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7.1 ͡Ίʹ

• ӡಈྔ p = mvɼӡಈͷʮ͍ʯΛද͢

• ྗੵ ∆I = F∆t ʢ1ݩ࣍ͳΒͰ ∆I = F∆tʣɼॠؒతʹମʹ༩͑ΒΕͨʮিܸʯΛද͢ͷ

͏ʹ

• ྗੵΛ༩͑Δͱମͷӡಈྔ͕มԽ͢Δɿ∆p = F∆t

• ྗͱ֎ྗ

– ྗɿ͍ͯ͑ߟΔܥʹؚ·ΕΔʮొਓʯ͕ٴʹ͍ޓ΅͠߹͏ྗɽඞͣɼ࡞༻ʹରͯ͠

Δɽ͢ࡏ૬͢Δྗ͕ଘʹ༺࡞

– ֎ྗɿ͍ͯ͑ߟΔܥʹؚ·Εͳ͍ͷʹΑΔྗɽ࡞༻͑ߟͳ͍ɽ

• ӡಈྔอଘଇɿ͍͔ͭ͘ͷମ͕ଘ͢ࡏΔ͕͋ܥΓɼͦΕΒͷؒʹྗ͔͠ಇ͔ͳ͍ͱ͖ɼͦͷܥ

ͷӡಈྔͷ߹ܭҰఆʹอͨΕΔɽ

7.2 ӡಈྔͱྗੵ

7.2.1 ӡಈྔͷఆٛ

ମͷ࣭ྔ m ʹମͷ v Λ͔͚ͨ

p = mv (7.2.1)

ͷ͜ͱΛӡಈྔͱ͍͏ɽ͜Εʮӡಈͷ͍ʯΛද͢ྔͷҰͭͱղऍͰ͖Δɽ

ྫ͑ಉ͡Ͱ͖ͬͯͨंͰɼܰࣗಈंͱμϯϓΧʔͱͰিಥͨ͠ࡍͷিܸҟͳΔɽಉ͡

ͳΒμϯϓΧʔͷΑ͏ͳ࣭ྔͷେ͖͍ंͷํ͕ܹ͍͠িಥʹͳΔͩΖ͏ɽٯʹɼಉ࣭͡ྔͷंͳΒ

͚Ε͍΄Ͳɼܹ͍͠িಥΛҾ͖ͩ͢͜ىΖ͏ɽ

ͻͱޱʹʮিܸʯͱ͍ͬͯԿʹ͢Δ͔ʹΑͬͯଌΔ͖ͷมΘΔͩΖ͏͕ɼࠓड़ͨΑ͏

ʹɼ͕େ͖͚Εେ͖͍΄Ͳɼ·࣭ͨྔ͕େ͖͚Εେ͖͍΄Ͳʮিܸʯ͕େ͖͍ͷؒҧ͍ͳ͍ɽ

ͦ͜Ͱ࣭ྔ m ͱ v Λֻ͚ྔͨ͠ࢉͰ͋Δ mv ɼӡಈͷ͍Λද҆͢ͷҰͭʹͳΔͣͩɽ

͜ͷ͜ͱ࣮͔ݧΒ֬ೝ͞Εɼχϡʔτϯͷӡಈͷୈ 2๏ଇͱͯ͠·ͱΊΒΕͨɽ
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7.2.2 ӡಈํఔࣜͱͷؔ

χϡʔτϯͷӡಈͷ 3๏ଇͷ͏ͪɼୈ 2๏ଇʮӡಈͷ๏ଇʯͱݺΕΔɽͦͷதΛࣜͰදͨ͠

ͷ͕ӡಈํఔࣜͰ͋Γɼ͜Ε·ͰԿग़͖ͯͨͨΑ͏ʹ

m
dv

dt
= F (7.2.2)

ͱ͍͏ࣜͰද͞ΕΔɽ͜͜Ͱ࣭ྔ m ͕ఆͳΒࣈͷ 1 2ͱಉ͡Α͏ʹඍͷதͱ֎Λग़͠ೖΕ

Ͱ͖ΔͷͰ
d(mv)

dt
=

dp

dt
= F (7.2.3)

ͱͳΔɽ͜ͷ
dp

dt
= F ʑͷӡಈͷୈݩ͕ 2๏ଇͰ͋Γɼ͔͜͜ΒΘ͔ΔΑ͏ʹͦͷ༰

ମͷӡಈྔͷؒ࣌มԽɼମʹՃ͑ͨྗʹൺྫ͢Δ

Ͱ͋Δɽ࣭ྔ m ͕ҰఆͰͳ͍ͱ͖ඍͷ֎ʹग़͢͜ͱ͕Ͱ͖ͳ͍ͷͰӡಈྔΛݩ͏ʑͷܗͰӡಈ

Λղੳ͢Δඞཁ͕͋Δɽ

ඍͰͳ͘ɼ༗ݶͷඍখͳؒ࣌Ͱද͢ํ͕Θ͔Γ͍͔͢͠Εͳ͍ͷͰͦͪΒͰઆ໌͓ͯ͘͠ͱɼ

ඍখؒ࣌ ∆t ͷؒʹମͷӡಈྔ͕ p ͔Β p′ ʹมԽͨ͠ͱ͢Δͱɼͦͷ୯Ґؒ࣌ͨΓͷมԽ

ӡಈྔͷมԽ
มԽʹֻ͔ͬͨؒ࣌

=
∆p

∆t
=

p′ − p

∆t
= F (7.2.4)

Λຬͨ͢ͱ͍͏͜ͱʹͳΔɽ্ͷࣜͰͷ ∆t Λͬͯมͨ͠ܗ

∆p = F∆t (7.2.5)

ͱ͍͏ࣜΑ͘͏ɽ͜ͷӈลʹग़͖ͯͨ F∆t ྗੵ ͱ͍͏ɽӳޠͰ impulse ͳͷͰɼͦͷ಄จࣈ

I Λͯͬ

∆I = F∆t (7.2.6)

ͱද͢ͱɼ

∆p = ∆I (7.2.7)

ͱॻ͚Δɽݴ༿Ͱ

ମͷӡಈྔͷมԽɼମʹՃ͑ΒΕͨྗੵʹ͍͠

ͱ·ͱΊΔ͜ͱ͕Ͱ͖Δɽ

7.2.3 ӡಈྔͰݟΔ͔ɼӡಈΤωϧΪʔͰݟΔ͔

ୈ 5ճͷٛߨͰֶΜͩӡಈΤωϧΪʔ
1

2
mv2 ʮӡಈͷ͍ʯΛද͢߹͍ͱͯ͑͠ΔͷͰͳ͍

͔ͱͨͬࢥਓ͍ͳ͍ͩΖ͏͔ɽ࣮͜ࡍͷྔӡಈͷ͍ʹ͓ؔͯ͠Γɼχϡʔτϯͱಉ࣌ͷυΠ

πਓՊֶऀϥΠϓχοπʮӡಈΤωϧΪʔͷେখͰӡಈͷ͍ΛଌΔ͖ͩʯͱओுͨ͠ɽ͜Εʹର
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͠χϡʔτϯɼʮӡಈྔͷେখͰӡಈͷ͍ΛଌΔ͖ͩʯͱओுͨ͠ɽʮӡಈͷ͍ʯ͕Կͳͷ͔ఆٛ

͞Ε͍ͯͳ͍Ҏ্ͲͪΒ͕ਖ਼͍͠ͱஅͰ͖ͳ͍͕ɼͲͪΒ͍ؔͯ͠Δ͜ͱؒҧ͍ͳ͍ɽ࣮ɼ

྆ऀͷҧ͍ӡಈͷ͍Λʮӡಈ͕࣋ଓ͢Δؒ࣌ʯͰଌΔ͔ɼʮӡಈ͕࣋ଓ͢ΔڑʯͰଌΔ͔͚ͩͰɼ

ͲͪΒ͋Δҙຯਖ਼ղͰ͋Δɽ

ୈ 5ճͰֶशͨ͠Α͏ʹɼӡಈΤωϧΪʔ͕มԽ͢ΔͷࣄΛ͞Εͨͱ͖Ͱ͋Δɽͭ·ΓʮྗΛՃ

͑ͳ͕Βಈ͔͢ʯ͜ͱ͕ඞཁͱͳΔɽୈ 5ճͷ॓ͷޙ࠷ͰɼຎྗࡲʹΑͬͯ੩͢ࢭΔମͷΛѻͬ

͕ͨɼͦ͜ͰͨݟΑ͏ʹମ͕੩͢ࢭΔ·ͰʹਐΉڑମͷӡಈΤωϧΪʔมԽʹൺྫ͠ɼ

1

2
m · 02 − 1

2
mv20 = Fs = −µmg × s = (ຎྗࡲ)× (ਐΜͩڑ) (7.2.8)

ͱͳΔɽ

ಉ͡Ͱɼମ͕ࢭ·Δ·Ͱͷؒ࣌ʹ͢Δ͜ͱͰ͖ΔɽՃ −µ′g ͳͷͰʢୈ 5ճͷ॓

ͷղΛࢀরʣՃӡಈͷެ͔ࣜΒɼମͷʹ͍ͭͯ

v(t) = v0 − µ′gt (7.2.9)

ཱ͕͢Δɽମ͕੩͢ࢭΔ·Ͱʹֻ͔ͬͨؒ࣌Λ ∆t ͱ͢Δͱ

0 = v0 − µ′g∆t (7.2.10)

ͱͳΔ͜ͱ͕Θ͔Δɽ͜ͷࣜͷ v0 ΛࠨลʹҠ߲͠ɼ͞Βʹ྆ลΛ m ഒ͢Δͱ

m · 0−mv0 = −µ′mg∆t (7.2.11)

ΛಘΔɽ͜ͷࣜͷࠨลӡಈྔͷมԽͰ͋Δɽӈลɼຎྗࡲ −µ′mg ؒ࣌Δ·Ͱͷ·ࢭʹ ∆t ࢉֻ͚͕

͞Ε͍ͯΔɽମʹՃ͑ΒΕͨྗʹͦͷྗ͕Ճ͑ΒΕ͍ͯͨؒ࣌Λ͔͚ͨͷ͕ྗੵ͔ͩΒɼ͜ͷࣜ

∆p = m · 0−mv0 = F∆t = −µ′mg ×∆t (7.2.12)

= (ຎྗࡲ)× (ؒ࣌Δ·Ͱͷ·ࢭ) =ྗੵ (7.2.13)

ͱͳ͍ͬͯΔɽ͜ΕΑΓɼ͔֬ʹӡಈྔͷมԽ༩͑Β͑ͨྗੵʹ͘͠ɼྗ F ͕ҰఆͳΒӡಈͷܧଓ

ؒ࣌ ∆t ӡಈྔมԽʹൺྫ͍ͯ͠Δ͜ͱΘ͔Δɽ

͜ͷΑ͏ʹɼମͷӡಈͷ͍Λʮ࣋ଓڑʯΛج४ʹٞ͢ΔͳΒӡಈΤωϧΪʔΛݟΕ͍͍͠ɼ

ʮ࣋ଓؒ࣌ʯΛج४ʹٞ͢ΔͳΒӡಈྔΛݟΕΑ͍ɽ

7.3 ӡಈྔอଘଇ

ӡಈྔอଘଇɼྫ͑িಥരൃɼ྾ͷΑ͏ͳྗͷΈ͔͠ಇ͔ͳ͍ܥɼ·ͨਖ਼ຯͷ֎ྗ͕ଧ

ͪফ͋ͬͯ͠ফ͍͑ͯΔܥͰཱ͢Δɽ͜ΕΛݟΔͨΊʹɼਤ 7.1ͷΑ͏ͳN ߟΛܥͷମ͔ΒΔݸ

͑Α͏ɽ

ɼNࠓ ͷମͷ͏ͪͰݸ j ൪ͷͷʹ͢Δɽͦͷମʹɼ1൪ɼ2൪ɼ· · ·ɼN ൪ͷ

ମ͕Ϳ͔ͭͬͨΓɼ͍ޓʹສ༗ҾྗͰҾͬுͬͨΓ͠ͳ͕ΒྗΛٴ΅͢ɽͦΕΒͷྗΛͦΕͧΕ
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2 

1 

j 
i 

N 

外力 

F ij

F ji

F j

ਤ 7.1: N ɽjܥͷମ͔ΒͳΔݸ ൪ͷମΔ (N − 1) ·ͷମશ͔ͯΒྗΛड͚͍ͯΔɽݸ

ͨɼܥͷ֎͔Β֎ྗ F j ड͚͍ͯΔɽ

• 1൪ͷମ͕ j ൪ͷମʹٴ΅͢ྗɿF 1j

• 2൪ͷମ͕ j ൪ͷମʹٴ΅͢ྗɿF 2j

· · ·

• N൪ͷମ͕ j ൪ͷମʹٴ΅͢ྗɿFNj

ͱද͢ɽҰൠʹɼ

i ൪ͷମ͕ j ൪ͷମʹٴ΅͢ྗɿF ij (7.3.1)

Ͱ͋Δɽ

j൪ͷମʹಇ͘֎ྗɿF j (7.3.2)

ͱ͠Α͏ɽ

͜͜Ͱɼi ൪ͷମ͕ j ൪ͷମʹٴ΅͢ྗ F ij ྗͰ͋Δ͜ͱʹͯ͠΄͍͠ɽྫ͑͜

Ε͕ສ༗Ҿྗͩͱ͢Δͱɼi ൪ͷମ͕ j ൪ͷମΛ͋ΔྗͰҾͬு͍ͬͯΔ࣌ɼj ൪ͷମ i

൪ͷମΛಉ͡େ͖͞Ͱ͖ٯͷສ༗ҾྗͰҾͬு͍ͬͯΔɽ৮ͯ͠ԡ͢Α͏ͳྗͰಉ༷Ͱɼ͜

ͷΑ͏ͳ͍ͯ͑ߟΔܥͷߏϝϯόʔؒͰಇ͘ྗΛྗͱݺͼ

F ji = −F ij (7.3.3)

ཱ͕͢Δɽ

Ұํɼ֎ྗ F j ܥͷߏϝϯόʔ͕Ճ͍͑ͯΔྗͰͳ͍ɽ͜ͷΑ͏ʹɼʮԿ͕ྗͰɼԿ͕֎ྗ͔ʯ

ʮܥͷߏϝϯόʔ͕୭ͳͷ͔ʯΛܾΊͳ͍ͱܾ·Βͳ͍ɽྫ͑ɼ͔ٿΒମʹಇ͘ॏྗΛ֎ྗ
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ͱΈͳ͔͢ɼྗͱΈͳ͔͢ɼʮٿ·Ͱܥͷߏϝϯόʔͱͯ͑͠ߟͳ͚Ε͍͚ͳ͍͔Ͳ͏͔ʯͰ

ܾ·Δɽ্Ͱখੴ͕མͪΔΑ͏ͳ߹ɼٿશ͘ಈ͔ͳ͍ͱͯࠩ͑͠͠ࢧͳ͍ͩΖ͏͔Βɼٿͱ

খੴΛҰͭͷܥͱͯ͑͠ߟΔΑΓɼॏྗΛ͔ٿΒখੴͷ֎ྗͱͯ͑͠ߟΕेͩΖ͏ʢ࣮ࠓࡍ

·Ͱͦ͏͖ͯͨ͠ʣɽ

ରͯ͠ɼڊେͳᯁੴͷিಥͷΑ͏ʹɼࣗٿମͷಈ͖͑ߟͳ͚ΕӡಈΛղੳͰ͖ͳ͍ͱ͖͋Δɽ

͜ͷ߹ٿܥͷߏϝϯόʔͱͯ͠ଊ͑ɼٿͷಈ͖ʹ͍ͭͯӡಈํఔࣜΛཱͯͯɼᯁੴͷӡ

ಈํఔࣜͱ࿈ཱͤ͞Δඞཁ͕͋Δɽ͜ͷͱ͖ٿͱᯁੴͱͷؒͷສ༗ҾྗྗͱΈͳ͢ɽ͜ͷΑ͏ʹɼ

ʮ͜ͷྗ͍ͭͰྗʯͱ͔ʮͦͷྗͳΒ͍ͭ֎ྗʯͱ͍͏Θ͚Ͱͳ͘ɼঢ়گʹԠͯ͡ྗͱΈͳ

ͨ͠Γɼ֎ྗͱΈͳͨ͠Γ͢Δͱ͍͏͜ͱͳͷͰؾΛ͚ͭͯ΄͍͠ɽ

ͯ͞ɼ͍ͯ͑ߟΔܥͷղੳʹΖ͏ɽͨΓલ͕ͩɼܥͷߏϝϯόʔؒͰٴ΅͠߹͏ྗ F ij ʹɼ

͔ࣗΒࣗͷྗଘ͠ࡏͳ͍ɽࣜͰ

F jj = 0 (ҙͷ jʹ͍ͭͯ) (7.3.4)

Ͱ͋Δɽ1 ͜ΕͰ j ൪ͷମͷӡಈํఔࣜΛॻ͘͜ͱ͕Ͱ͖ΔΑ͏ʹͳͬͨɽ࣮ࡍʹॻ͍ͯΈΔͱ

mjaj = F 1j + F 2j + · · ·+ FNj + F j (7.3.5)

ͱͳΔɽͳ͓

mj : j൪ͷମͷ࣭ྔ (7.3.6)

aj : j൪ͷମͷՃ (7.3.7)

Ͱ͋Δɽ

͜͜ͰఱԼΓత͕ͩɼ1, 2, · · · , N ൪ͷମͷӡಈํఔࣜΛฒͯॻ͍ͯɼͦΕΒΛҰؾʹͯ͠Έ

Α͏ɽ͢Δͱྗͷੑ࣭ F ij = −F ji ͓Αͼ F jj = 0 ͔Β

m1a1 = F 11 + F 12 + · · ·+ F 1N + F 1

m2a2 = F 21 + F 22 + · · ·+ F 2N + F 2

· · ·
+) mNaN = FN1 + FN2 + · · ·+ FNN + FN

m1a1 + · · ·+mNaN = 0+ F 1 + · · ·+ FN

ͱͳΔ͜ͱ͕Θ͔ΔɽF ij = −F ji ʹΑͬͯɼྗશͯଧͪফ͞Εͯ͠·͏ͷͰ͋ΔɽΓ

N∑

j=1

mjaj =
N∑

j=1

F j (7.3.8)

ͱͳΔɽࠨลͦΕͧΕͷମͷ࣭ྔͱՃͱΛֻ͚ͨͷͷɼӈล֎ྗͷͰ͋Δɽ

ͷશӡಈྔͷΛܥ͘͢͢ΔͨΊʹɼݟ

P =
N∑

j=1

mjvj (7.3.9)

1ϛΫϩͷੈքͰࣄ͕มΘͬͯ͘Δɽྫ͑ిՙ͕ɼࣗͰ࡞Γग़ͨ͠ి͔ΒӨڹΛड͚Δͱ͍͏͜ͱ͕͋Δɽ
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ͱ͠ɼܥʹՃΘΔ֎ྗͷΛ

F T =
N∑

j=1

F j (7.3.10)

ͱॻ͘͜ͱʹ͢Δͱɼࣜ (7.3.8)
dP

dt
= F T (7.3.11)

ͱॻ͖͑ΒΕΔɽ

͜ΕΑΓɼ

ਖ਼ຯͷ֎ྗ͕θϩɼͭ·Γશͯͷ֎ྗ͕ଧͪফ͋ͬͯ͠ (F T = 0) ͳΒɼܥͷશӡಈྔ P

ҰఆʹอͨΕΔ

͕Θ͔ΔɽࣜͰॻ͚ɼ

F T = 0 ⇔ dP

dt
= 0 ⇔ P =Ұఆ (7.3.12)

Ͱ͋Δɽ͜ΕΛӡಈྔอଘଇͱ͍͏.

7.4 ॏ৺ͷӡಈ

7.4.1 ॏ৺ͷఆٛ

ӡಈྔอଘଇॏ৺ͷӡಈͱ͕ؔ͋ΔɽࠓɼN ɼҐஔϕΫτϧ͕͑ߟΛܥͷମ͔ΒͳΔݸ rj ͷ

ॴʹ࣭ྔ mj ͷମ͕͋Δͱ͢Δɽj  1 ͔Β N Λ͢ࢦɽ͜ͷͱ͖ɼॏ৺ͷҐஔϕΫτϧ

rG =
m1r1 +m2r2 + · · ·+mNrN

m1 +m2 + · · ·+mN
=

∑
mjrj∑
mj

=

∑
mjrj
M

, (7.4.1)

Ͱఆٛ͞ΕΔɽ͜͜Ͱ M ܥʹؚ·ΕΔମͷ࣭ྔͷ߹ܭͰ͋ΔɽγάϚεϖʔεͷؔͰ໌ࣔ͠

͍ͯͳ͍͕ɼ1 ͔Β N ·ͰΛऔΔͷͱ͢Δɽ

7.4.2 ॏ৺ͷಈ͖ͱӡಈྔอଘଇͷؔ

͜͜Ͱ rG Λؒ࣌ t Ͱඍ͢Δͱ

vG =
drG
dt

=
d
dt

∑
mjrj

M
=

P

M
. (7.4.2)

ΛಘΔɽ͜ΕΑΓɼ͠ P ͕ҰఆͳΒɼvG ·ͨҰఆͰ͋Δ͜ͱ͕Θ͔Δɽͭ·Γɼ

ͷॏ৺ͷҰఆʹอͨΕΔܥͷӡಈྔͷ͕อଘ͢Δͱ͖ɼܥ

ͱ͍͏͜ͱͰ͋Δɽܥͷॏ৺͕࠷ॳʹࢭ·͍ͬͯͨͳΒɼӡಈྔ͕อଘ͞ΕΔݶΓɼॏ৺ͣͬͱ੩ࢭ

͠ଓ͚Δ͜ͱΘ͔Δɽ
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7.4.3 ͶฦΓ

ӡಈྔอଘΛͯͬମͷিಥಥΛௐΔͱ͖ɼͶฦΓͱ͍͏ཧྔΛ͜͏ͱ͕ଟ͍ɽ

ఆٛҎԼͷ௨ΓͰ͋Δɽ

ͷিಥʹ͓͍ͯɼମݩ࣍1 1 ͱ 2Λ͑ߟɼͦΕͧΕͷΛ v1ɼv2ͱ͢ΔɽઌΛ͍ͬͯͨମ 2

Ζ͔Βମޙʹ 1 ͕ಥͯ͠ɼ͕ͦΕͧΕ v′1ɼv′2 มԽͨ͠ͱ͢Δɽ͜ͷͱ͖ɼ྆ऀͷ૬ରͷ

มԽͷൺʢʹϚΠφεΛ͚ͭͨͷʣΛͶฦΓͱ͍͏ɽͭ·Γ

e ≡ −ಥޙͷ૬ର
ಥલͷ૬ର

(7.4.3)

= −v′2 − v′1
v2 − v1

(7.4.4)

Ͱ͋Δɽ

นʹিಥ͢Δ߹ɼนͣͬͱθϩ͔ͩΒɼ্ͷࣜͰ v2 = 0 ͱͯ͠

e = −v′1
v1

(7.4.5)

ͱͳΔɽ

ಛʹɼ

• e = 1 ͷͱ͖ɿશੑিಥ

• e = 0 ͷͱ͖ɿશඇੑিಥ

ͱ͍͏ɽશੑিಥͱɼিಥͷલޙͰ૬ର͕มΘΒͳ͍Α͏ͳিಥͰ͋Δɽ͜Εিಥͷࡍʹ

͜ΜͩΓɼԻΛग़ͨ͠Γ͢Δ͜ͱʹΑΔӡಈΤωϧΪʔͷݮਰ͕ͳ͍ͱ͍͏͜ͱͳͷͰɼ͜ͷͱ͖

ӡಈྔอଘʹՃ͑ͯྗֶతΤωϧΪʔอଘΓཱͭɽe = 1 Ҏ֎ͷিಥͰɼӡಈྔอଘ͢Δ͕ɼྗ

ֶతΤωϧΪʔอଘ͠ͳ͍ɽ͜ͷҙຯͰɼӡಈྔͷํ͕ʮอଘ͠қ͍ʯͱ͑ݴΔ͔͠Εͳ͍ɽ


