẀӓș ǮǔȒ ȠȢɱȵɣȽȢɱǵ ᾍר Ǯ Ǔ ǲὑ ǞǦ

4.1 ș̓ Ǟǭ ǮǔȒ 4.1 ǵֳ ǲǶ ǵẀӓ 5.1 ș ǞǭǋȒȉǵǯ ₴

᷀ǵ Ƕ ǠȒ 4.1 ǮǶ ↔ר S ʣǮ ר 4.2 ș̌ὑǮǔȒ Ǔ ↓ ҲǞǭǋ

Ȓȉǵǯ̌ὑǮǔȒ ↔ר S1ʣǮǶ ↓ ҲǞǭǋȒ Ƕ ǞǭǋȒǚǯǲǱȒ  

() ( ) ( )4.10,1
2

2

0 3cv
c

v
vmm ¢¢-Ö¹  

() ()( )
( )5.11

d

d
2

2

1 3
c

tv

t

tt
-=

 
()( ) ( )4.20, 3cvvm ¢¢

 

ɫɶɪɱɂẀ 3.9 3.12 ǵ ǵẀ Ƕ 3.12 ǮǉȒ ǵẀ 3.12 ǮǶ͜ Ƕ 3.13 ǮǉȒ  

( ) ( )3.9 1 3tuxx Ö-Ö=g  

( )3.10 1 3yy =  

( )3.11 1 3zz =  

( )3.12
21 3ö
÷

õ
æ
ç

å Ö
-Ö=

c

xu
tt g  

( ) ( )3.13 const.

1

1

2

2
3=

-

=

c

u
g

 

ɫɶɪɱɂẀ ǵὑ Ӣ Ƕ 3.18 Ǯǉȑ ↔ר ǵ ǜǮὑ ǞǭǋȒ ↔ר ǵׄǔǓ 3.18 ǵ ֵǮ

ǜȓǭǋȒ ǚǵḹֻǮǶ ͜ Ƕ 3.19 ǵ ᶪǮ֛ ǠȒ

 
( )3.18 3cuc <<-

 

( )3.19 1 3¤<¢g
 

Ǔ ↓ ҲǞǭǋȒǵǮ ↔ר Sʣǵ̬ ḸǮǶ ǵ ѝǵ ↓ǵ ѝǶ 5.2 Ǯ ǮǔȒ

ǵẀ 3.12 ǵⱨѝ͜ ș 5.3 Ǯ ǮǔȒ  

()
( )5.2

d

d
3u

t

tx
=

 

()
()

( )5.3d

d

1
d

d
2

1 3

ö
ö
ö
ö

÷

õ

æ
æ
æ
æ

ç

å
Ö

-Ö=
c

t

tx
u

t

tt
g

 

ⱨѝ͜ 5.3 ǵֳ ǲ 5.2 ș̈ЊǠȒǯ 5.4 ș ǮǔȒ ⱨѝ͜ 5.4 ǵֳ ǲ͜ 3.13 ș̈Њ

ǠȒǯ 5.5 ș ǮǔȒ  
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()
( )5.41

d

d
2

2

1 3öö
÷

õ
æ
æ
ç

å
-Ö=

c

u

t

tt
g

 

()
( )5.51

d

d
2

2

1 3
c

u

t

tt
-=  

ǚǚǮ ↔ר S ʣǮǵ ǵ ↓ǵ ǜǶ 5.6 ǮǉȒ ǵ ↓ǵ ǜ 5.6 șⱨѝ͜ 5.5

ǲ̈ЊǠȒǯ ǵ ↓ǵẀӓ 5.1 ș ǮǔȒ  

() ( )6.53utv =  

() ()( )
( )5.11

d

d
2

2

1 3
c

tv

t

tt
-=

 

ȠȢɱȵɣȽȢɱǵ ᾍר Ǯ ǓᾚїǞǦ ǵẀ Ƕ 5.7 ǮǉȒĚĚ ǵẀ Ƕ ǮᾚїǞ

ǭǋȒ ĚĚ ǵẀ 5.7 ǵ‼ Ƕ ↔ר SʣǮǵ ǵ ר ǮǉȒ ǵẀ 5.7 ǵֳ Ƕ

↔ר S ʣǮǵ ǵ ר ǑȏǺ x ʣǵ ↓ǵ ѝǮǉȒ 5.7 ǮǶɫɶɪɱɂẀ ș̌ὑǞǭǋȒ  

( )5.7

1

1

2

2

2

1
1

3

c

u

c

vu
m

m

x

-

ö
÷

õ
æ
ç

å Ö
+Ö

=  

ǚǚǵ ǮǶ ↔ר S ʣǵ ǵ ר Ƕ 4.2 ǮǉȒ ↔ר S ʣǮǶ 4.1 ǵ‼ Ǯǉ

Ȓ
 

()( ) ( )4.20, 3cvvm ¢¢  

() ( ) ( )4.10,1
2

2

0 3cv
c

v
vmm ¢¢-Ö¹

 

↔ר S ʣǮ Ǔ ǞǭǋȒǵǮ 5.8 ș ǮǔȒ 5.8 ș ǵẀ 5.7 ǵֳ ǲ̈ЊǠȒǯ

ר 5.9 ǲǱȒ ר 5.9 ǵֳ ǲ 5.6 ǵ‼ ș̈ЊǠȒǯ ר 5.10 ș ǮǔȒ

ר 5.10 ș ǔ Ǡǯ 4.1 ǲǱȒ
 ( )5.801 3=xv

 ( )5.9

1
2

2

1 3

c

u

m
m

-

=

 

()
()( )

( )5.10

1
2

2

0 3

c

tv

m
vm

-

=

 

ǵẀ 5.7 ǵѝ ǶɫɶɪɱɂẀ ǵ͜ 3.13 Ǔ ǪǦȉǵǮǉȒ ǚǵǚǯǶ ǵẀ 5.7 șᾚїǠ

Ȓ ǲ ȐǒǮǉȒ ǵẀӓ 5.1 Ƕ 4.1 ǵֳ ǲ ǜȓǭǋȒǚǯș ǮǔȒ ǵ ǫǮǉȒ  

ǠȒ Ǔ ↔ר Ǯ ǱȒǚǯǶ ֺ ↔ר Ǯ ǮǔȒ ǵ ǫЋȦɋɩȬɶǓ ǱȒǚǯǲǱ

Ȓ ǚǚǮǶ ǵẀӓ 5.1 Ǯ ǠȒȦɋɩȬɶǓ ǱȒ ǓȦɋɩȬɶǵẀӓș ǞǭǋȒ

Ҳ 4.1.11 Ǯȉ‼ ǵ Ҳ Ǯ ș Ǟװ ֳ ǵ ǵ ǫЋȦɋɩȬɶǮ ἧǮǵȦɋɩȬɶǵẀӓș

Ǯ ǞǭǋȒ Ҳ 4.1.11 ǮǵȦɋɩȬɶǵẀӓ Ǯ Ҳ ǵẀӓ ș ǠȒⱨѝ͜ Ƕ 4.7.12 Ǯ

ǉȒ  
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() ()( )
( )5.11

d

d
2

2

1 3
c

tv

t

tt
-=  

( )
( )4.7.12

d

d

d

d

masspoint_

masspoint__
2

masspoint_

_ wavewave 3
S

SvS

S

vS

v

vm

h

c

v
Ö=

n

 

4.7.12 ǵֳ ǲ ǞǭǉȒ
ɵ ɵ

ǵ
ɵ ɵ ɵ

↓
ɵ

ǵ
ɵ ɵ

ǜ
ɵ

ǮǶ ↔ר ǵ̬ Ḹǵ ǲᾍǠȒẀӓ ș ǠȒ

ǚǵǚǯǮ Ҳ 4.1.11 ǵ‼ ǵ Ҳ Ƕ ǵ ↓ǵ ǜș Ẁ ǲǠȒ ǮǉȒ ǚǵ Ҳ ǵ

ǮǶ ЛǮǵ ǵק ș ↔ר ǵ ↓ ҲǠȒ ǵ̬ ḸǮ ǞǭǋȒ ↔ר ʣǮǶ

ș↔ Ǯ ǮǔȒֺ̬ ǲὑ ǞǭǋȒ  

ᶫ 2.1ǵȏǍǱ Лǵ ǮǶ ʴǵϽǵ ǜș̓ Ǟǭ ș ǮǔȒ ʴǵϽǵ ǜ 4.6.43 Ƕ

↔ר ʣǵ ǵ ǫЋȦɋɩȬɶǑȏǺ ר ș ǵ ↓ǵ ǜǮ ὑǠȒȉǵǯ ǮǔȒ   

( )
( )

( )( ) ( )4.6.430, masspoint__

masspoint__

masspoint__

wave

wave

wave 3Ö¸= SvS

SvS

SvS
vm

vm

vE
c

 

ȠȢɱȵɣȽȢɱǵ ᾍר ǮǶ ǵ ↓ǵ ǜǑȏǺ ʴǵϽǵ ǜǵ ͜Ƕ 4.3.28 Ǯ Ǯ

ǔȒ 4.3.28 ǮǶ ș ǞǭǋȒ  

()
( )

( )4.3.281

2

masspoint__

masspoint_0masspoint_

wave

3
ö
ö

÷

õ

æ
æ

ç

å
-=

SvS

SS

vm

m

c

tv
ǵ ǜǑȏǺ ʴǵϽǵ ǜǵ ͜╛ 

ǵ ↓ǵ ǜǶ Ҳ 4.1.11 ǵӴ̬ Ǯὑ ǮǉȒ ǑȏǺ ʴǵϽǵ ǜș ǵ ǫЋ

ȦɋɩȬɶǲͪǨ ↔ר ʣș ҲǠȒ ǮǉȒ ȉǵǯ ₴ ᷀ǵ Ƕ ǏȒ  

( )
( )4.1.11

2

masspoint__

_
wave

wave
3

h

cvm SvS

vS

Ö
=n Ǯ ǠȒ ǵ Ҳ ǵ ὑ 

ʴǵϽǵק 2.20 Ǯ ș ǮǔȒ 2.20 ǵֳ Ǯǵ ʴǵϽǵ ǜǮǶ ↓ ҲǠȒ ǵ ǫ

ЋȦɋɩȬɶǑȏǺ ר 4.2 ș 4.6.43 Ǯ ὑǠȒ 2.20 ǵֳ Ǯǵ ʴǵϽǵ ǮǶ ᶫ 2.1ǵȏǍǱ

ЛǮ ǏȒ șӢѩǮǔȒ ʴǵϽǵ ǜǶ ǠȀǭǵ ↔ר ʣǮ Ǟǋ ǚǵǚǯǮ ǵק Ǔ Ǳ

ȒǚǯǮ ʴǵϽǵ Ǔ ǱȒǚǯș 2.20 ǮǶ ǮǔȒ ǚǵ ǮǶװ ʴǵϽǵק 2.20 Ǔ ὑǠ

ȒǚǯǮ ↓ ҲǠȒ ǵ ר ЋȦɋɩȬɶǑȏǺ ʴǵϽǵ ș ὑǠȒ ș ǠȒǵǲ Ǎ

ʴǵϽǵק 2.20 Ƕ ǓρǏȒ Ҳ 4.1.11 ș̓ Ǟǭ 4.2.8 Ǯ ǮǔȒ  

( )2.20s 3Ö=
c

T c
c

l
 

( )( )4.2.80,
1

wave

wave

_

_

wave_ 3¸= vS

vS

ST n
n

Ǯ ǠȒ ǵק ǵ ὑ 

Ƕ ʴǵϽǵ ǜǲᾍǞǭ ר ǑȏǺὑ ǮǉȒ șͪǨ ʴǵϽǵ ș ὑǠȒ ȉǵǯ

₴ ᷀ǵ Ƕ 2.20 4.1.11 4.3.28 ǑȏǺ 4.4.17 Ǯ ǏȒ  

( )
( )( )

( )( )4.4.170,

1

int_

2

masspoint__

2

masspoint_0

_

wave_

wave

3¸

-

= masspoS

SvS

S

cS

S v

vm

m

l
l

 

 

ǵ Ƕ ǵ ǫЋȦɋɩȬɶ 4.1.2 ș ǠȒᴷʝǵẀ ǮǉȒ ǵ ר ǑȏǺЋȦɋɩ
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ȬɶǶ ʴǵϽǵ ǜ 4.6.43 Ǯ ὑǠȒ ǦǧǞ 4.6.43 ǮǶ ר Ƕ ǲǶǱȐǱǋḹֻǮǉȒ

ר Ǔ ǲǱȒḹֻǮǶ ʴǵϽἧǵ Ǔ ǲǱȒ  

( ) ( ) ( )4.1.22

masspoint__masspoint__ wavewave
3cvmvE SvSSvS Ö= ǵ ǫЋȦɋɩȬɶ 

( )
( )

( )( ) ( )4.6.430, masspoint__

masspoint__

masspoint__

wave

wave

wave 3Ö¸= SvS

SvS

SvS
vm

vm

vE
c

 

Ǔ ǲὑ ǞǦ 4.6.7 Ƕ ר ǮǉȒ Ǔ ʴǵϽǵ ǜǮ ↓ ҲǠȒḹֻǶ

4.6.7 Ƕ 5.11 ǲ ǮǔȒ
 

( )
( )

( )( )4.6.70,1 masspoint_2

2

masspoint_

masspoint__masspoint_0 wave
3cv

c

v
vmm S

S

SvSS ¢¢-Ö=
 

()
()( )( )5.11,1 masspoint_2

2

_masspoint_0 wave
3cv

c

c
cmm SvSS =-Ö=

 

5.11 ǵֳ ǵ ǵẀӓ 5.1 Ƕ ǮǉȒ ǚǵǚǯǮ 5.12 ș ǮǔȒ  

() ()( )
( )5.11

d

d
2

2

1 3
c

tv

t

tt
-=

 

() ( )( )5.12,0 masspoint__masspoint_0 wave
3cvcmm SvSS =Ö=

 

5.12 ǵֳ ș ǠȒǯ 4.6.39 ǲǱȒ ↔ר Sʣș ↓ ҲǞǭǋȒ ǵ 5.12

Ƕ ǲǱȒ ↔ר Sʣș Ǔ ʴǵϽǵ ǜǮ ↓ ҲǠȒḹֻǶ ↔ר S1Ƕ ǵ ↓

ҲǮǶ ҲǮǔǱǋ ǚǵǚǯǮ ↔ר S1ǶἭ᷀ǞǱǋǚǯǲǱȒ ʴǵϽǵ ǜǮ ↓ ҲǞǭǋ

Ȓ ǵ Ƕ ǮǉȒ ʴǵϽἧǵ Ƕ ǮǉȒ ʝ ʴǵϽǵ ǜǮ ↓ ҲǠȒϽἧ

ǵ ר Ƕ 5.13 Ǯ ǮǔȒ
 ( )4.6.390masspoint_0 3=Sm

 

()
()

( )5.13
2

_

_
wave

wave
3Ö=

c

cE
cm

vS

vS  

ǵ ↓ǵ ǜǑȏǺ ʴǵϽǵ ͜Ƕ 4.3.28 Ǯ ǮǔȒ ʴǵϽǵ ǜș̓ Ǟǭ 4.3.28 ǵֳ

Ƕ ЋȦɋɩȬɶ 4.1.2 Ǯ ǔ Ǡǯ 5.14 ǲǱȒ  

()
( )

( )4.3.281

2

masspoint__

masspoint_0masspoint_

wave

3
ö
ö

÷

õ

æ
æ

ç

å
-=

SvS

SS

vm

m

c

tv

 

( ) ( )
( )14.511

2

2

masspoint__

2

masspoint_0

2

masspoint__

masspoint_0

wavewave

3
ö
ö

÷

õ

æ
æ

ç

å

Ö

Ö
-=

ö
ö

÷

õ

æ
æ

ç

å
-

cvm

cm

vm

m

SvS

S

SvS

S

 

ЋȦɋɩȬɶ 4.1.2 Ƕ ἧȦɋɩȬɶ 4.1.13 ǮǉȒȉǵǯ 4.1.7 ǲ̌ὑǞǭǋȒ 4.1.10 ș̌ὑǞǭǋȒǵǮ

5.14 ǵֳ Ƕ 5.15 ǲ ǔ ǠǚǯǓǮǔȒ  

( ) ( )4.1.13
wavewave _masspoint__ 3vSSvS hvE nÖ= ș Ǡ ǵЋȦɋɩȬɶ 

() ( ) ( )4.1.7_

2

masspoint__ wave
3cSSvSS hcvmcE nÖ=Ö= ̌ὑ 
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( )4.1.10__ wave
3cSvS nn = ǵ Ҳ ș̌ὑ

 

( )
( )15.511

2

_

_

2

2

masspoint__

2

masspoint_0

wave

wave0

wave

3
ö
ö

÷

õ

æ
æ

ç

å

Ö

Ö
-=

ö
ö

÷

õ

æ
æ

ç

å

Ö

Ö
-

vS

vS

SvS

S

h

h

cvm

cm

n

n

 

5.15 ǵֳ ǲǶɕɧɱȭὑ 2.17 ș ǠȒǯ 5.16 ǲǱȒ 4.3.28 ǵֳ Ƕ 5.17 ǑȏǺ 5.18 Ǯ

ǮǔȒ  

( )2.17s J 1062606896.6 34 3-³=h ɕɧɱȭὑ  

( )16.511

2

_

_

2

_

_

wave

wave0

wave

wave0 3
ö
ö

÷

õ

æ
æ

ç

å
-=

ö
ö

÷

õ

æ
æ

ç

å

Ö

Ö
-

vS

vS

vS

vS

h

h

n

n

n

n

 

( )
( )17.511

2

_

_

2

int__

int_0

wave

wave0

wave

3
ö
ö

÷

õ

æ
æ

ç

å
-=

ö
ö

÷

õ

æ
æ

ç

å
-

vS

vS

masspoSvS

masspoS

vm

m

n

n

 

()
( )5.181

2

_

_masspoint_

wave

wave0 3
ö
ö

÷

õ

æ
æ

ç

å
-=

vS

vSS

c

tv

n

n

 

ǓρǏȒ Ҳ 4.1.11 ǵ ǵ Ƕ 4.4.17 Ǯ ǮǔȒ 4.4.17 ǵֳ ǲǶ 5.17 ǵ‼ Ǔ ǜ

ȓǭǋȒ 4.4.17 ǵֳ ǲ 5.17 ǵֳ ș̈ЊǠȒǯ 5.19 ǲǱȒ

 ( )
( )( )

( )( )4.4.170,

1

masspoint_

2

masspoint__

2

masspoint_0

_

wave_

wave

3¸

-

= S

SvS

S

cS

S v

vm

m

l
l  

( )( )5.190,

1

masspoint_
2

_

_

c_

wave_

wave

wave0

3¸

ö
ö

÷

õ

æ
æ

ç

å
-

= S

vS

vS

S

S v

n

n

l
l

 

ǓρǏȒ Ҳ 4.1.11 Ǯ ǵ ↓ǵ ǜǓ ʴǵϽǵ ǜǲ ȑǱǖ ǬǖḹֻǶ Ҳ 5.20

ǵ Ιș ǮǔȒ Ҳ 4.1.11 Ǯ ǵ ↓ǵ ǜǓ ǲ ȑǱǖ ǬǖḹֻǶ Ҳ 4.6.18 ǵ

Ιș ǮǔȒ ǵ Ǔ ǵḹֻǲǶ ǓρǏȒ Ҳ ǵ ΙǶ 5.21 ǮǉȒ ʴǵϽ

ἧǶ ʴǵϽǵ ǜǮ ↓ ҲǠȒḹֻǲǶ Ҳ 5.20 ǵֳ șρǏȒ ʴǵϽἧǵρǏȒ Ҳ Ƕ

ǞǭǋȒḹֻǮǶ Ҳ 5.21 ǵֳ ǵΙǮǉȒ  

( )
( )4.1.11

2

masspoint__

_
wave

wave
3

h

cvm SvS

vS

Ö
=n Ǯ ǠȒ ǵ Ҳ ǵ ὑ 

( )
()

( )( )02.50,lim masspoint_0

2

_

masspoint__
wave

wave
masspoint_

3=
Ö

=


S

vS

SvS
cv

m
h

ccm
v

S

n
 

( ) ( )( )18.6.40,lim masspoint_

2

masspoint_0

masspoint__
0 wave

masspoint_

3¸
Ö

=


S

S

SvS
v

v
h

cm
v

S

n
 

( ) ( )( )21.50,0lim masspoint_0masspoint__
0 wave

masspoint_

3==


SSvS
v

mv
S

n
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4.4.17 Ǯ ǵ ↓ǵ ǜǓ ʴǵϽǵ ǜǲ ȑǱǖ ǬǖḹֻǶ Ι 5.22 ǲ ǮǔȒ

Ǔ ǵḹֻǮǶ ǵ Ι 5.22 Ƕ 5.23 ǲǱȒ Ι 5.23 ǵֳ Ƕ ǠȒǯ 5.24

ș ǮǔȒ ǓρǏȒ Ҳ 4.1.11 ǵ ǵ Ƕ ʴǵϽǵ ǵ ǲ֛ ǠȒǚǯș Ι 5.24

Ǯ ǞǭǋȒ  

( )
()( )

( )5.22

1

lim

2

_

2

masspoint_0

_

wave_

wave

masspoint_

3

cm

m

vS

S

cS

S
cvS

-

=


l
l

 

()
()( )

( )5.23
0

1

lim

2

_

2

_

wave_

wave

masspoint_

3

cm vS

cS

S
cvS

-

=


l
l

 

( )5.24lim _wave_
masspoint_

3cSS
cvS

ll =


 ǵ ↓ǵ ǜǑȏǺ ǓρǏȒ Ҳ 4.1.11 ǵ ǵ ǜǶ 4.4.24 ǵȏǍǲ ʴǵϽǵ ǜǲ

͜ș ǮǔȒ 4.4.24 ș ǔ Ǡǯ 4.5.9 Ǯ ǓρǏȒ Ҳ 4.1.11 ǵ ǵ ǜș ǮǔȒ  

() () ( )( )4.4.240, masspoint_

2

wave_masspoint_ 3¸=Ö SSS vctvtv
 

()
()( )( )4.5.90, masspoint_wave_

masspoint_

2

3¸= SS

S

vtv
tv

c
 

ǵ ǜ 4.5.9 ǵ‼ ș ǔ Ǡǯ 5.25 ș ǮǔȒ ǵ ǜ 5.25 ǵֳ ǲǶ 4.3.28 ǵ‼ Ǔ

ǜȓǭǋȒ ǵ ǜ 5.25 ǵֳ ǲ 4.3.28 ǵֳ ș̈ЊǠȒǯ 5.26 ș ǮǔȒ  

()
()
( )( )5.250, masspoint_

masspoint_
wave_ 3¸= S

S
S v

c

tv

c
tv  

()
( )

( )4.3.281

2

masspoint__

masspoint_0masspoint_

wave

3
ö
ö

÷

õ

æ
æ

ç

å
-=

SvS

SS

vm

m

c

tv

 

()

( )

( )( )5.260,

1

masspoint_
2

masspoint__

masspoint_0

wave_

wave

3¸

ö
ö

÷

õ

æ
æ

ç

å
-

= S

SvS

S

S v

vm

m

c
tv

 

ǵ ǜ 5.26 ǵֳ ǲ 5.17 ǵֳ ș̈ЊǠȒǯ 5.27 ǲǱȒ ǵ ǜ 5.27 Ƕ Ҳ ǓẀ ǯǱȒ

Ǔ̌ὑǮǔȒǯ Ǥǵ ǵ Ƕὑ ǮʦǏȒ ǚǵǚǯǮǶ ș ǠȒ ↔ר S ʣǮ

ǵ Ҳ Ƕ 5.28 Ǯ ǮǔȒ Ǔ ǮǉȒḹֻǮǶ Ҳ 5.28 ǵֳ Ƕ 5.29 Ǯ ǮǔȒ

ǵ ǜ 5.27 ǵֳ Ǯ Ẁ ǯ ǏȒȉǵǶ ↔ר S ʣǮǵ ↓ ҲǞǭǋȒ ǓρǏȒ Ҳ

4.1.11 ǮǉȒ  

( )
( )17.511
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2
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wave0
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() ( )( )5.270,

1

masspoint_
2

_

_

wave_

wave

wave0

3¸

ö
ö

÷

õ

æ
æ

ç

å
-

= S

vS

vS

S v
c

tv

n

n

 

()
( )5.28

0 2

_

_
wave

wave0
3

h

cm vS

vS

Ö
=n ǵ ș̌ὑǞǦ ↔ר ʣǮǵ ʴǵϽǵ ǵ Ҳ

 

( )5.290
wave0_ 3=vSn

 

ǵ ↓ǵ ǜǓ ʴǵϽǵ ǜǲ ȑǱǖ ǬǖḹֻǶ ǵ ǜ 5.27 ǵ Ι 5.30 ș Ǯǔ

Ȓ ǵ ǜ 5.27 ǵ Ι 5.30 ǵֳ ǲ Ҳ 5.29 ș̈ЊǠȒǯ 5.31 ǲǱȒ  

() ( )( )5.300,

1

limlim masspoint_
2

_

_

wave_

wave

wave0

masspoint_masspoint_

3¸

ö
ö

÷

õ

æ
æ

ç

å
-

=


S

vS

vS

cv
S

cv
v

c
tv

SS

n

n

 

() ( )5.31lim wave_
masspoint_

3ctvS
cvS

=
  

ǵ ↓ǵ ǜǵ Ǔ ʴǵϽǵ ǜǮǉȒǚǯǶ 4.4.39 Ǯ ǮǔȒ ǓρǏȒ Ҳ 4.1.11

ǵ ǵ ǜǶ 4.4.40 Ǯ ʴǵϽǵ ǜ̊ʣǮǉȒǚǯș ǮǔȒ ǵ ǜǮǶ ↓Ǯ̌ὑǠȒ ǵ

ȓǲ ǓρǏȒ Ҳ 4.1.11 ǵ νǮǵ ǵ ș̌ὑǠȒǚǯǮ ֺ ǵ ǜșǤȓǥȓ ǠȒǚǯǲ

ǱȒ  

() ( )( )4.4.390, masspoint_masspoint_ 3¸¢ SS vctv  

() ( )( )4.4.400, masspoint_wave_ 3¸² SS vctv

 

ʴǵϽǵ ǜǲ ǵ ↓ǵ ǜǓ ȑǱǖ ǬǖǚǯǶ ǵ ǜǓṔқǞǭǋǖǚǯșʝ ǲ̌ὑǮ

ǔȒ ʝ ǓρǏȒ Ҳ 4.1.11 ǵ ǵ ǜǓ ʴǵϽǵ ǜǲ ȑǱǖ ǬǖǚǯǮǶ ǵ ǜǓ

Ǟǭǋǖǚǯșʝ ǲ̌ὑǮǔȒ  

↔ר S Ǯ ǞǦ ǞǭǋȒ ǓρǏȒ Ҳ 5.28 ǑȏǺ ↔ר SʣǮ ǞǦ ↓ Ҳ

ǞǭǋȒ ǵ Ҳ 4.1.11 ǯǵ ͜Ƕ Ҳ ǵẀ 4.7.22 Ǯ ǮǔȒ Ҳ ǵẀ 4.7.22 ș ǔ

Ǡǯ 5.32 ǲǱȒ  

()
( )5.28

0 2

_

_
wave

wave0
3

h

cm vS

vS

Ö
=n ↔ר S ʣǮ ǞǦ ʴǵϽǵ ǵ Ҳ

 

( )
( )4.7.22

1
2

2

masspoint_

_

_
wave0

wave
3

c

vS

vS

vS

-

=
n

n Ǔ ǲ ǞǭǋȒ ǵ Ǯǵ Ҳ ǵẀ  

( )
( )5.321

2

2

masspoint_

_

_

wave

wave0 3
c

vS

vS

vS
-=

n

n

 

5.32 ǵֳ Ƕ ǵẀӓ 5.1 ǵֳ ǲ Ǟǋ ǵẀӓ 5.1 ǵֳ ǲ 5.32 ǵ‼ ș̈ЊǠȒǯƲ

5.33 ǲǱȒ ǵẀ 5.33 Ƕ ǵ ר 4.2 ǵ Ҳ 4.1.11 ǲᾍǠȒ 4.1 ǵ

Ҳ 5.28 ǮʦǏȐȓȒ ǵẀӓ 5.33 ǵֳ ǵѝἧǶ ↔ר S ʣǮ ǞǦ ʴǵϽǵ ǵ

Ҳ ǮǉȒ ǵẀӓ 5.33 ǵֳ ǵѝ Ƕ ↔ר SʣǮ ǞǦ ʴǵϽǵ ǵ Ҳ ǮǉȒ
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() ()( )
( )5.11

d

d
2

2

1 3
c

tv

t

tt
-=

 

()
( )5.33

d

d

wave

wave0

_

_1 3
vS

vS

t

tt

n

n
=

 

↔ר SʣǮ Ǔ ↓ ҲǞǭǋȒ Ǥǵ ǵ ↓Ǯ ҲǠȒ ↔ר S ʣǮǶ Ǥǵ Ǔ Ǟǭ

ǋȒ ר 4.2 Ǔ ὑǠȒǚǯǮ Ǥǵ ǓρǏȒ Ҳ 4.1.11 Ǔ ὑǠȒ ↔ר SʣǮ ǠȒ

ר 4.2 ǵ 4.1 Ƕ ↔ר S ʣǮ ǠȒ ↔ר SʣǮ ǞǦḹֻǵ 4.1 Ƕ

↔ר SʣǮ ↓ ҲǞǭǋȒ ǵ ǮǉȒ Ǥǵ ↓ ҲǞǭǋȒ Ǔ ǞǭǋȒ ↔ר Ƕ

↔ר S1ǮǉȒ ǚǵȏǍǲ ǮǔȒǵǮ ǓρǏȒ Ҳ 5.28 Ƕ ↔ר S ʣǮ ǠȒ ʴǵ

Ͻǵ Ҳ ǮǉȒ

 ()( ) ( )4.20, 3cvvm ¢¢
 

( )
( )4.1.11

2

masspoint__

_
wave

wave
3

h

cvm SvS

vS

Ö
=n Ǯ ǠȒ ǵ Ҳ ǵ ὑ

 

() ( ) ( )4.10,1
2

2

0 3cv
c

v
vmm ¢¢-Ö¹

 

()
( )5.28

0 2

_

_
wave

wave0
3

h

cm vS

vS

Ö
=n

 

ǵẀ 5.19 Ƕ 5.34 ǲ ǔ ǠǚǯǓǮǔȒ ǵẀ 5.34 ǵֳ ǲ ʴǵϽǵ ǜǲᾍǠȒ

ǵ ↓ǵ ǜǵҊֻ 5.18 ș̈ЊǠȒǯ 5.35 ș ǮǔȒ  
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masspoint_
2

_

_

c_

wave_

wave

wave0

3¸

ö
ö

÷

õ

æ
æ

ç

å
-

= S

vS

vS

S

S v

n

n

l
l

 

( )( )5.340,1 masspoint_
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2
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_masspoint_

wave

wave0 3
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()
( )( )5.350, masspoint_

masspoint_

wave_c_ 3¸Ö= S

S

SS v
c

tv
ll ǵẀ

 

↔ר SǮ ǠȒ ↓ ҲǠȒ ǵ 5.35 Ƕ ↔ר SǮ ǠȒ Ҳ 4.1.11 ǮǉȒ

ʴǵϽǵ ǲꜘǟȒ ȉǵǯ ₴ ᷀ǵ Ƕ ǏȒ  

ǵρǏȒ Ҳ 4.1.11 ǵ ǲǶ 4.1.15 Ǔ ǠȒ ʴǵϽǵ ǲǶ 4.2.14 ǑȏǺ 4.2.15 Ǔ

ǠȒ ǵ ͜╛ǮǉȒ 4.1.15 4.2.14 ǑȏǺ 4.2.15 ș̓ ǠȒǯ ǵẀ 5.35 ș ǵ ǜǵẀ

5.36 ǲ ǔ ǠǚǯǓǮǔȒ
 

()
( )4.1.15

wave_

wave_

wave_ 3
vS

S

S

tv

n
l = Ǯ ǠȒ ǵ ǵ ὑ 
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( )4.2.14
_

_ 3
cS

cS

c

n
l =

 

( )4.2.15

wave_

_ 3
vS

cS

c

n
l =

 

()
()
( )( )5.360, masspoint_

masspoint_

wave_ 3¸Ö= S

S

S v
c

tv
tvc ǵ ǜǵẀ

 

↔ר SǮ ǠȒ ↓ ҲǠȒ ǵ ǵ ǜ ()tvS wave_ Ƕ ↔ר SǮ ǠȒ Ҳ 4.1.11 Ǯǉ

Ȓ ʴǵϽǵ ǜǲꜘǟȒ ȉǵǯ ₴ ᷀ǵ Ƕ ǏȒ  

↔ר Sʣǵ ǲᾍǞǭ Ǔ ↓ǵ ǜ ()tv Ǯ ҲǠȒǚǯǮ Ǥǵ Ǔ ǠȒ ↔ר S ʣǮǵ

ǵẀӓ Ǔ 5.1 ǵֳ Ǯ ǮǔȒ ↔ר Sʣǲ Ǔ ǠȒḹֻǮǶ ǵẀӓ 5.1 ǵֳ Ƕ 5.37

Ǯ ǮǔȒ ǵẀӓ 5.37 ș ǠȒǯ 5.38 ș ǮǔȒ ǵẀӓ 5.38 ǮǶ ↔ר Sʣ

Ǯǵ ǵ ǵȆǮ ǵⱨѝ͜ ș ǠȒǵǮ ǵẀӓ Ƕ ǲǱȒ ǵẀӓ 5.38 Ƕ ǵⱨѝ 5.39

ǲ ǔ ǠǚǯǓǮǔȒ ↔ר SʣǮǵ Ƕ ֿ ǓǯȐȓǭǑȑǠȀǭ Ǟǋǚǯș 5.39 Ǯ ǞǭǋȒ  

() ()( )
( )5.11

d

d
2

2

1 3
c

tv

t

tt
-=

 

() ()
( )5.37

0
1

d

d
2

2

1 3
ct

tt
-=

 

()
( )5.381

d

d 1 3=
t

tt

 

() ( )5.39dd 1 3ttt =
 

↔ר SʣǮ ǵ ↓ǵ ǜǓ ʴǵϽǵ ǜǲ ǞǖǱȒḹֻǶ ǵẀӓ 5.1 Ƕ 5.40

Ǯ ǮǔȒ ǵẀӓ 5.40 ǵֳ Ƕ 5.41 Ǯ ǮǔȒ ǵẀӓ 5.41 Ƕ ǮǉȒ  

() ()
()( ) ( )5.40,1

d

d
2

2

1 3ctv
c

c

t

tt
=-=

 

()
()( ) ( )5.41,0

d

d 1 3ctv
t

tt
==

 

ɫɶɪɱɂẀ ǵὑ Ӣ Ƕ 3.18 ǮǉȒ ↔ר SʣǮ ǞǭǋȒ ǵ ↓ǵ ǜǶ ↔ר S

ǵ ↓ǵ ǜǮǉȒǚǯș 5.6 Ǯ ǞǭǋȒ ↔ר SʣǮ Ǔ ʴǵϽǵ ǜǲ ǠȒǚǯǶ

Ǥǵ Ƕ ʴǵϽἧǯֿǟ ǜǮ ҲǠȒ ᾍר ǵ ↔ר ǲǶ Ͻ ʥẀǵԍ Ǔ ǠȒ Ǡ

Ȁǭǵ ↔ר ʣǮ Ǥǵ ǵ ǜǶ ʴǵϽǵ ǜǮ ǮǔȒ  

( )3.18 3cuc <<-
 

() ( )6.53utv =
 

↔ר S ʣǮǶ ʴǵϽǵ ǜǮ ǮǔȒǵǮ ǵ̬ ḸǑȏǺ Ƕὑ ǮǔȒ ʴǵϽǵ

ǜǮ ҲǠȒ ǵ 4.1 Ƕ 4.6.39 ǮǉȒ ǵЋȦɋɩȬɶ 4.6.9 ș ǠȒ ר 4.6.11

Ǔ 4.6.39 ǵ ǮǉȒ 4.6.39 ǵḹֻǵ ǵЋȦɋɩȬɶ 5.42 Ƕ ǲǱȒ

ǵЋȦɋɩȬɶ 5.42 Ǔ ǮǉȒǚǯǮ ̱ș ֻǞǭǋȒȦɋɩȬɶǶ ǮǉȒȉǵǯ ǍǚǯǓǮǔȒ

̱Ǔ̀ǵ ̱ǯǵʝўǵ ֻșǞǱǋǮЋȦɋɩȬɶǓ ǮǉȒǚǯǶ Ǥǵ ̱ǵἭ᷀șבὑǮǔȒ ǚǯș

₴ ᷀ǵ Ƕ ǏȒ  
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() ( ) ( )4.10,1
2

2

0 3cv
c

v
vmm ¢¢-Ö¹

 

( )4.6.390masspoint_0 3=Sm
 

() () ( )4.6.900 2

__ wavewave
3cmE vSvS Ö=

 

()( )( )4.6.110,0 masspoint__masspoint_0 wave
3cvmm SvSS ¢¢=

 
() ( )5.4200

wave_ 3=vSE
 ɵ ɵ

Ǔ
ɵ ɵ ɵ

ǠȒǚǯǮǶ ǵ ǜ 4.5.9 Ƕὑ ǮǔǱǋ ǚǵǚǯǮǶ 2.20 Ƕὑ ǮǔǱǋ

2.20 Ǔὑ ǮǔǱǋǚǯǮǶ ǵⱨѝ 2.6 Ƕ ǮǔǱǋ  

()
()( )( )4.5.90, masspoint_wave_

masspoint_

2

3¸= SS

S

vtv
tv

c

 

()
()

()( ) ( )2.200,
d

wave

wave

3Ö¸= tv
tv

tl
ht  

() () ( )2.6d wave 3thtvtl Ö=
 

ǵ ǜ 4.5.9 Ǔὑ Ǯǔǡ 2.20 ǑȏǺ 2.6 șʦǏȒǚǯǓǮǔǱǋ ǑȏǺ șὑ

ǮǔǱǋǚǯǮǶ ǜș ǮǔǱǋ Ǔ ǲὑ ǞǦ ǮǶ ǵȏǍǲ ₴ ᷀ǵ Ƕ Ǎ

ǑȏǺ ǵ ǜș ↔ר S ʣǲ ǞǭǋȒ ǲὑ ǮǔǱǋ Ǥǵ 2.3 ș ǮǔȒ

↔ר ș̌ὑǠȒ ǓρǏǭǋȒ Ҳ 4.1.11 Ƕ Ǥǵ Ǔ᷀Ȓ ↔ר ǲὑ ǞǦ Ǒȏ

Ǻ ǵ ǜș̓ Ǟǭ ǠȒ Ƕ ǑȏǺ ǵ ǜșὑ ǠȒᾍ ǮǶǱǋ ↔ר ʣǵ

ǵ
ɵ

Ҳ
ɵ

ș̓ Ǟǭ Ǥǵ ↔ר ǵ ǑȏǺ ǵ ǜșὑ ǠȒ
 ( )2.33t

 

ǵẀӓ 5.41 ǵ Ƕ 5.42 Ǔ ǮǉȒ Ǔ ǮǉȒǚǯǶ Ǔ ǲׄǒǪǭ ȅǱǋǚǯǲ

ǱȒ Ǔ ֒ǲׄǒǪǭ ȐǱǋǚǯǮȉǉȒ ǚǵǚǯǮǶ Ǥǵ ↔ר ʣǮ ʴǵϽǵ ǜǵϽἧǵ Ҳ

ș ǮǔǱǋ ǚȓǶ Ͻ ʥẀǵԍ ǲ֚ǠȒǵǮ ȠȢɱȵɣȽȢɱǵ ᾍר ǮǶ֞ǘЊȓȐȓǱǋǚǯ

ǲǱȒ Ǥǵ ↔ר șὑ ǮǔǱǋ ǜȐǲ Ǥǵ ↔ר ʣǮǵ ǑȏǺ ǜǵὑ ȉʥ֯ ǮǉȒ  

()
()( ) ( )5.41,0

d

d 1 3ctv
t

tt
==

 

() ()( ) ( )5.42,0d 1 3ctvtt ==
 

ǵẀӓ 5.1 ǵֳ ǲ 4.4.22 ǵ‼ ș̈ЊǠȒǯ 5.43 ș ǮǔȒ ǓρǏȒ Ҳ 4.1.11 ǵ

ǵ ǜǶ ʴǵϽǵ ǜǵḹֻǓ ȉ ǋ ǜǮǉȒǚǯș 4.4.40 Ǯ ǞǭǋȒ  

()

()
( )( )4.4.220, masspoint_

masspoint_

wave_

3¸= S

S

S

v
c

tv

tv

c

 

()
()

( )5.431
d

d
2

wave_

1 3
ö
ö

÷

õ

æ
æ

ç

å
-=

tv

c

t

tt

S  

( )
( )4.1.11

2

masspoint__

_
wave

wave
3

h

cvm SvS

vS

Ö
=n Ǯ ǠȒ ǵ Ҳ ǵ ὑ

 
() ( )( )4.4.400, masspoint_wave_ 3¸² SS vctv
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ǵẀӓ 5.43 ǵֳ ǲ Ι 5.44 ș ǮǔȒ ǵ ǜǓ Ẏǲ ǠȒǯ ǵẀӓ Ƕ 5.45

ǲǱȒ ǚȓǶ ↔ר SʣǮǵ ǮǉȒǵǮ ǠȀǭǵ Ƕֿ Ǔǯȓǭǋǭ ↔ר SʣǵẼ̲Ǳ

Ȓ̬ Ǯȉ Ƕ Ǟǋǚǯș ǠȒװ  

()
( )5.4411lim

2

wave_
wave_

3=
ö
ö

÷

õ

æ
æ

ç

å
-

¤ tv

c

S
vS

 

()
( )5.451

d

d
lim 1

wave_

3=
¤ t

tt

Sv

 

ǵẀӓ 5.43 ǵֳ ǲ Ι 5.46 ș ǮǔȒ ǵ ǜǓ ʴǵϽǵ ǜǲ֛ ǠȒǯ ǵ

Ẁӓ Ƕ 5.46 ǲǱȒ ǚȓǶ ↔ר S ʣǮǵ ǮǉȒǵǮ ʴǵϽǵ ǜǮ̟ ǠȒ ș ǟȒ

Ƕ ʴǵϽǵ ǜǮ ↓ ҲǠȒ ǚǵǚǯǮ 5.42 ǵḹֻǲǱȒ ↔ר S Ǯǵ ǵ Ҳ

Ƕ♥ǲ ǞǭǋȒ

 

()
( )5.4601lim

2

wave_
wave_

3=
ö
ö

÷

õ

æ
æ

ç

å
-

 tv

c

S
cvS

 

()
( )5.470

d

d
lim 1

wave_

3=
 t

tt

cvS

 

() ()( ) ( )5.42,0d 1 3ctvtt ==

 
ǵẀӓ 5.1 Ƕ Ҳ Ǯ ǠȒǯ 5.33 ǲǱȒ ǵẀӓ 5.1 ǑȏǺ ǵẀӓ 5.33 ǵ ș

ǠȒǯ 5.43 ș ǮǔȒ  

() ()( )
( )5.11

d

d
2

2

1 3
c

tv

t

tt
-=

 

()
( )5.33

d

d

wave

wave0

_

_1 3
vS

vS

t

tt

n

n
=

 

( )5.431

2

masspoint_

2

_

_

wave

wave0 3öö
÷

õ
æ
æ
ç

å
-=

ö
ö

÷

õ

æ
æ

ç

å

c

vS

vS

vS

n

n

 

4.4.22 ǵ‼ ș 5.43 ǵֳ ǵ ǲ̈ЊǠȒǯ 5.48 ș ǮǔȒ 5.43 ș ǔ Ǡǯ 5.49 ǲ

ǱȒ 5.48 ș ǔ Ǡǯ 5.50 ǲǱȒ  

()

()
( )( )4.4.220, masspoint_

masspoint_

wave_

3¸= S

S

S

v
c

tv

tv

c

 

()
( )( )5.480,1 masspoint_

2

wave_

2

_

_

wave

wave0 3¸
ö
ö

÷

õ

æ
æ

ç

å
-=

ö
ö

÷

õ

æ
æ

ç

å
S

SvS

vS
v

tv

c

n

n

 

( )( )5.490,1 masspoint_

2

masspoint_

2

_

_

wave

wave0 3¸=ö
ö
÷

õ
æ
æ
ç

å
+

ö
ö

÷

õ

æ
æ

ç

å
S

S

vS

vS
v

c

v

n

n
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()
( )( )5.500,1 masspoint_

2

wave_

2

_

_

wave

wave0 3¸=
ö
ö

÷

õ

æ
æ

ç

å
+

ö
ö

÷

õ

æ
æ

ç

å
S

SvS

vS
v

tv

c

n

n

 

5.49 ǑȏǺ 5.50 ǵֳ Ƕ ǮǉȒ 5.49 ǑȏǺ 5.50 ǵ‼ Ƕ ǑȏǺ ǵᴇǮǉȒ 5.49

ǑȏǺ 5.50 ǵ‼ ǵ ǶֿǟǮǉȑ ǵẀӓ 5.33 ǮǉȒ 5.49 ǑȏǺ 5.50 ǵ‼ ǵ

Ƕ 4.4.22 ǵֳ ǑȏǺ‼ ǮǉȒ

 ()
( )5.33

d

d

wave

wave0

_

_1 3
vS

vS

t

tt

n

n
=

 

5.49 ǑȏǺ 5.50 ǵ‼ ǵ Ǔֳ ǵ ǲᾍǞǭΩѝӸȈȒǒǮ Ǔ‼ ǵ ǲᾍǞǭӸȈȒѝǓ

ẀӓǠȒ ǚǵ ǮǶ 5.49 ǑȏǺ 5.50 ǵֳ ǵ ș ǫǲѝǘǭ ǤȓǥȓǵѝǓǰǵҊֻǮǉȒǒș

ǏȒ  

ǵẀӓ ǮǶ 5.40 Ǔ Ǯǔ 5.41 ǵȏǍǲ ǵẀӓ Ǔ ǲǱǪǦ 4.4.22 ǵֳ ǮǶ ǵ

↓ǵ ǜǑȏǺ ʴǵϽἧǵ ǜǯǠȒ ʴǵϽǵ ǜș̌ὑǮǔȒ  

() ()
()( ) ( )5.40,1

d

d
2

2

1 3ctv
c

c

t

tt
=-=

 

()
()( ) ( )5.41,0

d

d 1 3ctv
t

tt
==  

ʴǵϽἧǵ ǜǮǶ ↔ר șὑ ǠȒǚǯǓᶩ ǮǉȒ ǲ șǞǦȏǍǲ ̱ǵἭ᷀șבὑǠȒǚǯș

ʴǵϽǵ ǜǮ ↓ ҲǠȒḹֻǮǵ Ǔ ǲᾍǞǭ ǏȒǚǯǓǮǔȒ ǚǵ ǮǶ ȠȢɱȵɣȽȢ

ɱǵ ᾍר Ǯǵ ₴ ᷀ǵ ǵ ǮǉȒ ǵ ↓ǵ ǜǓ ʴǵϽǵ ǜǲׄǒǍǚǯǶ

̱ǵἭ᷀șבὑǞ ↔ר Ǔὑ ǮǔǱǖǱȑ Ǔὑ ǮǔǱǋḹֻǲׄǒǍǚǯș̌ὑǮǔȒ ǵ ʴǵ

Ͻǵ ǜǮǶ ↔ר șὑ ǮǔǱǋ ǵ ↓ǵ ǜǓ ʴǵϽǵ ǜȏȑ ǋḹֻǮ ↔ר Ǔὑ

ǮǔȒ Ǥǵ ↔ר ǵ Ƕ ʴǵϽǵ ǜǲ ǬǖȂǰ ǵẀӓǶ ǵẀӓ 5.33 ǵȏǍǲ ǋ

ǵ ↓ǵ ǜǓ ȑǱǖ ǲ ǬǖǚǯǮ ↔ר ǓǹǯǫǵḹֻǮֺ ǵֿ ǓǯȓǭǋȒȏǍǲ ǵẀ

ӓ Ǔ֛ ǠȒ ǵ ↓ǵ ǜǓ ȑǱǖ ʴǵϽǵ ǜǲ Ǭǋǭǋǖ Ǯ ǵȏǍǱ ǲǓ ǟȒ

↔ר ʣǵ Ǔ̀ǵ ↔ר ʣǵ ǲֿ Ǔǯȓǡ ֺ̬ ǲὑ ǜȓǦ̀ǵ ↔ר ʣǵ ǯǵ ǵ

ẀӓǓ ǵẀӓ 5.33 ǵȏǍǲ ǟȒ
 

()
( )5.33

d

d

wave

wave0

_

_1 3
vS

vS

t

tt

n

n
=

 

ʴǵϽǵ ǜǶ 4.6.43 Ǯ ǠȒȏǍǲ ǵ ǫЋȦɋɩȬɶǑȏǺ ר ș ὑǠȒ ǚǵ ὑǮǶ

ǵ ↓ǵ ǜȉ ὑǠȒ ǵ ǫЋȦɋɩȬɶǓ ἧȦɋɩȬɶ 4.1.13 ǲ Ǟǋǚǯș̌ὑǞǭǋȒǵǮ

ʴǵϽǵ ǜ 5.51 ș ǮǔȒ  

( )
( )

( )( ) ( )4.6.430, masspoint__

masspoint__

masspoint__

wave

wave

wave 3Ö¸= SvS

SvS

SvS
vm

vm

vE
c

 
( ) ( )4.1.13

wavewave _masspoint__ 3vSSvS hvE nÖ= ș Ǡ ǵЋȦɋɩȬɶ

 

( )
( )( ) ( )5.510, masspoint__

masspoint__

_

wave

wave

wave 3Ö¸
Ö

= SvS

SvS

vS
vm

vm

h
c

n

 

ǵρǏȒ Ҳ 4.1.11 Ǯ ǵ ἧȦɋɩȬɶș ǠȒ ʴǵϽǵ Ǔ ↔ר ǲ ǮǔȒǚǯș
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ʴǵϽǵ ǜ 5.51 Ǯ ǠȒ ǵ ר 4.1.1 Ǯ ↓ ҲǞǭǋȒ ǑȏǺ ʴǵϽἧǓ ↔ר

ǲ ǮǔȒǚǯș ʴǵϽǵ ǜ 5.51 Ǯ ǠȒ  

( )( )4.1.1masspoint__ wave
3SvS vm ǵ ר  

ǵ ↓ǵ ǜǓ ʴǵϽǵ ǜǲ ǞǖǱȒḹֻǮǶ ʴǵϽǵ ǜ 5.51 Ƕ 5.52 Ǯ ǮǔȒ ǚ

ǵḹֻǮǶ Ǥǵ ǵ ר Ƕ 5.13 Ǯ ǮǔȒ ǚǵ όǮǶ 4.1.6 ș̌ὑǞǭǋȒǵǮ 5.53 ǲǱȒ

  

()
( ) ()( ) ( )5.5200,,0,

wavewave

wave

wave

_masspoint_masspoint__

_

_
3Ö==¸

Ö
= vSSSvS

vS

vS
mcvvm

cm

h
c

n

 

()
()

( )5.13
2

_

_
wave

wave
3Ö=

c

cE
cm

vS

vS

 
( ) ()( )4.1.6masspoint__ wave

3cmvm SSvS =
 

( ) ()( )5.53
wavewave _masspoint__ 3cmvm vSSvS =

 

4.1.6 ǮǶ ↔ר ʣș ҲǠȒ ʴǵϽἧǵ ר 5.13 Ǔ 4.1.3 Ǯ ǮǔȒ Ǥǵ ↔ר ʣǮ

↓ ҲǞǭǋȒ ǵ ר 5.13 ǲ 4.1.3 ǵϽἧǵ ר Ǔ Ǟǋǚǯș̌ὑǞǭǋȒ ǮǶ

ǤǵϽἧǵ ↓ǵ ׄș y ׄǲ̌ὑǞǦ ǚǵǚǯǶ ᾍר ǵ Ҳ ǵẀ Ǯǵ╩↓Ǯ ǠȒ
 

() () ( )4.1.323ccmcE SS Ö= Ͻἧǵ ǫЋȦɋɩȬɶ 

ǚǵ̌ὑǮǶ ↔ר ʣǲἭ᷀ǠȒ ↓ ҲǠȒ ǵ ǫЋȦɋɩȬɶǑȏǺǤǵ ἧȦɋɩȬɶǲ ǞǋϽἧ

ǵЋȦɋɩȬɶǓἭ᷀ǠȒ ʴǵϽǵ ǜǮ ҲǠȒ ǵ 4.6.39 Ƕ ǮǉȒ ר ǮǉȒ

Ǔ ǮǉȒǵǮ Ǥǵ ǓρǏȒ Ҳ 5.28 Ƕ 5.29 ǲǱȑ ǮǉȒ ǦǧǞ ᾍר ǮǶ Ǥǵȏ

ǍǱ ↔ר Ƕὑ ǮǔǱǋ
 

( )4.6.390masspoint_0 3=Sm
 

()
( )5.28

0 2

_

_
wave

wave0
3

h

cm vS

vS

Ö
=n

 

( )5.290
wave0_ 3=vSn  

Ҳ 5.29 Ǔ ǮǉȒǵǮ ǵẀӓ 5.33 Ƕ 5.41 ǲǱȑ ǮǉȒ ǵ Ǔ ǲǱȒǚǯǮǶ

ʝ ǵ Ƕ Ǔ ǮǱǋǵǮ ר Ǔ ᾜǠȒǚǯș ǠȒװ ǚǵ Ƕ ǵ ↓ǵ ǜǓ ʴǵ

Ͻǵ ǜǲ ǠȒѼǲǶ ǔǱǋḹֻȉ֞ǘЊȓȐȓȒ 4.1 ǵֳ ǲ ʴǵϽǵ ǜș̈ЊǠȒǚǯǮ

ǮǔȒ 4.6.39 ǵ ǮǉȒ ǜȐǲ ǵẀӓ 5.41 Ǔ ǮǉȒǵǮ Ǔ ǯǱȒ Ǔ ǮǶ

ǵ ↓șὑ ǮǔǱǋĚĚѝ Ǔ ǲǱȒ ĚĚ ǵ ǫЋȦɋɩȬɶǓ Ǯ Ǥǵ ǓἭ᷀Ǟǭǋǭȉʝў

ǲ ↓ǵὑ ǓǮǔǱǋ ǚǵǚǯǮǶ ʴǵϽǵ ǜ 5.51 ș ǮǔǱǋ ʴǵϽǵἭ᷀ș ǮǔǱǖ

Ǳȑ ʴǵϽǵ ș̓ ǮǔǱǋ Ǔ ǮǉȒǵǮ ᶫ 2.1ǵȏǍǱ Лǵ╩ǵ ǜǵⱨѝ 2.6 ș ǮǔǱ

ǋ ǚǵ ǮǶװ ↔ר ʣǵ ǜșὑ ǮǔǱǋ ǚȓȐǵǚǯǮǶ ↔ר șὑ ǮǔǱǋ  

()
()( ) ( )5.41,0

d

d 1 3ctv
t

tt
==

 

() ( ) ( )4.10,1
2

2

0 3cv
c

v
vmm ¢¢-Ö¹

 

( )
( )( ) ( )5.510, masspoint__

masspoint__

_

wave

wave

wave 3Ö¸
Ö

= SvS

SvS

vS
vm

vm

h
c

n

 

() () ( )2.6d wave 3thtvtl Ö= Лקʣǵ ǵ Ҳ ǵⱨѝ 
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ʴǵϽǵ ǜ 5.52 Ǔ̓ ǮǔǱǋǚǯǮ ↔ר ʣǵ ș ǮǔȒ ǜǑȏǺ ǜșⱨѝ 2.6

ǵ 2.3 ǵ νǮ̌ὑǮǔǱǋ ʴǵϽǵ ǜ 5.52 Ǯ ș̌ὑǮǔ ǑȏǺ ἧȦɋɩȬɶǵͪ ș

ǠȒ ȏǺȦɋɩȬɶǶВǲἭ᷀ǠȒǚǯș ʴǵϽǵ ǜ 5.52 Ǯ ǮǔȒ
 

()
( ) ()( ) ( )5.5200,,0,

wavewave

wave

wave

_masspoint_masspoint__

_

_
3Ö==¸

Ö
= vSSSvS

vS

vS
mcvvm

cm

h
c

n

 

( )2.33t  

ǵρǏȒ Ҳ 4.1.11 ǵ ǵ ǜǓ ʴǵϽἧǵ ǜǲ֛ ǠȒǚǯǶ ̱ǵἭ᷀șבὑǞ ↔ר Ǒȏ

Ǻ Ǔὑ ǮǔǱǋḹֻș Ι 5.46 Ǯ̌ὑǮǔȒ  

( )
( )4.1.11

2

masspoint__

_
wave

wave
3

h

cvm SvS

vS

Ö
=n Ǯ ǠȒ ǵ Ҳ ǵ ὑ

 

()
( )5.4601lim

2

wave_
wave_

3=
ö
ö

÷

õ

æ
æ

ç

å
-

 tv

c

S
cvS

 

ǵρǏȒ Ҳ 4.1.11 ǵ ǵ ǜǓ Ẏǲ ǠȒǚǯǮǶ ǵ ↓ǵ ǜǶ ǲ֛ ǠȒ ǚǵǚǯ

ǮǶ Ƕ ↔ר Sǲ ǞǭǋȒǚǯș̌ὑǞ ǵẀӓ Ǔ ǲǱȒ ↔ר SʣǵǠȀǭǵ̬ ǲὑ

ǞǭǋȒ ǶǠȀǭֿ ǞǭǑȑֿǟ ș Ǡ

 

()
( )5.4411lim

2

wave_
wave_

3=
ö
ö

÷

õ

æ
æ

ç

å
-

¤ tv

c

S
vS

 

 

6 ɇɔɫȢ ǵ ǑȏǺר Ǔ ǲ ǞǭǋȒ ǵ ǵ ǵר  

Ǔ ǲ ǞǭǋȒ ǵ ǮᾚїǞǦ Ҳ 4.1.11 Ƕ ʴǵϽἧǓἭ᷀ǠȒǚǯș̌ὑǞǭǋȒ

ǚǵǚǯǮǶ ǤǵϽἧǶ ἧȦɋɩȬɶ 2.16 ș Ǫǭ ʴǵϽǵ ǜǮ ↓ ҲǞǭǋȒ  

( )
( )4.1.11

2

masspoint__

_
wave

wave
3

h

cvm SvS

vS

Ö
=n Ǯ ǠȒ ǵ Ҳ ǵ ὑ 

() ( )2.16 3nÖ=hcE Ͻἧǵ ǫ ἧȦɋɩȬɶ 

Ͻἧǵ Ҳ ș ̊ʣǵὕ ΙǮ̌ὑǠȒǚǯǓ֯ ǮǉȒ 4.4.39 ǮǶ ǵ ↓ǵ ǜǓ ȏȑʣǮ

ʴǵϽǵ ǜ̊ʤǵὕ ΙǮ̌ὑǮǔȒ ǚǵǚǯǮ ʴǵϽἧǵ ἧȦɋɩȬɶ 2.16 ș̓ Ǟǭ 4.1.11

ș ǮǔȒȉǵǯ̌ὑǞǦ  

() ( )( )4.4.390, masspoint_masspoint_ 3¸¢ SS vctv

 

ɚɶȠǵԍἧɠɅɩ ĚĚ Ǯ ǞǭǋȒ ĚĚǵȏǍǲ ǓϽἧǵ ἧȦɋɩȬɶș֛טǞǦȑ

їǞǦȑǠȒȉǵǒǶ Ǳᵂ ǮǉȒ Ǥǵ ǵȦɋɩȬɶǵṔ Ƕ Ͻἧǵ ἧȦɋɩȬɶǮ ǮǔȒΙ
ɵ

ǲ ǞǋΙ
ɵ

ǮǉȒǚǯǶ ǮǔȒ ὕ ǲϽἧǓ֛טǉȒǋǶ їǜȓǱǋḹֻǮǶ ǵ ǮȦɋɩȬ

ɶǵΙș ǠȒǵǲϽἧǵ ἧȦɋɩȬɶș̓ ǞǦȉǵǲ ǕǱǋ ᶫ 2.1ș̓ ǞǦ̌ὑǮ ș̌ὑǠר

ȒǚǯǲǱȒ Ҳ 4.1.11 Ƕ ǓρǏǭǋȒȉǵǮǉȒ 4.1.11 ǵֳ ǮǶȠȢɱȵɣȽȢɱǵ ᾍ

ר ǵ ǵ ǫЋȦɋɩȬɶ 4.1.2 ș ǞǭǋȒ ǚǚǮ Ҳ ǵẀ 4.7.22 ǓᾚїǮǔȒǚǯǮ

ȠȢɱȵɣȽȢɱǵ ᾍר Ǯǵ Ҳ ǵẀ ǲ Ǟǋ șᾚǖǚǯǓǮǔǦ ᾍר ǮǶ

ʴǵϽǵ Ǯ Ҳ ǵẀ șᾚїǮǔȒ  
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( ) ( ) ( )4.1.22

masspoint__masspoint__ wavewave
3cvmvE SvSSvS Ö= ǵ ǫЋȦɋɩȬɶ 

( )
( )4.7.22

1
2

2

masspoint_

_

_
wave0

wave
3

c

vS

vS

vS

-

=
n

n Ǔ ǲ ǞǭǋȒ ǵ Ǯǵ Ҳ ǵẀ  

ǮǶ ǵρǏȒ Ҳ 4.1.11 ǮǉȒǵǮ ʴǵϽǵ Ҳ ǮǶǱǋ Ǥǵ Ҳ 4.1.11 Ƕ

ʴǵϽἧǵ Ҳ ǲ Ǟǋǚǯș̌ὑǞǦ ǚǵᾚї ǮǶ Ͻ
ɵ

ἧ
ɵ

ǵ Ǯר ᾍר ș̓ ǞǦ

ʴǵϽǵ ἧȦɋɩȬɶșẀ ǠȒ ǲǶ ǞǖǱǋ ἧȦɋɩȬɶǵ֛טǑȏǺ їș ǠȒǚǯǮ Ǥǵ

Ͻǵ ἧȦɋɩȬɶǵẀ ș ǠȒȉǵǯǶ ǱȒ  

ǵȦɋɩȬɶș ἧȦɋɩȬɶ 4.1.13 ǵӴ̬Ǯ̌ὑǠȒǚǯǮ Ҳ 4.1.11 Ǯǵ șϽἧǵר

ǯǶӢѩǮǔȒר ἧȦɋɩȬɶ 4.1.13 Ǯ Ҳ 4.1.11 Ǔ ǮǉȒḹֻǮǶ 4.1.2 ǵֳ ǵ ר

Ǔ ǲǱȒ ר Ǔ ǮǉȒḹֻǮǶ Ǔ ǮǉȒǚǯǮ ἧǵ ș̌ὑǮǔȒ ǚǵǚǯǮǶ

ȦɋɩȬɶǵ֛טǑȏǺ їǮ ἧȦɋɩȬɶș ǫ ἧǓ ǟǭǋȒǚǯș ǠȒǵǲ ἧǵ ș Ǯǔ

Ȓ ǚǵȏǍǱ̌ὑǮǶ ϽἧǮǉȒⱳ ǶǱǖ Ǔ Ǯǉȑ Ҳ ș ̊ʣǵὕ Ǯ̌ὑǮǔȒ ἧǮ

ǵ Ǔ֯ ǮǉȒ ʴǵϽἧǶ Ǥǵ ̏ǵⱳ Ǳ ѝǵȆș̓ ǜȓȒǚǯǮ ǵ șʦǏȒ

ǚǯǓǮǔȒ  

( ) ( )4.1.13
wavewave _masspoint__ 3vSSvS hvE nÖ= ș Ǡ ǵЋȦɋɩȬɶ 

 

ǹǯǫǵ ǵ ǫЋȦɋɩȬɶ 6.1 Ƕ Ǥǵ ș ǞǭǋȒǠȀǭǵ̀ǵ ǵ ǫЋȦɋɩȬɶ 6.2

ǵᴇǮǉȒȉǵǯ̌ὑǮǔȒ 6.1 ǵ‼ ǵ ǓȦɋɩȬɶș֛טǉȒǋǶ їǠȒǚǯǶ̌ὑǮǔȒ 6.1

ǮǶ Ǥǵ Ƕ Ήǵ Ǯ ǞǭǋȒ Ǯ Ȓǚǯș̌ὑǞǭǋȒ ֺ ǶЋȦɋɩȬɶǯǞǭǵ ἧ

ȦɋɩȬɶ 6.2 ș ǪǭǋȒ ǚǵǚǯǮǶ Ǥȓǥȓǵ ἧȦɋɩȬɶǵ Ҳ 6.3 ș̌ὑǮǔȒ  

( ) ( )( )( )6.1numbers natural:,
1

masspoint____masspoint__ wavewave
3nvEvE

n

i

SivSiSvS ä
=

= ǵ ǫЋȦɋɩȬɶ 

ἧȦɋɩȬɶ 

 

ἧȦɋɩȬɶ 6.1 ǵֳ ǲ 6.2 ș̈ЊǠȒǯ 6.4 ș ǮǔȒ ἧȦɋɩȬɶ 6.4 ǵֳ ș

ǠȒǯ 6.5 ǲǱȒ  

 

 

ἧȦɋɩȬɶ 6.5 ǵֳ ǵ Ҳ ǵᴇș 6.6 ǵ‼ Ǯ ǠȒ Ҳ ǵᴇ 6.6 ș̓ ǠȒǯ ἧȦ

ɋɩȬɶ 6.5 Ƕ 4.1.13 Ǯ ǮǔȒ  

 

ș Ǡ ǵЋȦɋɩȬɶ 




















