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 ĢĽ ľ Ẫ ϹŹơƧƮ:ŹƩƵ GMolecular Dynamics simulation  ˀͮ

MDHĽ Ľĕİ ѯ♦ Ķ´ủ ĹőĽĺᵊř ĬĽᴾ ķŤƭŶƬżƢš╝ Ħ

ĵēŚ!ἧķĦĵ ᵍ MDě •įě 2 Ķľ ˢᴾ MDĺїĨŚҊὸő ͽ

ĦĮ!ᴁẐ Ῠ Ẫľ − ᷈ Ẫœ Ѿ ẪšⱵ ĦĵēŚ!MDĽ ᾙĶľĹ

Ğ đŚ MDĽתᴻěđŚ⁵ᶆĠĽ ĶđŚ! 

 ᾙľ SĨĶĺƘƫƅűƞƅűŻͯĦĮ ѯ Ĺ Ľᴾ ķ ⁬TĽδ╝ě

•ĶđŚ!֥ ĺľ ŪƏƭŰ: ͫ ʫ ᴙͮĶĽ ẪשĽỖѕ š

ҊὸĦ δ┘ĨŚĮŐĽŤƭŶƬżƢĽᴾ ķƐŨƑŨšδ╝ĨŚ!῝βĦĵēŚ

ľ 1980- 90 ĽᵍēőĽěֿפē!MDĽѯ♦ľĬĽḙĶĜĮĚŘĶđŚ!ˢ  

 ͒ ĹҘί ĮķėĿ ϩ ŤƵŷƵƘƭ  ỡ ŪƏƭŰ:ᴁẐ Ѿσ

ϹὌķ MDĽ Ḁ Ĺĸľ ĺ͒ħĵᵈҷĨŚĺķĸŐĮ! 

 ѯ♦įĚŘщ  ķēĕŞĠĶľĹē!ŏĦŜ ѯ♦įĚŘĢĬ Ħē! ἐě

Ϲἵᴻᾈ Ķ ĦĮ ϹĽẇᶳᾙGṛѕŘ 1981HĽ◗ᾙĜĺ ĢŢĹҊὸěđ

ĲĮĽšḚĶőắēὶĨ!SEѯ♦ FķľĚĹŘĩĦőEᾑ Fšˋ ĦĹē!

ˢ  ͵ěőĲķőѯ♦ ĶđŚĚ ĬśšľĲĜřĤĪŚĽľĬŢĹĺщ ĹĢķ

ĶľĹē!AT 

 ᾙĺęēĵő ἐĽ ěҷĿĩ Я☺ĺѯ♦š ĜҪŐŚĢķľĶĜĹĚĲ

Į!ĸĕĦĵőҜ ěẙŚ  ĚŘĹĚĲĮ ľ ỡ“ěĹēẵšҊὸĦĵę

ēĮ!Ĭśĺĳēĵ ∆Ħē῾ šĞįĤŚķᶒēĶđŚ!őĦĚĦĮŘ π Ľ

Ỗĺ ̛ĶĜŚĚő śĹē! 

 

 

 ἐķĦĵ ֿפᾶĽ MDᴁẐĽתᴻěđř ōĮ Ϲ ᶏשϹ ƮƛƭĽ Ϲ$

₲Ϲ$ƙƯŲƫơƵŲ ϹӰ ƮƛƭĽͯϹķ−ͯϹĽ ủěđŚ⁵šⱵ Ħĵē

Ś! 

 ᾙě ę ĺ ĵŚĚő śĹē ἐľ ėĿĢŢĹ 7įķắĕ! 

$ƘƫƅűƞƅűŻͯĦĵēŚŤƭŶƬżƢĽ ⁬š δĦĮē⁵! 

$ƁƵƓűỷœϬẕĹĸ− ẪĽ MDᴁẐšἪϾĠĵēŚ⁵! 

$MDƙƯŲƫƢĽϋ ἐ! 

$ỸṔĺ MDĶᴮӃĦĵēŚě ṐĚēҘί ĹĢķĶ˰ĲĚĚĲĵḛĲĵēŚ⁵! 

$ᴁẐΉϹ╧ ĽƫƞĶľĹēķĢŜĶ ᵑ ĺ MDš ēĵᴮӃĦĵēŚ⁵! 
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 ˢ  đōřę ĺ ĵĬĕőĹē 7őēŚ! 

$ōĲĮĞĽ MDᾑ•ἐ ¦ ōĩľ ͵ĚƓƅų:źſƗƊĽƃƧ:ƊƬŤƭĺὤĲ

ĵ MDᴁẐšתᴻĦĮŊĕěēē! 

$ѯ♦ľőĕ δĦĵēĵ Ḿ‫Ľ šϹłĮē⁵ ¦ ᾙĶľĹĞ Ḿ‫ĽꞋ

╝š ŢĶ Ħē! 

$ Ħē⁵ ¦ ᾙľΊ⁵ᶆĠ! 

$᷈ᶡ Ήķ₲ϹĽ ˅Ķ MDšϹłĮē  ¦ İŖĲķ Ěő! 

 

 

 ᾙľ☺ Ķ 14ῙĚŘ→Ś! 1ῙĶᵍ MDĽ☺ -š 2ת 12ῙĶMDĽᵌ7

Ľ ♬Ҙίš╝ ĦĵēŚ!ĢĢōĶě Ķ 13,14 Ῑľ ϑ ĶđŚ!ϧῙĽ

↑ľ᷈Ğ ˰ ᴭƬŻƊőῙ ĺ ĠĵđŚĚŘ ҁĺĹŚῙįĠ ŢĶőđ

Ś ĹŘ δĶĜŚľĩĶđŚ! 

 

╥  

 ᾙľ CBI ϹγĽƝ:ƢƜ:źĚŘ ĸĹĮĶő Ěĳ ĶƂŨƵƯ:

ƋĶĜŚ!ĮįĦ ṥᴪľ ổĦĵēŚĚŘ űƬŪŦƈťƘ$ŵƤƵż [ Ở 

4.0 ḊṔ] ƫŦŽƵŻĽ ˅ Ķ Ħĵ Ħē!˰ Ỗĺľ ĩ ˀͮĽŗĕĺ

ἐ ķᾙ š ҊĦĵ ĜĮē! 

 

 ᵍ ⁵ Ẫ Ϲ ѯ♦ 2 ᶟ C 202 5 CBI Ϲγ 

 

└ 

 ᾙĽᴾיľ ἐěᶏԃҘί˵$ ẪҘίꞋḀᴮӃᾒGᵅ$ẏԃҘίꞋḀᴮӃ

ᾒHĺ ᾒĦĮ 1992 ĺ MDĽŽơƌ:ĽĮŐĺṥ→ĦĮƮźƣĶđŚ!ĢĽƮź

ƣľ ẪŹơƧƮ:ŹƩƵſƗƊ Program for Energetic Analyses of 

bioCHemical molecules, PEACH (Komeiji et al. 1997)  Ľϋ ĺḀŞĪĵϩ Ħĵē

Ĝ Ꞌ╝ķĦĵὶ Ħ (ᵍ Ř, 2000, 2001 H ĤŘĺ 1999 Ľ PEACH ver. 3.0

ĽƓƅų:źͯ$ᶀϋĽṔĺ ŦƵƁ:ƏƅƊῲĶĽ šϋầĦĮGˀͮ E

H!E ľ PEACHĽƒ:źƩƵŤƅƙĽ ĺ šπ ĦĵᶺĲĮ!ḾὊ ľ 7

ĶđŚ! 

 Ĥĵ ƙƯŲƫƢ PEACHỡ ľđōřẠŞśĹĚĲĮě ĬĽƋůƧƣƵƊĽ E

ľ Ѕķ ōśĵēĮŘĦē!ęĚġĶ 2007 ĺ ≠ěđř E Ľ šπ Ħ

ĵᾙ┬ĽˢῙķĦĵὶ ĨŚĢķĺĹĲĮGᵍ  2010 ˀͮ Ế H!ĬĽḙĺ

ľ PEACHĽ ỡ š ĦĵēĮĢķőđř Ế Ľὶ ĺḀŞĪĵ 2009 ĺ

ľ E ĽᶀϋšὊ ĦĮ! 
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 ĬŢĹת˔Ķ E ĽŦƵƁ:ƏƅƊ šὊ ĦĮĽĶľđŚě Ḛε Я☺ĺ‫

ĦĞᾙĜ Ħĵ Ẫᾙ┬ķĦĵŦƵƁ:ƏƅƊĶὶ ĨŚĢķĺĦĮ! ľēĞ

ĳĚđŚ!ōĩ Ế ╜ ĽĮŐĺ Ế ĚŘᾤēĵĦōĲĮ ě ẈđĲĮě 

Ĭśšὶ ĦĮēķắĲĮĢķ!ōĮ E ĶľҁϻĺēŜēŜĹĢķšҊὸĦĵē

ĮĽįě Ế ľƪſŦůĽ ĺĹĲĵēĵ ἐĽ ͭě ŞřĺĞĞĹĲĵĦ

ōĲĮĢķ!ĤŘĺ Ế ữ ĽỖ Ķ ἐĽ Ӫěּטřĩ đēōēĹҊὸĶģ

ōĚĦĮ ěֿפĞ ĽĸĺạĤĲĮӘĽᾴḕĽŗĕĺҁĺĹĲĵēĮĢķ!ęōĠ

ĺ Ḛᴳ ĨķơŻƙƬěֿפēĢķ!įě ͵ŗřő SŦƵƁ:ƏƅƊĶ ōĮᶀ

ϋĦĵͮĤēTķēĕ∞š͵⁵őĽ⁵ĚŘ ĦĮĽě ˢ Ľ ĶđŚ! 

 ĬŢĹŞĠĶ ᾙľ ╗ĺľ Ế ĶľĹĞ E Ľ 7 šѯĺĦĵēŚ!

įě Ῑőₑ őṵ‫Ħ Ῑ ĵő ė ĤŘĺ E $Ế ķľ ĺṥ→$ᶀϋ

ĦĵēĮ ᾙő ĠͽėĮ!įĚŘ ᾙľ Ế ľőİŜŢ E ķő˙ĕ ōĲ

ĮĞ Ľᾙ┬ĶđŚ! Ĺ⁵ľ ĶőĨğ ŐŚŗĕĺ ōĮ ѕ˙ēěᴳĳĚś

Ŀּגḹĺ ∆ĶĜŚŗĕĺ Ľ Ẫὶ ĺĦĮ!įĚŘ ѕ˙ēš ᴳĤśĮ

ľ ykome_researchtmbr.nifty.com ĺģ ĞįĤŚķᶒēĶđŚ! 

 

 

 ᾙĽữ ĺđĮř ֿפĞĽ 7ĺģᾝ $ģᾝᵈšēĮįĜōĦĮ! ĺ ̫

ĹģӰỞšĞįĤĲĮ‹ᵕ Ϲ$ → ӰἸG 5Ῑ 5A1H ẏԃҘίꞋḀᴮ

Ӄᾒ$‭ͮ ẦG 10ῙH $ ∫ ẦG 5ῙH ᷈ ῾ ΉϹҘίᴮ

ӃѾᶣ$ ẦG 14ῙH Ϊתš ӜĞįĤĲĮמ Ҟὴ Ϲ$Ẉ ̧Ầ╧

ᶼậG 4ῙH ōĮ ᾙĽὶ šģι Ľῲ ṐĚēᶡ∆ōĶĦĵĞįĤĲĮ

CBIϹγĽᾴ ╣−ĺ đĳĞеἑĦōĨ!Ĺę 7ĹϹγ ĺ CBI Ϲγ

ķ ẪŹơƧƮ:ŹƩƵϹγěĬśĭśἧḼĨŚᴮӃγœᶼὌγĶĽ῾ ě ēĺ

ĲĮĢķš ĦĵęĜōĨ!őİŜŢ ═ľĨňĵ ἐĺđřōĨ! 

 

1ֹ ᴲ ᴲ ᷈ᴻḑᴲ ᶍ  

 ₑ  Ҝỏŵ:ƋGƙƯŲƫƢH ₲Ủľ (Ῑ ᷿.╜ ᷿.₲Ồ)ķēĕכĶ

᷿š ĠŚ!ĮķėĿ 8ῙĽ 8.3 ╜Ľ 2 ĹŘĿ 8.3. 2Ľ ᷿ě Ğ! 

 ₑ 8. 3. 1 ₑ 8. 3. 2 ₑ 8.3.3  ....  

 8. 3. 1 8. 3. 1 8.3.3  ...  

 ŵ:Ƌ 8. 3. 1 ŵ:Ƌ 8. 3. 2 ŵ:Ƌ 8.3.3  ....  

₲Ủĺľ GHš ĠŚ 

 Ủ( 8. 3. 1) Ủ( 8. 3.2) Ủ( 8.3.3)  ....  

 Ĺę ϛ Ľ╜ ĹŘĿₑ 1 2 ŵ:Ƌ 3 Ủ( 4)ķēĕŗĕĺ ḾᵭĽ ᷿į

ĠĶ˰ ĨŚ!įě ╜ϑĚŘľ ėĿỦ( 8.3. 4)Ľŗĕĺ ☺ Ľ ᷿Ķ˰ Ĩ
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Ś! 

 

2ֹ ╥  

 ᴭľ Ƒ:ƒ:Ƌ ỦG ◗Y ᷿HĶ˰ ĨŚ! %Morris  (2004) Tanaka & 

Sato (2022) Smith et al. ḫ$ (2010) וֹ (1999)  G1999H Ẉ Ř

( 1963)!ĬśĭśĽῙ ĺ ˰ ᴭš ᵴ$ϑḊᵴĽᾏĺƬŻƊĦĮ!ŗĲ

ĵ 7ĽῙĶ ħ ᴭšὫ ĦĵƬŻƊĨŚĢķőđŚ!ƬŻƊ ĺľ ; Ĺ

ᵊř ᴭĽ DOIĚ Ĭśĺ ŞŚ URLš ҊĦĮ!ōĮ ƬŻƊĺľ ᴾּב ☺

ἐšҊṓĦĮě Ԇ ĺ ἐ₲ěֿפē ᴭľ ἐ ľ₲ ĺᶰř đķľ et al. 

ķҊὸĦĮ! 

 

3ֹ  

 ľ Ķ╝ ĦĜśĹĚĲĮ ͽ῾  ėĿ ᶀỦĽ ὶ ĹĸšҊὸ

ĦĮ ῙšẰĨ! ᷿ľ "Ῑ ᷿ A1,2,3..." ķ ҊĨŚ!Aľ AppendixĽ Ồ!

ėĿ 3ῙĽ 2 Ľ ľ"3A2"ĺĹŚ! Ľ˰ ᴭľ Ľ ᴭƬŻƊ

ĺѝŐŚ! 

 Ķľₑ  ŵ:Ƌ ₲ỦľˀͮĽŗĕĺ S Ľ ᷿.₲ỒTķᵈĕכĶ

᷿š ĠŚ! 

 ₑ  ŵ:Ƌ% ₑ 3A1.1 2A2.3 ŵ:Ƌ 4A2.2 

 ₲Ủ% ( 3A2. 3) ( 5A2. 1H  

 

4ֹ  

 ₲œ ₲ĽҊ᷿ľ ; Ĺᵊř ˢ ĺẠŞśĵēŚőĽšṅ ĦĮ!įě 

ŘŞĦēőĽľ ἡš ĠĮĕėĶ ĢĽᴾּבš ĲĮ! 1:Ӓ₲ ˂ľ i œ j

ĶľĹĞ IGi œ j ľ ᴾẪĽŦƵƉƅűŻĺὢĵŚĚŘH! 2:ŪƵƁƭƖ:ľ H

ĶľĹĞ HeGHľƑơƭƊƍŤƵķ ŚĚŘH! 

 Żŭƫ: ľṐỒĽŦƁƬƅűGἌ H ƛűƊƭ $ᶺ $̽ẐẪľאלỒĽƯ:

ƠƵG HĶ Ĩ! 

 Żŭƫ:% a, x,  f , A, D   

 ƛűƊƭ$ᶺ $̽ẐẪ% a,  x, f , A, D  

 ƛűƊƭ aĽ ĜĤľ ἡĹĦĶ | a|ōĮľ aķ ỞĨŚ!ƛűƊƭ aķ bĽ

┤GŻŭƫ:┤Hľ a$bķᾙĞ!ᶺ AĽᶺ Ủľ ἡš ĠĮῲĶ det ( A) ō

Įľ Aķ ҊĨŚ!AĽ ᶺ Gᶺķ š ś ėĮᶺ HľǣAķᾙĞ! % 

Ἃ
ρ ς σ
τ υ φ

 Ľ ᶺ ľ Ἃ
ρ τ
ς υ
σ φ
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 3ỗᴽḹ !šẠĕשľ ₑĽŗĕĺ ˺Ἢש ĳ

ĽƛűƊƭ aķ bĽϑ┤GƛűƊƭ┤Hc=a\bľ ˺

ļħĽ⁮ŏ ᶆĶ ҞĨŚ! 

 ỷ i , j ѕĽꞈ ƛűƊƭ r ij ľ Sj ĚŘ i Ň

ĽTƛűƊƭķĦĵ ҞĨŚ! 

 Ἲ Ἲ Ἲ ὼ ὼȟώ ώȟᾀ ᾀ   

ŦƁƬƅű ҊĽ r ij ľ i  j ѕĽӔ šỞĨ! 

 ὶ ȿἺȿ ὼ ώ ᾀ   

ő ĺ j ĚŘ i ĺ Ğ š f ij ķᾙĞ! 

 Ľỗᴽľ ḊṔ ]ĺὤē Ĥש L] ỷ [ M] Ỗ

ѕ[ T]šẠĕ!ˢ ľש˂  ĺ ˢľĪĩ ĹῺḀľ ĬĽ  ╝ ĨŚ! 

 

5ֹ ᶍ ᶇ  

 ϑḊᵴĽ╧ ᵴķ⁵ ľ ᾑὶỖĺSᴾᵴ ͭĺ֕ēŭƁŭƌ ҊTķSᴾᵴ

ҊTšỞĦ ĬĽᵭľŭƁŭƌ ҊĨŚ! 1%ŹƵƙƮűƈťƅű

GSymplectic H! 2:ƶũƭƮGVerlet H ! 

 ē╧ ᵴĽ ᵴľ ᴾּבķĦĵ ᾙ ĽᾑὶỖĺŻƜƭšỞĦ ĬĽᵭľ

ᵴšĬĽōō ēŚ! %Molecular Dynamics ( MD)!ĮįĦ Ạĕ Ľ ē ᵴ

œ ֿכĽ ᵴķ Ś; ↑ĽđŚ ᵴľ ĬśĭśĽῙĽ ╕ĹῺᾒĶŻƜƭšḽס

ĨŚ! 

 

6 Mֹ D ᷿ḧḭḴᴻ᷿ḯḻᶇ ᷅ḱḝᶸ᷄ḁḅḝḐ 

 ᾙ Ķ ỞĤśĵēŚ MDŹơƧƮ:ŹƩƵľ PEACH (Komeiji et al., 

1997) AMBER Tools 15 (Case et al., 2015)  ęŗł ỡṥĽщˍƙƯŲƫƢš ē

ĵỸᶺĦĮ!ōĮ ẪŲƫƗťűŻľ UCSF ChimeraGPettersen et al., 2004 H

Ě ĬĽᵭװſƗƊĽ ChimeraXGGoddard et al., 2018, Pettersen et al., 2021 H

š ēĵṥ→ĦĮ!ĢśŘˀϑĽſƗƊšẠĲĮῺḀľ š˰ ĦĵđŚ! 

 

7ֹ ᷈ᴻḑᶍ  

 ᾙĺľ For tran - like ĹҜỏŵ:Ƌě 7 ῺĨŚ!ĢśŘĽŵ:Ƌľ ĬĽō

ōĶľ ĚĹē!Ĭśĺ כỦőĿŘĿŘĶ ˢĤśĵēĹē!ĮķėĿ 

Ľ₲Ủķ˙Ĳĵ Żŭƫ:ķƛűƊƭ$ᶺ šľĲĜřᾙĜ ĠĵĹē!įĚŘ 

š f ( : )ĽŗĕĺᾙĞĢķőđśĿ f ķĚ FķĚĶҊὸĦĵēŚĢķőđŚ!ƛű

Ɗƭ$ᶺ įĠĶĹĞ Żŭƫ: ₲ő ŦƁƬƅűĶľĹĞƯ:ƠƵĶ ҊĦĵē

Ś!ŵƣƵƊ ő !š ĺ ĠĮῺḀķ ῒ ĦĮῺḀěּקṖĦĵēŚ! ₲Ľ
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ҞőĤŋĲĮķĢŜěֿפē! 

 ĬŢĹŞĠĶ ŵ:Ƌľ ĺ ŤƭŶƬżƢš ѐ ĺ δĨŚĮŐįĠĽőĽ

įķ Ѕř╕Ĳĵ Ħē!
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ᶍ שּ  

 ᾙķї ĽđŚ Ľ Ὣ ĹӰΉᾙ šˀͮĺӐġŚ!ĢśŘĽĕİēĞĳĚ

ľ Ķ ĺ˰ ĦĵēŚ!Ĺę π šὫļĵēŚőĽľ ᴾּבķĦĵ Ḿ

‫ šṓĪĮ! 

 

[1] ḪḏḲḻ᷅ᶇ᷿ḧḭḴᴻ᷿ḯḻ 

ῲ G2003) , ẪŹơƧƮ:ŹƩƵZᵍ ĚŘש ẪשἪ ōĶZ ΰΛ .  

 s MDĽ ᾈ ĹӰΉᾙ! ´Ľᵍ MDįĠĶĹĞ ϩ ŤƵŷƵƘƭœ

ˢᴾ MDĹĸ 7Ĺ῾ ě∕řḗōśĵēŚ! 

͞ṡ⁮ ҥ˜ ᶺ (2011), ŵƵƖƧ:ƁŹơƧƮ:ŹƩƵĽѯ♦ 2  ͯϹ ⁵.  

 s MD MCĺїĨŚӰΉᾙ!  ͒ ķőĺῧĦĞ ĦĚő ě‫Ħ

ē! ĺ ſƗƊŨũŤ MODYLASĺӸ ěđŚ⁵ľ ! 

╩ ᶒ ẅῲ̫ᶖ ĚęŚ (1996), ŵƵƖƧ:ƁŹơƧƮ:ŹƩƵĺŗŚ ỷ

ΉϹ ӡ .  

 s MDķMCĽ ỷΉϹŇĽ͒ šϖ╝ĦĵēŚ!ֿפὫԄ ϋ ĹĸĽŞĚř

œĨē╝ ěđŚ! 

‹Ẉ‫ˢ ḫ  (2020), ơűƯ$ŹơƧƮ:ŹƩƵGא‫ H Ⱪᾙ .  

 s ᾑ ľ 1997 ! ĽʭēěῧĦē! 

→  ( 2018), ᴁẐ Ẫ− Ϲ? ỷΉϹĚŘĽŤƙƯ:ƃ .   

s − ẪĽᴁẐ ͯϹ Ĺδ┘ šϖѐĦĮӰΉᾙ! ẪͯϹ ᵍ

G☺ᴾẪH Ẫ Ϲ ♥ểͯ Ẫ Ϲš Ỹ šӐġĵδ╝ĦĵēŚ!

↑ ϹĽể ĚŘᴳĮ Ẫ− ϹĽƮƕƧ:ĶőđŚ! 

→  ᶓ╩ҋỗ ᶅ  хὂ ( 2025) , ŦƵŹƬŵⱦ ?ᴁẐⱦ Ľѯ♦ĚŘ

Ỹ ōĶ ‭ ὶ .  

s ŦƵƗūƠƈťűŻ AI ƋƅůƵŲ MD Ẫ  ᴁẐ Ĺĸ ᴁ

ẐΉϹš ēĮⱦ ĺїĨŚꞋḀ Ĺδ╝ᾙ! 

 Ẉ ˢ  (1990), ᴁẐ ϹķᴁẐͯϹ τ .  

s ᵍēδ╝ὝĶľđŚě ḚĶőỞḭĺ ŏ ěֿפē! ĺ ÔῙ

Sͫ $ʫ ˢ  ᴙĽ Ẫ Ϲ Tľ ͫŤƭŶƬżƢĽ╔Ϲ$ᵖ

⅞ὂˢĽ˚ĦĮ ₲ᾶĹē ᵴĽδ╝ĶđŚ! 

͞∆  ( 2008), ĨğĶĜŚ ẪŹơƧƮ:ŹƩƵ?ƕŰƌ:żƠƍƧŤƭ ᶼ

Ἆ.  

s AMBERƨ:Ÿ:š Ῠĺ MDĽƐŨƑŨœᴾ šδ╝ĦĮ ᾙ! Ỏ

ĹƟŦƵƊěēĞĳőӐġĵđř ᾑ•ἐš •ĺᶓĞ ōśĵēŚ! 

ᶍ“ (2023) Ẫ Ϲ ķᴾẪѕƟƈƵŹƥƭ ‭ ὶ .  

 s ᴾẪѕƟƈƵŹƥƭš •ĺĦĮ MDĽḾ‫ĽӰΉᾙ!ͯϹ ͒ŹơƧ
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Ʈ:ŹƩƵ ῺœѾσϹὌ ῺĺїĨŚŞĚřœĨēδ╝ě ! 

Allen, M. P., Tildesley, D. J. ( 2017), Computer Simulation of Liquids,  2nd 

ed., Oxford Univ. Press, Oxford.  

 s ̩Ľ MDĺїĨŚ ĽӰΉᾙ!− ẪŹơƧƮ:ŹƩƵľ ̩Źơ

ƧƮ:ŹƩƵĽ šֿפĞṅř śĵēŚĮŐ ẇᶳĺĹŚĢķěֿפē!ᾑ

ľ 1987 įě 30 šתĵ 2 ěὶ ĤśĮ!ѯ♦ Ĺ ěĦĲĚř

ĦĵēŚĽľᾑ š˰Ĝװĝĳĳ Ḿ!‫Ľ→Όě∕řḗōśĵēŚ 

Brooks, C. L., Karplus, M., Pettitt, B. M. (1988) ,  Proteins: a theoretical 

perspective of dynamics, structure, and thermodynamics, John Wiley & 

Sons, N. Y.  

 s ƁƵƓűỷĽᶣַאѾ ĺїĨŚδ╝ᾙ!ᵍē ĶľđŚě ƁƵƓűỷ

ŇĽ MDœ EMĽ͒ ĺĳēĵ ḚĶőẇᶳĺĹŚҊὸěֿפē! 

Frenkel, D., Smit, B. (2001), Understanding Molecular Simulation: From 

algorithms to applications. 2nd ed., Academic Press, S. D.  

 s MCķMDĺĳēĵ ᴁ ϹĽ ῺĚŘδ╝! 

Haile, J. M. (1992), Molecular dynamics simulation: Elementary Methods, John 

Wiley & Sons, N. Y.  

 s MDĽᴾ  ĺᵵḰδ┘œơűƯŭƐƍŭƭŤƵŷƵƘƭěῧĦē! 

Leach, A. R. (2001), Molecular Modelling ï Principles and applications, 

Second ed.  Prentice Hall, UK.  

 s ẪƤƉƬƵŲķŹơƧƮ:ŹƩƵˢ GMO, MC, MDĹĸHĺĳēĵ 

ᴾ ķᴁẐ šδ╝ĦĵēŚ! 

Pfalzner, S., Gibbon, P. (1996), Many - body tree methods in physics, Cambridge 

Univ. Press, N. Y.  

 s MDįĠĶĹĞ ֿפ ☺ ĺїĨŚẇᶳᾙ!Tree ĽᴁẐ ěῧĦ

ē! 

Rapaport, D. C. (1995), The art of molecular dynamics simulation, Cambridge 

Univ. Press, UK.  

 s MDĽӰΉᾙ!Ỹ◐ ĹŤƭŶƬżƢě ĚřœĨĞ╝ ĤśĵēŚ!

MDĶľ ĦĞ  Fortran ĶľĹĞ CᵈᵴĽƙƯŲƫƢ ěṓĲĵēŚ! 

Schlick, T. (2002), Molecular modeling and simulation ï an introductory 

guide, Springer, N. Y.  

 s − ẪƤƉƬƵŲķŹơƧƮ:ŹƩƵĺїĨŚӰΉᾙ!− Ẫ Ť

ƭŶƬżƢ Ὼ Ĺĸĺĳēĵ ῧὸĤśĵēŚ! 
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∫  (2015), Ѿ ẪĽ Ẫѕ  ὶ γ.  

 s ẪͯϹ Ἢ ĺŗř Ẫѕꞈᵧṥ š Ħδ┘ĦĮőĽ! ĺ 

ᵍ Ẫ ῺGMM Force Field HĽҌᵃšӰėĵĞśŚ! 

ỗ  ̞ ⁪Ҟ ͽ ả Ḛֹו◌ ᾜֹĠēộ (1983), ẅ ẪͯϹ

GῲͮH ͯϹ ⁵.  

 s ẪͯϹĽᴾ ķ͒ š ĺ ῧĦĞδ╝ĦĮőĽ! 

Szabo, A., Ostlund, N. S. (1996), Modern Quantum Chemistry, Second ed., 

Dover, NY. 

 s Ẫҍ ĺїĨŚ Ϲ˵−ᶆĠĽ ᾈ ӰΉᾙ!ᾑ Ľ đřG

 Ṝ˜ ᴘ  1988 ‫Ħē ẪͯϹ ῲͮ ὶ γH! 

 

[ 3 ]  

ᾴὶῃˢ  (2017), δ┘ Ϲ ( ŵ:Ż א‫ ) ὶ γ.  

 s δ┘ Ϲšᾑ•ἐᶆĠĺœĤĦĞδ╝ĦĮ !1983 ᾑ ĽƯƵŲŽƫ

:ĶđŚ! 

ᾴ $̯ ᴜ  (2003), ͯϹשĽĮŐĽ ᴁ Ϲ њ.  

 s ͯϹ╧ᶜἐᶆĠĽ ᴁ ϹĽ ᾙ! ķĦĵ đİĢİĶ Ẫě

ῺĨŚĽĶ ῨשĽŦƣ:źě ĜœĨē! 

ṡ↨  (2000), Ϲ њ.  

ṡ∏  (2008), ᴁ Ϲ I , II  њ.  

s ṡĽ Ϲķ ᴁ Ϲľ ‫Ħēể ĶᾙĚśĮӰΉᾙĶđŚ!᷈

įě Ởḭĺ ŏҊὸěֿפē! 

ѭ  (1991), δ┘ Ϲ ќ◘.  

 s Ϲ˵−ᶆĠĽδ┘ ϹĽӰΉᾙ! 

ᶓᶤḇ  EmanĽ Ϲ https://eman - physics.net/ .  

 s ϹšֳřͮġĵҊὸĦĮ ⁵ҁĽƝ:ƢƜ:ź! 

Evans, D. J., Morris, G. P. ( 2008), Statistical mechanics of nonequilibrium 

liquids, 2nd Ed.,  Cambridge Univ. Press, Cambridge.  

 s ᴁ ϹĽӰΉᾙ!ᶚּו ĺŗŚ ͫŤƭŶƬżƢĽᴾ ěῧĦē! 

Goldstein, H., Poole, C. P., Safko, J. L. (2002), Classical Mechanics (3rd 

ed.), Addison - Wesley, Boston.  

 s ᵍ ϹĽ ῲӆἐᶆĠӰΉᾙ! đřG  ᶤ  ṡ , 2006 ,  

ᵍ Ϲ ᴾ 3  ῲͮ ҥ͞ᾙ H! 

Tuckerman, M. E. (2010), Statistical mechanics: theory and molecular 

simulation, Oxford Univ. Press.  



  

x 

 

 s Ľ ř ẪŹơƧƮ:ŹƩƵš ĺ ēĮ ᴁ ϹĽӰΉ

ᾙ! ƑơƭƊƵשĽ ϹěῧĦĞ ᾙĶő ĩēŅŢẇῐĦĮ! 

 

[ 4 ] ḟḵ᷅ḱḧḻ᷅ ᶇ  

ӊ ῒ (2020),  ₲ ᴁẐĽĮŐĽ Fortran90/95 ƙƯŲƫơƵŲ  2  ‭ ὶ

.  

ῆ  Ẉҋᶺ(2022) , ŎŢĹĽ Fortran  ᵍ͢ Ϲὶ γ.  

 s ĢĽ Ṵľ Fortran ĽḾ!‫ĽӰΉᾙ ᴁẐ őṓĲĵēŚ! 

‭∆  (1987), FORTRAN77 ₲ ᴁẐƙƯŲƫơƵŲ +  ѣ .  

s FORTRAN77ĺŗŚ₲ ᴁẐĽᵍēӰΉᾙįě ḚĶő ĨŚἪ ěֿפ

ē!Ĺę SŻ:Ɠ:ŵƵƖƧ:Ɓ: ĺľ FORTRAN77ĽƙƯŲƫơƵŲŻ

ƁŦƭěˢ ƃƧ:ƍƵŲĦœĨēTķēĕ š đİĢİĶỠĺĨŚ! 

Press, W. H., Teukolsky, S. A., Vetterling, W. T., Flannery, B. P. ( 2007), 

Numerical Recipes: The Art of Scientific Computing , Third  Edition, 

Cambridge Univ. Press, Cambridge.
  

 
s ₲ ᴁẐŤƭŶƬżƢĽƒŦƘƭ  !Ṗקּ

 

  



 1Ῑ Ẫ Ϲ Ľϖ  

1 

 

1  ᶍ  

 

 Ẫ Ϲ ľ Ẫš ῨķĦĮ ᴁẐѾŹơ

ƧƮ:ŹƩƵ ĽˢἯĶ ĨĶĺ ⅎ҇ˀῲĽ ả

šổĲĵēŚ!ĢĢĶľ ☺ ĽᾠķĦĵ Ẫ

Ϲ Ľ Ҟ  ả ŤƭŶƬżƢš ĥĲ

ķ╝ ĨŚĢķĺĨŚ! 
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1.1. ᶍ  

 

 Ẫ Ϲ GMolecular Dynamics simulation, ˀͮMDHľ 1957 ĺᾑŐĵ

ě Ĥśĵˀ GAlder & Wainwright, 1957 H Ĥōĥōĺϩ ĤśĵēĲĮĽ

Ķ ˢᵈĶ ҞĨŚĽľ Ħē!įě ĤĦđĮĲĵ ỗĽŗĕĺ ŕŚĞ ҞĦĵ

ęĞ! 

 

S ẪשĽ Ỗѕ š ᵍ ϹĚ Ẫ Ϲ ōĮľ ĺѯĴēĮ̓ Ủ

š₲ ĺδēĵ ҙỸᴻGŹơƧƮ:ŹƩƵHĨŚᴁẐἪ T 

 

 MOLECULAR dynamicsįĚŘ ◦ ẪĺїĨŚᴁẐ ĶđŚ!įě ĺ Ẫ

ķᵈĕŗřő S ẪὝḀ TđŚēľS ỷTķắėĿŗē!ōĮ molecular 

DYNAMICSįĚŘ ẪĽ ĜšᴁẐĨŚ ĶđŚ!ĤŘĺ ᵍ ϹĚ Ẫ Ϲ

Ě đŚēľĬĽ ĺѯĴēĵēŚĢķőὫ ĶđŚ!Ḿᵭĺ ´ Ếķ͈ Ķ

ľδĠĹē ῨꞈἪĽᴁẐįĚŘ ᴁẐѾĶ₲ ĺδĞ ķēĕĽő Ҟĺ śĵ

ęĞňĜįŜĕ! 

 MDᴁẐšᶺĕ ľ' ĬśľēŜēŜįě ˢҞ ĺľ Ῠ ẪשG ỷH
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ĽᶣַאĽỖѕ šŹơƧƮ:ŹƩƵĦ ĬĽᴕΌĚŘ ẪƤƉƬƵŲšĦĮř

↑ šᴁẐĦĮřĨŚĢķĶđŚ! 

 

1.2. ᶍ  

 

 ķ MD š ҞĦĮĠśĸő MD ľĤōĥōĺ Ĥś ◗őēŜēŜĶ ḥ

őֿפē! 

 ĢĢĶľ ŁķĳĽỆŎķĦĵ ᴁẐ ῨķĨŚ ẪƤƉƭĺ͒ħĵ ĥĲĞřấ

ĳĺ ĦĵęĞ! ķĦĵ ₑ 1ĽƣƁƐ:ƭ ẪšᴁẐ ῨķĨŚĢķĺĦŗ

ĕ!ƣƁƐ:ƭľ CᴾẪˢĳ OᴾẪˢĳ HᴾẪấĳĽ Ḁᴁ 6ᴾẪĶᶣ→Ĥśĵ

ēŚ!ĢĽ ẪšƤƉƭͯĦĵŎŚ!  

1.2 . 1 ḪḏḳᶊᶧᶪMD ᶍ ᴳḩḇḖᴻḳ (CH 3 OH) ᶱ

ᶊ MƎD ᶱ ᶃᶊ ᵶᵾ (GA )ᶇ( B)ᶆᶎᴲ ◗ᶎ ל ᴳᶝᵾ(ƎA )ᶍ

ᵫ ᵮᶛᶣᵰᶅᵣᶪᶍᶎ ᶆ⅛ᵥᵲᶇᶱ ᵶᴲ╗ ᴲ( B)ᶍ

ᵫᶎᶂᵬᶩ ᵣᶍᶎ ᶆ⅛ᵥᵲᶇᶱ ᵶᶅᵣᶪ (G C)ᶎ ·ᶍ ᵸᶘᶅ

ᶱ ᶆ ᴳ╗ (Ǝ D )ᶎ CƎH 3 -ᶎᶑᶇ ᶍ ᵬᶉ ᶆ ᵶᶅᵣᶪ  G
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 ōĩ ˢ ῧṐĹƤƉƭľ ᴾẪĽᴾẪϬķĬśšἨřЫĞ Ẫš Ĩňĵ Ẫ

Ϲ ĺʭĕƤƉƭįŜĕ!ĢĽƤƉƭ(A)šẠĲĮ MDľ ꞋῘĶS Ẫ Ẫ Ϲ

GQuantum Molecular Dynamics, QMD)TķᵎĿśŚĢķěֿפē!ōĮ ἐĽַאᵴį

ěSϬ Ẫ☺ Ẫ Ẫ ϹTĹĸķᵎŢĶŎĮēķĢŜįě ẙ ĹěŘ ˢ ĺ

ľ ħĹē!Ĺę Ϭš Ẫ ϹĶʭĕķᵈĲĵő ỷ ěᴄē ẪᶂΌěᴺ Ĺ

₣♬įĠ Ẫ ĶʭĲĵ ֿכĽὫēᴾẪľᵍ ĶʭĕĢķěֿפē! 

 ֕ỏšˢ ῲġŚķ ᴾẪϬš Ẫ ϹĶľĹĞᵍ ϹĶ֕ỏĦ ẪįĠš

Ẫ ĶʭĕƤƉƭ(B)ĺĹŚ!ĢĽƤƉƭĺѯĴēĮ MD š ˢᴾ Ẫ Ϲ

(First Principles Molecular Dynamics, FPMD1) đŚēľ תᴻ Ẫ Ϲ( Ab 

Initio  Molecular Dynamics, AIMD)ķᵎŅ2!ōĮōĮ ἐĽַאᵴĶľ SϬᵍ ☺

Ẫ Ẫ ϹTķᵎłĮēķĢŜį!S☺ Ẫ Ẫ Ϲ(All electron MD) TĹŘ

Ŀ ҆ĶľđŚě ỠĺĨŚ!ķĢŜĶ Ẫš Ẫ ĶʭĕķᵈĲĵő תᴻ

ĶľĹĞ ᴻת Ĺ Ẫ  ᴁẐšẠĕῺḀ FPMD/AIMDķᵎŢĶ ēĽĚ ķ

ēĕŗĕĹ őđĲĮřĨŚě đōřҁĺĦĵőĦŖĕěĹē! ῘľķőĚ

Ğ FPMD/ AIMDĶľ Born- Oppenheimer֕ ỏš ēĵ ᴾẪϬķ ẪĽ Ĝš Ħ

ĵᴁẐĨŚ! 

 ķĢŜĶ ᾙĶľ ˢᴾ Ẫ Ϲ ĺ Ħĵ Ģśˀ᷅ľ AIMDĶľĹĞ

FPMDĽᵎῘš ēŚĢķĺĨŚ!ķēĕĽľ AIMDĶľ S⁵ᶏ AI šẠĲĮ MD

ĽĢķĶĨĚ?TķᵵδĤśŚęĬśěđŚĚŘĶđŚ3! 

 ˋ ķĦĵ GAHĽϬ Ẫ MDķGBHĽ☺ Ẫ MDšḀŞĪĵ Quantum 

Mechanics (QM)ĺѯĴēĮMD  S Ẫ MDT FQM- MDFķꞋῘĨŚĢķőđŚ!ķ

őđś ( A)(B)Ľ ῘĺŗŚ֜ ľᵊřĹĞđēōēĹĽĶ ĶľᴁẐ šῧ

ὸĨŚ ěđŚ! 

 ƤƉƭĽ∙ šĤŘĺͮġŚķ (C)Ľŗĕĺ ᴾẪϬķ ẪšōķŐĵ ӂĺĦĵ

Ħōĕ!ēŞĿ ᴾẪšS ĦĮŶƢōřTķĦĵʭĕŞĠį! ẪשĽᴾẪĨň

ĵšʭĕĽĶ ☺ᴾẪ Ẫ Ϲ GAll atom MDHķᵎŅ!2020 ĽḚ  ͵Ľ

 

1 First principles ķēĕŗĕĺ ₲כĺĨŚ!ķđŚ╣−ĺŗŚķS ˢᴾ ľŁķĳħ

ŒĹēĚŘTĹŢįĬĕĹ! 

2 ἐĽęęĥĲŀĹ˫ῨĶľ שĽ⁵ľ FPMDš ͯϹשĽ⁵ľ AIMDšẠĕĢķěֿפē

ŗĕĶđŚ!đŚēľ Ẫ  ᴁẐĺ ї₲ šẠĕķĜľ FPMDě Ẫҍ šẠĕ

ķĜľ AIMDěẠŞśěİĹҁőĨŚ!ĶőҁĽĪēĚő śĹē!ķĢŜĶ ĢĢĶľ FPMD

ķ AIMDšꞋῘķĦĵӐġĮě ĸİŘĽ Ῐő Car- Par rinello MD (CPMD)Ľᵏ ỄķĦĵ

ēŚĢķőđŚĽĶ ˋě ! 

3 őĲķő AI šẠĲĮ Ὼľ AI ῺĶľĹĞ ML ῺķᵎĿśĵēŚŗĕįG 14Ῑẇ

ῐH! 
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ἡőĹĞ MDķᵈĕķĜľ ĢĽ☺ᴾẪ MDšẰĨĢķě ŘĦē!ōĮ ᵍ

ϹĺѯĴēĵδĞĽĶ ᵍ MDGClassical MDHķőᵎŅ!ĮįĦ ᵍ MDķēĕ

ᵈ ỡ ľ ĺŗř 7Ĺˋ ĺĹŚĽĶ ˋě 4!ŗř∆ϯĺľ ☺ᴾẪ

ᵍ MDķ ᵅĨŚĽěƛŻƊĚő śĹē!Ĺę ẪᴁẐĽ ĺęēĵ S Ẫ

š Ẫ Ϲ ĶľĹĞ ĽƓƫƣ:Ɓ:šẠĲĵ ᵍ ϹĶʭĕTĢķš 

Molecular Mechanics ( MM) ĳōř Ẫ ϹķᵎŅ5!ĢĽ ĺ̼ėĿ ₑÓCľ 

MM- MDķőᵎĿśŚ! 

 ☺ᴾẪᴁẐŗřőĤŘĺƤƉƭš♫ĞĨŚ ĳōř (D)ŗĕĺēĞĳĚĽᴾẪšō

ķŐĵŁķζĺ֕ỏĨŚķĜľ ꞋῘķĦĵ ♫ểͯ Ẫ ϹGCoarse Grain(ed) 

MD CGMDHķᵎŅ!ₑ 1Ľ Ķľ CH3-šŁķōķŐĺĦĵēŚ!ƁƵƓűỷĶľŤ

ơƐẕẙѯšŁķōķŐĺĦĮř Ķľ ₲

ẪšˢĳĺōķŐĮř ķᵈĲĮ♫ểͯěẠŞ

śŚ!ōĮ ˀ◗ŗĞẠŞśĵēĮ ḀᴾẪƤ

ƉƭGUnited atom model ₣♬ķὫēᴾẪšŁķ

ōķŐĺĦĵʭĕHš ēĮᴁẐő CGMDĽˢἯ

ĶđŚ! 

 (A)¦ (D)ĽᾏĺƤƉƭĽ∙ ěʣĞĹŚĽįĚ

Ř ˢ ∙ ĽēēGAHĽϬ Ẫ MDįĠđśĿ

ēēħŒŢ ķᵈēĮēķĢŜįě ◦ ∙ ķᴁẐỖѕľƊƮ:ƋŬƗĽїגĺ

đŚ!∙ ěῲěśĿ ᴏ˙ēĺᴁẐỖѕěϾĚŚĽě´ĶđŚGₑ 1ͮ H!įĚ

Ř Ῠķ ķẠėŚᴁẐỉᵃšᶳ Ħĵ ĸĽ MD šẠĕĚ ĨŚ ěđ

Ś! 

 MDľ ẪᴁẐѾĽ Ľᶆῲĺ͒ħĵ ĦĵᶺĲĮ!įĚŘ ṽ ĺľ ₑ

1DĽ♫ểͯMDĚŘầōĲĵ D¦C¦B¦Aķ᷈∙ Ľ ěϋ Ĥśĵ ĮĽĶđ

Ś!ĮįĦ ᷈∙ Ľ ĺ ∙ Ľ ě֢ ĤśĮŞĠĶľĹē!ŏĦŜ Ĭś

ĭśĽ ě ḀĦĵēĞ ᶆĺđŚ! ėĿ ẪשĽˢ ĺₑÓABĽ Ẫ Ϲ

ƤƉƭš Ħ ẙřľₑ 1CDĽᵍ Ϲ ĹƤƉƭšẠĕ ľ Quantum 

Mechanics/ Molecular Mechanics (QM/MM) ķᵎĿśGₑ 2H ᶓĞẠŞśĵēŚ!

 

4 └ 1980  Classical MD ľ ͫœ ʫĶĹē ŪƏƭŰ:MDGNVE- MDHĽĢķš

ẰĦĵēĮ!ōĮ 21ⅎ҇ĽᵅṖ ₑ 1AĽ Ẫ MDĽ╧ ·ě Classical MD ķᵈĕķĜĺ

ľ  ₑ 1BĽ Ϭšᵍ ĺʭĲĮ FPMDĽĢķšẰĨŗĕĶđŚ!ĚĞĦĵ Ỗ ĺŗ

ř Ὼĺŗř ᵴľ ŞŚ! 

5 S Ẫ ϹįĲĵ Ϲ Mechanics ĶĨ(TĹĽįě ẪᴁẐԃφĶľ Ẫ Ϲ ᴁẐĶ

ľĹĞ ῺƓƫƣ:Ɓ:šẠĲĮᵍ Ϲ ᴁẐĽĢķš MMķᵎŅĢķĺĹĲĵēŚ! 

1.2  2  QM/ MM ᶍ  
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QM/MM šẠĲĵ MDšᶺĕῺḀľ QM/MM- MD ķᵎŅ6! 

ˀῲ MD š ẪƤƉƭĺѯĴēĵ Я☺ĶľđŚě ĦĵŎĮ!ˢᶅĺ

SMDTķᵈĲĵő 7Ĺ∙ ĽƤƉƭĺѯĴēĵēŚĢķěŞĚŚįŜĕ!ĢĽ

š ĺ śĮĕėĶ MD Ľ ảšᴳĵŎŗĕ! 

 

1.3. ᶍ  

 

 MD Ľ ảš 1ĺōķŐĵŎĮ! ἐĽ╧ Ľ− ẪķĬĽї ĺ Ĳĵ

ēŚě ģЩ ѩēĮē!ĮįĦ − ẪˀϑĶő 1957 ĽⅎφᾑĽ᷊ ӂĽ MD

œ 2002 Ľ −→Ľ MDĹĸ − ẪĽ MDĺő ĜĹ̚Ӽš ėĮᴮӃľӐġĵđ

ŚĦ ṗ ĽἪש ĶőὫ ĹőĽľ ӐĦĮ!ōĮ MD ĶľĹĞĵő їגĽ‰

ēᴁẐΉϹ Ἢ ľṓĪĵđŚ! 

1.3. 1 ᶇ ᶍ ֩  ֪

  ᴭ 

1957 ⅎφᾑĽ MDᴁẐ ᷊ ӂĽꞈ ˒GAlder 

˒H 

Alder & Wainwright (1957)  

1960

ᵭ  

Ẫ ῺĽϋ  CFF ῺĹĸ Scott & Sheraga (1966) 

Lifson & Warshel (1968)  

1973 ƣƁƵ−→ĽͯϹ ͒ŹơƧƮ:ŹƩƵ Wang & Karplus (1973)  

1976 QM/MM  Warshel & Levitt (1976)  

1977 ⅎφᾑĽƁƵƓűỷĽ MD ƊƬƙŹƵⱢϓ

ƁƵƓűỷGBPTIHĽ‴֩ ĽMD 

McCammon et al. (1977)  

1977 Umbrella sampling  Torrie & Valleau (1977)  

1980ḙ − Ẫ╧ ƙƯŲƫƢƓƅų:źķ Ὼ

ĽᶀϋGGROMOS, AMBER, CHARMMH 

Van Gunsteren & Berendsen 

(1987) Weiner & Kollman 

(1981) Brooks et al. 

(1983) 

1980ḙ MD╧ ᴁẐѾ ( Delft MD processor)  Bakker (1988)  

1980

◗  

ʫ$ ͫŤƭŶƬżƢ 

 

Andersen (1980), 

Parrinello & Rahman 

(1980), Nos  (1984) 

 

6 QM/MMĽŗĕĺ 7ĹỖѕ֩ѕ ˞ĺ ēŜēŜĹ Ϲ ᴾ GĢĽῺḀ Ẫ Ϲ

ķᵍ ϹHš ĵľŐĵδ┘ĨŚ š ꞋῘĦĵ Multi - scale physics ķᵎŅ! 
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1983 DNAĽ‴֩ Ľ MD Levitt (1983)  

1984 MD/ỡ ŪƏƭŰ:╘ Ľ ƁƵƓűỷ-

ƬŮƵƋ╚ᴁŇĽ͒  

Tembe & McCammon (1984) 

1985 ˢᴾ MDGCPMDH Car & Parrinello (1985)  

1986 Ἶѻ Ĺ Explicit water ĽƁƵƓűỷĽ

MD 

Wong & McCammon (1986) 

1990

◗  

ὫԆפֿ ϋœ Particle Mesh Ewald Ĺĸ

Ķ ≥ š∆ϯĺᴁẐĦĮƁƵƓűỷ$

ϬẕĽ MD 

Saito (1992)  

Darden et al. (1993)  

1994 Ẫ MD GPIMDH Cao & Voth (1994)  

1990

 

Ôⅎ Ľ− Ẫ ῺĽϋ ( AMBER94, 

CHARMM22Ĺĸ)  

Cornell et al. (1995)  

MacKerell et al. (1998)  

1996 ₣ Ľ DNAĽ AźBᶣַא ˒Ľ MD Yang & Pettit (1996)  

Cheatham & Kollman (1996) 

1990

ᵭ  

ƠƭƃŭƐƍŭƭ  ƮƙƬŭᵺи Ĺ

ĸ ϩ ŤƵŷƵƘƭ Ľ MDŇĽ  

Nakajima et al. (1997)  

Sugita & Okamoto (1999)  

1999 − ẪĽ ab initio ☺ Ẫ  ᴁẐGFMO

H 

Kitaura et al. (1999)  

Nakano et al. (2000)  

2001 ͯϹ ͒ Ὼ ReaxFF Van Duin et al. (2001)  

2002 ₣¦  ꞈ ˒ĽŹơƧƮ:ŹƩƵ Matsumoto et al. (2002)  

2007 ѾσϹὌ Ὼ Behler & Parrinello 

(2007) 

2008 MD╧ ᴁẐѾ ANTON Shaw et al. (2008)  

2011 ₣ ĽƁƵƓűỷĽƗū:ƭƉťƵŲ MD

GANTONH 

L. - Larson et al. (2011)  

2015ḙ ŨťƭŻ ƒűƈƬŤṐ ỷĹĸ Ӎ

ẪḥṽשĽ MM- MD 

Ando et al. (2014)  

I sseki et al. (2016)  

2018 ѾσϹὌĺŗŚƁƵƓűỷĽᶣַא זּ

GAlphaFoldH 

Jumper et al. (2021)  

Abramson et al. (2024)  

 

− Ẫї ĽḾᾑĽ ĜķĦĵ 1960 ĺ − ẪĽ ῺĽ╣♩ĺđĮŚ 

Ѿ ẪשĽ ῺƓƫƣ:Ɓ:ěϋ ĤśĮ!Lifson ŘĽ Consistent Force Field 

GCFFHľ ĺ ĶđŚ!ōĮ ĢĽḙ ŪƏƭŰ:Ԇᾴͯœ MD ĽƓƅų:ź

ƙƯŲƫƢĽᴾיěṥŘśĵēĮ! 

 ĬśŘĽͮ ĺ Ĳĵ 1977 ĺⅎφᾑĽƁƵƓűỷĽ MDᴁẐěĹĤśĮŞĠĶ

đŚ!Ģśľ 58ŤơƐẕẙѯĽӊ  ƊƬƙŹƵⱢϓƁƵƓűỷGBovineשׂ
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pancreatic Trypsin i nhibitor, BPTI Hš‴֩ Ķ 8.8 ps ѕŹơƧƮ:ŹƩƵĦĮő

ĽĶ ᴁẐΉϹԃφĺŦƵƓűƊš ėĮĬĕĶđŚ!ĬśĚŘ ₲ ˀ ĺ 

GROMOS AMBER CHARMMĹĸ − ẪĽƤƉƬƵŲķŹơƧƮ:ŹƩƵĽĮŐĽ 

ſƗƊŨũŤƓƅų:źě ῺƓƫƣ:Ɓ:ķḀŞĪĵᶀϋĤś ᶓĞẠŞśŚŗĕ

ĺĹĲĮ!ĢśŘĽƓƅų:źĺŗř − ẪĽᴁẐě ҷĦĮ! 

 1980 ◗ ľ ʫœ ͫŤƭŶƬżƢ ĳōř ŤƵŷƵƘƭG ᴁὝḀHṥ

→ Ľѯ♦ě ĚśĮ!ĢśŘĽ ľ − ẪĺᵊŘĩ 7Ĺ ỷשĺ

; Ķ π Ĥśĳĳ Ḛ ĶőᶓĞẠŞśĵēŚ! 

 1980 ĽƁƵƓűỷĽMDľ ´ ƁƵƓűỷľ United atom model ĳōřₑ

1.2.1D Ľ♥ểͯƤƉƭĶʭē ≥ ꞈᵧṥ šŭƅƊŬƗĦĵᶺĕĽě įĲĮ!

уӨľ ‴֩Ě Я☺Ĺ נּ Ě đŚēľ ĺ Ĺ Ẫ

GExplicit water HĶ ĕĚįĠĶ ᵅĦĵēĮ!įě ĢĕēĲĮƤƉƭĽ

ěỗ ĺ ŚŎĺὶŚŗĕĺĹř 1990 ĺľ ☺ᴾẪƤƉƭGₑ 1.2 . 1CHš

Ῠĺ Ὼěˢ‫Ĥś ₣ő☺ᴾẪš ĺʭĲĮ Explicit water Ķ− Ẫ☺ š

ĕĢķěˢ ͯĦ ≥ ꞈᵧṥ Ľּ᷈יĶ᷈∙ ĹᴁẐ őỸ ͯĤśĮ!ї

Ħĵ 2002 ĺľ ₣Ľ ᴕĽMDő→ᶁĦĮ! 

 ˢ  Ɨū:ƭƉťƵŲšᾑŐķĨŚ − ẪĽ ỖѕƂŦƌơűŻľ ´Ľ

ŭƐƍŭƭŤƵŷƵƘƭĶ ĕĢķľщ ĶľĹē!DNAĽᶣַא ˒ĽŹơƧƮ:Ź

ƩƵľ 1990 ᵭ ĺ→ᶁĦĮě ƁƵƓűỷĶľ ᵊ Ĺ→ᶁ ĦĚĹĚĲĮ!

ĬĽ šḇ ĨŚĮŐĺ 2000 ◗ᵭĺ ƠƭƃŭƐƍŭƭŤƵŷƵƘƭœƮƙƬ

ŭᵺи ĹĸĽϩ ŤƵŷƵƘƭ ě MDĺ ĤśĮ!ĢśŘĺŗř ᾴĤĹƁƵƓ

űỷĽƗū:ƭƉťƵŲĹĸě ỗ ĺ; ĺĹĲĵēĲĮ!ϩ ŤƵŷƵƘƭ

ľ ῺƓƫƣ:Ɓ:ŽƅƊĽ ͻĺő ĶđŚ! 

 įě ´ĽŭƐƍŭƭŤƵŷƵƘƭĶő ỖѕĽᴁẐěĶĜśĿ Ɨū:ƭƉ

ťƵŲœ Ẫ ủšŹơƧƮ:ŹƩƵ; ĹľĩĶđŚ!Ĭśľ MD╧ ᴁẐѾ

ANTONĽ ῺĶỸᵅĦĮ!MDĽŤƭŶƬżƢĽ☺  ōĮľˢ š╧ Ƒ:ƋͯĦĵ

ĨŚ ķēĕŤŦƉŤľ 1980ͯיּ᷈ ḙĽ Delft MD processor ě įŜĕ!

ĬĽᵭ MD- GRAPEĹĸ ĤōĥōĹMD╧ ᴁẐѾěϋ ĤśĮě 2008 Ľ ANTON

ĽŦƵƓűƊľӪ įĲĮ!ĬśōĶľ ₣ ƁƵƓűỷĽ MDĽᴁẐỖѕľḾ᷈Ķő

₲ 100 ns įĲĮĽš ˢӐĺơƬ ˀῲĺōĶῲġĵĦōē ŭƐƍŭƭ MDĶ

ľ įķắŞśĵēĮƗū:ƭƉťƵŲĽŹơƧƮ:ŹƩƵĺ→ᶁĦĵĦōĲĮĽ

ĶđŚ!Ɨū:ƭƉťƵŲįĠĶĹĞ ƁƵƓűỷĽƬŮƵƋGѯỷHᴕḀĹĸĽ

ỖѕĚĚŚᵅῨĽδ┘ĺő→ᶁĦ S ĽŷŦżĽƁƵƓűỷĽ MM- MDľ ANTON

ķĚİḀĲĮŘ ęĦōēTķēĕ ӲĶđŚ!ĬĢĶ ANTONšẠėĹēᴮӃἐ

ľ FPMDœ QM/MM- MDĹĸ Ẫ  ᴁẐšѝŢį ĺדĲĮř đŚēľ MM- MDĽ

ῨšŨťƭŻĹĸ Ӎ ĺ˒ĦĮř ĽŷŦżĽש Ẫשš ῨĺĨŚķĜľ
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♥ểͯ MDœϩ ŤƵŷƵƘƭ ĶŷƵƙƬƵŲᶂ šῲġĮřĦĵ ᾐĦĵēŚ!

ANTONŹƩƅűķᵎŢĶőēē ԃφĽḽ ěҌĢĲĮŞĠĶđŚ! 

ķĢŜĶ ƁƵƓűỷĽֿפĞľ ẪĽѯỷšᴕḀĦĵ Ğ!ĬĽĮŐ ĺ 

ṕ╚ᴁœƁƵƓűỷᶏϹŇĽ͒ ĽĮŐ ƁƵƓűỷĺӪĞᴕḀĨŚѯỷĽ╚ᴁœ 

đŚēľ ĽѯỷšŗřӪĞᴕḀĨŚƁƵƓűỷĽ ˑ Ľ╚ᴁĺ MDěᶓĞ ē

ŘśĵēŚ!ĬĽŗĕĹᴁẐĽ♩╣ľ 1970 ᵭ ĺōĩ Monte Carlo GMC H

ĺ ỗēĶ MDĺő ĤśĮ Umbrella sampling œ 1980 Ŀĺ MDĺ Ĥ

śĮ ỡ ŪƏƭŰ:╘ ĶđŚ!ĢśŘĽ œ ỏ ľ π Ĥśĳĳ Ḛ

Ķő ṕ╚ᴁĽᵅῺĹĸĶᶓĞẠŞśĵēŚ! 

 ˀῲľᵍ ϹĺѯĴēĮᴁẐįě ˢ  Ẫ ϹĶ Ẫ  šᴁẐĦĵᶺĕ

FPMDő 1973 ĽͯϹ ͒ŹơƧƮ:ŹƩƵđĮřš ╕řĺ ĦĵēŚ! ĺ 

1985 Ľ Car- Parrinello MD (CPMD)ě Ĺ FPMD ĶđŚ!QM/MM ő 1976 ĺ

ᾑŐĵ ḉĤś QM/MM- MD Ĺĸ Ĥōĥōĺ Ħĵ Ḛ ĺỂŚ!ˢ  FPMDĽ

− ẪŇĽ ľōįᵊŘśĵēŚě 1999 ĺ Kitaura Řěϋ ĦĮ Fragment 

molecular orbital  ( FMO) ĺŗřƁƵƓűỷ+ ĹĸĽӍש₣ Ľש ˢᴾ Ẫ

  ᴁẐě; ĺĹĲĮ!FMOˀ ϑĺő ỏĽƗƫŲƣƵƊ ĺŗŚ Ӎ ĺש

ĦĮ ẪͯϹᴁẐἪ ěēĞĳĚϋ ĤśĵēŚ!ĢśŘĽ ẪͯϹἪ š MDĺ͒

ĨŚĢķĶ ₣ ƁƵƓűỷĽ FPMDő; ĺĹřĳĳđŚ! 

 ĤŘĺ ᴾẪϬōĶ Ẫ Ķʭĕ Ẫ MDĺľ 1994 Ľת ┤ Ẫ Ϲ

GPath Integral Molecular Dynamics  PIMDHĹĸ 7Ĺ ě ĤśĵēŚ!

− ẪќģķĽ ľōį Ħēě ḚᵭĽ ěѻ ĤśŚ!ḾőᴄēᴾẪϬĶ

đŚƙƯƊƵĽ˒ ľ − ͒Ľѯ♦įĚŘį! 

 FPMDľᴁẐѾỉᵃšֿפ ĺΉ ĨŚ!įĚŘ MM- MDĽᴁẐּי Ķ FPMDĽŗĕĺ

ͯϹ ͒šʭēĮē ķēĕѴ ľ ◦đŚ!ĬĽĮŐĺ ᵍ Ὼš ͯϹ ͒

ě; Ĺכĺϩ ĨŚ ķēĕỆŎěᵍĞĚŘĹĤśĵĜĮ!ĬĽŗĕĹͯϹ ͒

ῺĽ ķĦĵ ReaxFFšӐġĵęĞ!ĢĽ Ὼľ 2001 ĺ Ĥś ĬĽᵭ π

šὫļĳĳ ṗ Ľש ͒ŹơƧƮ:ŹƩƵĶᶓĞẠŞśĵēŚ! 

 Ḿᵭĺ ѾσϹὌGMachine Learning MLH ŗřᶓĞľ⁵ᶏ GArtificial 

I ntelligence, AI HķMDĽᴕḀĺĳēĵő‖śĵęĞ!21ⅎ҇ĺ Ĳĵ ƍƧ:ƫ

ƭƏƅƊGNeural network Hš ⱲͯĦĮ‰ⱲϹὌGDeep learningHĽὶᵅĺŗפֿ

ř AI ľ ĺ᷈↑ ĺĹř ἎγĽđİĢİĶ῾ ϸ šҌĢĦĵēŚ!Ĭśĺ

ē MD ķĞĺ FPMDķ AI š♯ŎḀŞĪŚķēĕỆŎě ĺӐġĮ Behler & 

Parrinello  ( 2007) ĹĸšầŐķĦĵ ₲ֿפĞĹĤśĵēŚ!ōĮ 2018 Ľ

AlphaFold Ľὶᵅľ ‰ⱲϹὌšẠĲĵƁƵƓűỷĽᶣַא ∙Ľזּ šϸ ĺᶆῲ

ĤĪĮ!2020 Ľ AlphaFold2 Ķľ ḾὊ ĺľ AMBER Ὼš ēĮŪƏƭŰ:Ԇᾴ

ͯᴁẐĶᶣַאš∙ ͯĦĵēŚ!MDķ AI Ľ Ḁľ MDĽ Ľ Ķľ 2020
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ĽᵅṖ ḾőƝƅƊĹƈ:ƠķᵎŢĶ ē!Alphafold2 Ķľ Ẫ Ḁ Ľᶣַאľʭ

ėĹĚĲĮě ĬĽ⅝ᵊľ 2024 Ľ Alphafold3 Ķḇ Ĥś ḚľƁƵƓűỷ$Ϭ

ẕ$ ẪĹĸĽ Ḁ Ľᶣַאő ᷈∙ Ķ  !ĶĜŚזּ

 ˀῲ − Ẫš •ĺ MDķї ҘίĽ ảš֢ĠּטĶ῝βĦĮ!ĤŘĺ ╙Ś

ķ ĢŢĹеħįŜĕ% 

SMD Ľѯ ĹἪ ľ 20ⅎ҇ ĺŊŋὶּצē ĬśŘšѯĺ ᴁẐѾĽ⁮ ĺ͒

ħĵ 21ⅎ҇ĺ ĺ͒ ěᶓōř 2020 ĽᵅṖľ MDķ AI Ľ Ḁě Ĥ

śĵēŚT 

 

1.4. ᶍᶷḳ᷉ḲḂḨ 

 

 ĢĢĶľ ᵍ MDGMM- MDHĽŤƭŶƬżƢĽϖ š╝ ĨŚGₑ 1H!ĢĽŤƭŶ

ƬżƢľ ṽ ĺľ ỷĽἯ ĺ

ľ˃ŘĹē!ấϲĶỞĦĮᴁẐѾĺ 

(A)ᾑѻᶣַאG ẪĽᶣ→ᴾẪĽḹ

HšṥĲĵ Ħ ( B)ᵌ7ĽᴾẪ

Ľּי š −Ħ ( C) ĦĵęēĮ

Ὼ ₲ķḹ š ēĵᴾẪĺϾĚŚ

šᴁẐĦ ( D)ỖѕḈŎGtime 

stepHhᵭĽḹ ķּי šҾŐ ( E)

ĺ͒ħĵͫ œʫ š⅝ᵮĨŚ!

(B) - ( E)ĽŻƈƅƙš╚ ĦĮε₲į

Ġֽř Ĩķ ᶣ→ᴾẪĽḹ ķּי

 ōĮĬśŘĽї₲ĽŪƏƭŰ:Ĺ

ĸĽỖḈ Ľ ě ŘśŚ!ĢĽ ϧ

ᴾẪĽẅỗᴽḹ ķּי ĽỖ7Ḉ7Ľ

Ɖ:ƁšƊƫźũűƊƬ:Gtrajectory  ҍ╒7HķᵎŅ!( F)Ķľ ƊƫźũűƊƬ

:šΪתᾐ $ ᴁᾐ Ħĵ ĬĽ ỷĽᶣַאœ ↑Ĺĸĺĳēĵδ┘šᶺĕ! 

 ₑ 1ĺỞĦĮMDĽἪּנĜš ĬĽōō ҙỏŵ:Ƌĺ ĦĵŎĮ!ĢĽŵ:Ƌ 1

ľ MDƙƯŲƫƢĽѯ ḕϫšỞĦĵēŚ!ĳōř ᾑѻḹ š Ħĵ ּי š

−ĤĪ Ỗѕ┤ ƭ:ƙšğŚğŚεĦĵ ḹ r ķּי vĽỖ7Ḉ7Ľ ͯšὶ

ĨŚŞĠĶđŚ!Ĺę ( E)Ľͫ ʫ ⅝ᵮľῒ ĦĮ!ōĮ ( F)Ľδ┘ľ ὶ Ĥ

 

7 ƊƫźũűƊƬ:ľ ̓ ĨŚỷ ě ᾑ ϹĶľḹ ֩ѕĶ δ┘ ϹĶľ˂ꞈ֩ѕ

Gḹ ķ̓ HĶ Ğ šᵈĕ!įě MDԃφĶľ MDĽˢỖὶ Ľḹ ķּי ĽỖ7

Ḉ7ĽƉ:ƁŽƅƊšōķŐĵ ƊƫźũűƊƬ:ķᵎŅ! 

1.4. 1 ᶍ  
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śĮ r œ vš ĽƙƯŲƫƢĶᵭᾐ ĨŚṥԃĶđŚĮŐ ĢĽҜỏŵ:Ƌ 1ĺľѝ

ōśĵēĹē! 3Ῑˀ᷅ľ ₑ 1ĺỞĦĮ MDĽᴁẐΣ ĬśĭśĽᴾ ķ ĺ

ĳēĵ ῧĦĞ╝ ĨŚ! 

 ŵ:Ƌ 1Ķ calfor ķēĕŷƘƭ:ƃƵšᵎŢĶēŚě ᾙš ħĶ calfor ľ

S ķƟƈƵŹƥƭŪƏƭŰ:šᴁẐĨŚTŷƘƭ:ƃƵšẰĨĢķĺĨŚ! 

 ᾙĶľ ᴾּבķĦĵ שĽᴾẪ₲š N ᵌ7ĽᴾẪþĽḹ יּ   ̓  ỷ

ľ r i  vi  pi  mi Ķ ĨĢķĺĨŚ!ōĮ ỖḈľ t ỖѕḈŎ ľ hķ ҊĨ

Ś8!įě ϑőֿפē! ŘŞĦēῺḀľ ĬĽ  Ҟš ėŚĢķĺĨŚ! 

 

ŵ:Ƌ 1.4.1: ԆŐĵщ Ĺ MDƙƯŲƫƢ 

CALL calR(r )  !  ᴾẪĽᾑѻḹ r š Ŏḗŏ 

CALL genV(v)  !  ᴾẪĽᾑѻּי vš −ĨŚ 

t = 0  !  ỖḈ t Ľᾑѻͯ 

DO istep = 1, nstep  !  Ỗѕ┤ ƭ:ƙGŬŦƫ:  3ῙẇῐH 

CALL calfor ( r , f )  !  ḹ r ĺ ĨŚ f šᴁẐĨŚ 

 t = t  + h  !  ỖḈĽᶟ‫ 

 r  = r + v*h  !  ḹ Ľᶟ‫ 

 v = v + f /m*h  ! יּ  Ľᶟ‫ 

 CALL writeRV(r,v )  !  ḹ ķּי šὶ ĨŚ 

END DO 

 

1 ᶍᶝᶇ  f

 

 MD ľ ᵍ ϹĚ Ẫ Ϲ đŚēľĬĽ ĺѯĴēĵ ẪĽỖѕ šᴁ

ẐѾĶ₲ ĺŹơƧƮ:ŹƩƵšᶺĕ ĶđŚ!1950 ĺϋ Ĥś ĬĽᵭ 

Ĥōĥōĺ Ħĵ Ḛ ĺēĮĲĵēŚ!MD Ľ ľĤōĥōįě ė

Ŀ Ạĕ ẪƤƉƭķ ϹĺŗĲĵ ĤśŚĢķěֿפē!MD ľ ᾑѻᶣַא  

ĽᴁẐ Ỗѕ┤  ƊƫźũűƊƬ:Ľδ┘ ĚŘĹŚ!ỗῙˀ᷅ľ MD ěѯĴ

Ğ Ϲœ ŤƭŶƬżƢĽ ♬ҘίĽ╝ šᶺĕĢķĺĨŚ! 

  

1 ᶍ  

 

Abramson, J., Adler, J., Dunger, J. A, Jaderberg,  M.,  Hassabis, D., Jumper. 

 

8 ỖѕḈŎľƼt Ķ ĨĢķőֿפēĽįě 2 ỒĶ ēĽĶ ᾙĶľ ᴾּב hķ ҊĨ

Ś!ƙƫƵű ₲ hķḥ ĦĹēŗĕĺ! 
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2  ᶍᵾᶠᶍ ᶍ  

 

 ᵍ Ẫ ϹĶľ Nֿפ š ᵍש

ϹG^ƍƧ:ƊƵ Ϲ ƑơƭƊƵ ϹHĺ

ѯĴĜ̓ ỦšδēĵŹơƧƮ:ŹƩƵ

ĨŚ!ĬĢĶ Nֿפ Ľᵍש ϹĽĤŞř

įĠōķŐĵęĞ!ᴿ Ĺҡ ĶľĹēĦ 

ͮř ĺỦš ĦĮķĢŜőֿפē!Ĺ

ę ḾᵭĺᾶĦįĠ ƑơƭƊƵ ϹĽ š

ľŎὶŚ ƑơƭƊƵ Ϲš῝βĨŚ! 

 Ῑľ ęőĺ (1991) Goldstein et al. ( 2002) Tuckerman (2010) ᾴὶ

G2017HĽӰΉᾙšẇᶳĺṥ→ĦĮ! 
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2.1. N  

 

 ōĩ MDᴁẐĽ ῨķĹŚ N -GNש body systemHš ҞĦĵęĞ!N  ľש
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i =1,.., NĽ֜ ĶĜŚỷ ĽὝōřĶđŚ(ₑ 1) 1!N

פֿ ķᵎŅĢķőđŚ!ᵌ7Ľỷש i ĺїĨŚ

ľ ỷ mi 3ỗᴽḹ r i ּי vi ̓ pi ķҊ

ὸĨŚ!Ỗѕľ t ķ ҊĨŚ!vi pi ľỗĽỦĶ ҞĨ

Ś! 

 Ἶḳ
Ἲ

  ( 2. 1.1 )  

 ἸḳάἾ ( 2.1. 2)   

ōĮ N Ľ☺ỷש mGľˀͮĶ ҞĨŚ! 

 ά ḳВ ά  (2.1.3)   

 ĢśŘšẠĲĵ שĽὫ•Ľḹ r G ּי vG ̓

pGš ҞĨŚ! 

 Ἲḳ В ά Ἲ  (2.1.4)  

 Ἶ ḳ В άἾ (2.1.5)  

 Ἰ ḳά Ἶ  (2.1.6)  

 ˀ᷅Ķľ ĢĢĶ ҞĦĮשĽᵍ Ϲ ʭēšὸňŚ! 

 

2.2. ḓḭᴻḐḻᶍ ᶇ ᶌ ᶮᵺᶍ  

 

 ōĩľ ęĹħŎĽ ƍƧ:ƊƵGNewtonHĽẅ ķὫļḀŞĪĽᴾבּ š ὌĦ

ĵęĞ! 

  

[ 1] 1 ж↑Ľ) בּ  Hבּ

 ϑ šἵĠĹēỷ ľ יּ ▬̓ šᶺĕ! 

 ĢĽ ľ ₲Ϲבּ ĺľ 2 ĺѝבּ ĤśĵĦōĕě ŏĦŜ ж↑ḹ קĽּש

Ṗšἧ ĦĵēŚķδἡĨŚĽě ē!ĳōřSϑ ěĹēķ ě יּ ▬̓

ĨŚŗĕĹḹ ěđřōĨ!Ķ ĬĽḹש šש ĺ š ϋĦōĨTķēĕ╦

ᵈĶđŚķδĨňĜ! 

 

1 ᴁ ϹĶ ´ʭĕĽľ ֜ ĶĜĹē Ἧ ẪĽὝḀĶđŚ!įě MDᴁẐĶľ ᴾẪĺ

ĨňĵŦƵƉƅűŻě‪Ĳĵđř ֜ ěĳĞ! ėĿ ƁƵƓűỷĹĸĽᶣ→ᴾẪľ S͵

ĽŤơƐẕĽּאḶĽẕ♬ĺĞĲĳēĮ₣♬ᴾẪTķēĕŗĕĺĦĲĚř֜ ĤśĵēŚ!

ῨķĨŚᴾẪœ Ẫő ἯĶđŚ!ķēĕŞĠĶ ĢĢĶľ Ἠřđėĩ ֜ ĶĜŚỷ

ĽὝḀĺĳēĵ ҡ ĨŚĢķĺĨŚ! 

2.1. 1 ᴳ ᵿ

ᵪᶨᴲ ᵬᵴᶎᶉᵣᴳ

ᵿᵫᴲ ᶆᵬᶪ ᶍ

ᴲᶇᵣᵥᵲᶇᶱ ᵸᵾ

ᶠᴲ ᵬᵴᶱ ᵧᶅ ᴳ

ᵶᵾ  G
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[ 2] 2 ̓) בּ ỦH 

 ỷ mĽỷ Ľḹ r ĽỖѕ ͯľ ỷ ĺ Ğ f š ēĵ ỗĽ ỖѕĺїĨ

ŚÔόĽ ỦĶҊὸĤśŚ! 

ά
Ἲ
Ἦ   (2.2.1)  

ĢĽכĽ̓ ỦšƍƧ:ƊƵכỦķᵎŅ! 

 ˺ Ľ f ě 0ĹŘĿ  

 ά
Ἲ
π  

ĳōř  

ά
Ἶ
π   ( 2.2.2 )  

ķĹĲĵ f ěϾŘĹēῺḀľ ỷ ľ ̓יּ Gּי věỖѕ ͯĦĹēHšּנ

ĠŚĢķĺĹŚ!╣ĺ 2 ľ ₲Ϲבּ ĺľ 1 šבּ ѝĨŚ ķὸňĮᾒˀ

ĶđŚ! 

 

[ 3] 3 ṥ) בּ ṥ Ľ  Hבּ

 ỷ j ě Ľỷ i ĺ Ħ f ij šҷŋĨķĜ ỷ i ěÿĺ

ҷŋĨ f ji ĽѕĺľỦ( 3)Ľїגě→ř ĳ!ĳōř ĜĤě

ħĶᶆĜě ĺĹŚ!ĢśšSṥ ṥ Ľἥ Tķᵎבּ

Ņ! 

 Ἦ Ἦ  (2.2.3)   

 ĤŘĺ ´ľ ě ỷ ij Ľꞈ ˂ ňűƊƭ r ij =r i - r j

ĺ ᶺĶđŚ!ĳōř aij š aij = aji š ĮĨŻŭƫ:ķĨŚ

ķ Ủ( 4)Ľїגě→ř ĳ!ĢĽїגšSṥ ṥ ĽӪ

)TķᵎŅ!Ủבּ 3)ķ( 4)šᴳ ňśĿỡ Ľŗĕĺ Ӫ ľἥבּ

 !šѝŏבּ

 Ἦ Ἦ ὥἺ  ( 2.2.4)  

 ŞśŞśěᵍ MDĽ ῨķĨŚשĶľ ´ Ӫ ě→řבּ

ĳķắĲĵŗē!Ĺę Ӫ ě→řבּ ĮĹēῺḀĽҡ ľ 2A1š ŢĶ

Ħē! 

 

 ƍƧ:ƊƵĽẅ ĺľבּ ĲĵēĹēě ỗĽᴾ őὫ ĶđŚ! 

 

 

 

2.2. 1 

ᶍ  
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[ 4] ĽὫļḀŞĪĽᴾ  

 ỷ ĺ ĳˀῲĽ f a,  f b, f c,... ě ĞķĜ ỷ ľĬĽ ě ēĮķĜķ ĺ

‪ ĕ!ĳōř ỷ ĺ Ğ f ľ ˀͮĶđŚ! 

 Ἦ Ἦ Ἦ Ἦ ȢȢȢ ( 2.2.5 )  

 ĢĽᴾ šẠėĿ đŚỷ ĺϾŚ ľ 

7Ĺ ĽƛűƊƭšּטĦḀŞĪĿᴁẐĶĜŚ

ĢķĺĹŚ!ỸṔ MDĶľĢĽᴾ Ķ šᴁẐ

ĦĵēŚ! 

 

 ˀῲĽѯ ᴾ šẠėĿ ỗ╜Ķ῝βĨŚŗĕ

ĺ ּבּקš ĞĢķěĶĜŚ! ľ MDĽƙƯŲƫƢϋבּקּ ĽƉƒƅŲĽẰ Ķ

đŚ! 

 

2. 3.  

 

 ◗╜Ķ῝βĦĮ Ľ šẠėĿ ϑבּ ěϾŘĹēỷ ĶĽ̓ש ϲ̓ בּקּ

ͽėĵ בּקּ ě קּ ĽῺḀĽŪƏƭŰ: Ľ ẅĳĽבּקּ šבּקּ ĞĢ

ķěĶĜŚ!ˢ ĺ ּבּקķľ đŚ AĽỖѕ t ĺŗŚ ͯěĹēĢķš

ᵈĕ!AľŻŭƫ:ĶőƛűƊƭĶőᶣŞĹē!₲Ϲ ĺľ ˀͮĽכĺᾙĠŚ! 

 
π  (2 .3.1 ) 

 

ŗĲĵ Üě ĨŚĚĸĕĚľ ỖѕĉĶקּ ĦĵÒĺĹŚĚĸĕĚϯĚŐ

śĿŗē! 

 

[ 1] ̓  בּקּ

̓☺Ľש  pľ ϑ ěϾŘĹēῺḀľ ĨŚ!pľ ᵌ7Ľỷקּ Ľ pi  

( 2.1. 2)  ĽḀᴁĶ ҞĨŚě Ģśľ ˀͮĶỞĨŗĕĺ Ὣ•Ľ̓ pG ( 2.1. 6)

ķ ħĶđŚ!GỦ( 2.1. 5),( 2.1. 6)šẠĲĵ  !Hכ

 ἸḳВ Ἰ В άἾ ά В άἾ ά Ἶ ḳἸ  

 ķřđėĩ Ủ ( 2. 1.1 )Ľ̓ Ủš N Ľש Ủĺϩ Ħ Ὣ•̓ Ľ

ỦšṥŚ! 

 ά Ἲ Ἦ 

  ...  

2.2. 2  ᶌ ᶮᵺᶍ  
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 ά Ἲ Ἦ
 

  ...  

 
ά Ἲ Ἦ

    
( 2.3.2 )  

 Ĥĵ ( 2)ỦĽ˺ Ľ š GN Ľש ĚŘĽ Hf i
inķ ϑ GĬśˀϑ

Ľ Hf i
exķĺ δĨŚ! 

 Ἦ Ἦ Ἦ     ( 2.3.3 )  

ě 2 įĠįķĨśĿ  

 Ἦ В Ἦ Ἦ    ( 2.3.4)  

ĬĦĵ ( 2)Ľḯ LHSķ˺ RHSšĬśĭśּטĦḀŞĪŚķ  

 ὒὌὛВ ά Ἲ В ά► ά Ἲ ά
Ἲ
  ḉςȢρȢσ ςȢρȢτ

 

 ὙὌὛВ Ἦ Ἦ В В Ἦ В Ἦ   ḉςȢσȢτ
 

ĢĢĶ ˺ Ľ Ὣ ľ ĨňĵĽ ij Ľ♯šּטĦḀŞĪŚŞĠįĚŘ ṥ ṥ Ľ

ἥ )בּ 2.2.3 )ĺŗř 0ĺĹŚĽĶ ϑ įĠěẙŚ!ŗĲĵ Ὣ•Ľ̓ Ủľ

ˀͮĽ ř! 

 
ά

Ἲ
В Ἦ

  ( 2.3.5 )  

Ģśľ Ủ( 2.1. 5)( 2.1. 6)šẠĲĵ ỗĽŗĕĺᾙēĵőŗē! 

 
Ἰ

В Ἦ
   ( 2.3.5 )D 

 ˀͮ ϑ ěĹēᵑ ) šᶳėŚ!ĳōřש 5)DĽ˺ ě 0ĽῺḀĶđŚ!ĢĽỖ 

 
Ἰ

π
    

( 2.3.6 )  

ĶđŚ!ĳōř Ὣ•Ľ̓ pGě ĨŚ!Ģśě̓קּ ĶđŚ!Ĺę Ģבּקּ

ĢĶľ ě 2 Ľ ĶᾙĠŚῺḀĽŎĺĳēĵῥ ĦĮě ̓ ľבּקּ 3

 4 ĽῺḀĶő→ř ĳ!ĳōř įĠěṥ Ħĵēĵ ϑ ěϾŘĹ

ēשĶľˢ ĺ→ř ĳ! 

 NVE- MDG ŪƏƭŰ:MD 10ῙẇῐHĶľϑ ěϾŘĹēשšʭĕĽĶ Ὣ•ּי

ľ ͯĦĹēľĩ!ŗĲĵ MDƙƯŲƫƢĽƉƒƅűĶľ Ὣ•ּי ě ĨŚĚקּ

ĸĕĚš ňŚ2!̓ ľ ᵑ Өφ ᴙįĠĶĹĞ ἾѻӨφ ᴙĶő  !ĨŚקּ

 

 

2 Ὣ•ּי Ľ ľ ƉƒƅŲỖĺƃũƅűĨŚě ỸṔĽקּ MDᴁẐĶľ Żƈƅƙ ĺӪ⅝

ĺὫ•ּי šÒĺĦĵĦōĕĢķěֿפē!ῧṐľ 8Ῑẇῐ! 
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[ 2] ϲ̓  בּקּ

 ֩ѕĽđŚᵏ ĤśĮᴾ OĽἾřĽ ỷ i Ľϲ̓ Li š ˀͮĽỦĶ ҞĨ

Ś!ĮįĦ \ľϑ┤GƛűƊƭ┤H! 

 Ἐ Ἲ Ἰ     ( 2.3.7 )  

ĢĽשĽ☺ϲ̓ Lľ Li Ľ ķĦĵ ỗỦĶ ҞĤśŚ! 

 Ἐ В Ἲ Ἰ В άἺ Ἶ
   ( 2.3.8 )  

( 8)ĽỖѕ šҾŐŚ! 

 
Ἐ

В Ἲ Ἰ В ά
Ἲ
Ἶ В άἺ

Ἶ

 

˺ 1᷆ľ dr i/ dt =vi ĹĽĶ ᶺĹƛűƊƭ ẦĽϑ┤ķĹĲĵ 0!ĤŘĺ ̓

Ủ(2.1.1) š ĦĮđķ ϑ ķ ĺ ĠŚķ  

Ἐ
В Ἲ Ἦ В Ἲ Ἦ В Ἦ    ḉςȢσȢτ

  
В Ἲ Ἦ В ► В Ἦ    (2.3.9)

  ˀͮ ϑ ě☺ĞϾĲĵēĹēשĶĽϲ̓ šῥבּקּ ĨŚ!ĢĽῺḀ Ĩň

ĵĽ i ĺĳēĵ f i
ex=0 ě→ř ĳĚŘ Ó᷆ľΉėĵ  

 
Ἐ
В Ἲ В Ἦ В В Ἲ Ἦ  

ĺĹŚ!ĢĢĶ ṥ ṥ ĽӪ )בּ 2.2.4 )šẠĕķ  

 
Ἐ
В В Ἲ ὥἺ

 
ķĹŚě őİŜŢ aij =aji ĶđŚ!ĤŘĺ Ħ rכ i  x r i  = 0 šẠĕķ  

 

Ἐ
В В ὥἺ Ἲ Ἲ В В ὥἺ Ἲ 

ĢĽ Ὣ ľ i , j ĽĨňĵĽ♯ĺĳēĵĽ ĶđŚĽĶ  

 ὥἺ Ἲ ὥἺ Ἲ 

š ĮĨ᷆ěˢ♯ĴĳּקṖĦĵ ᵧēĺ İΉĦđĕ!ŗĲĵ Ὣ ľ 0ĺĹŚ!

ĳōř  

 
Ἐ
π     ( 2.3.10)  

 ōķŐŚķ ϑ ěϾŘĩ ṥ ṥ ĽӪ ě→řבּ ĳשĶľ ϲ̓ קּ

→ěבּ ĨŚGἥ ĦĚ→řבּ ĮĹēῺḀľ → ¦Ῑ Ľ 2A2ẇῐH!Ĺ

ę NVE- MDĶľ ϲ̓ ľ ᵑבּקּ ( Ἶѻ)Өφ ᴙĶľ→ř ĳě ἾѻӨ

φ ᴙĶľ→ř ĮĹēG 6ῙĽ 6A2šẇῐH! 
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[ 3] ŪƏƭŰ:  בּקּ

 ŪƏƭŰ: ľ ϹĽđŘŕŚԄבּקּ ĺᵅśŚὫ Ĺ -įě NVEבּ MDĽῺ

Ḁľ S Ϲ ŪƏƭŰ: Tě→řבּקּ ĳĢķĺĹŚ!ĳōř ϑ ěϾŘĹē

ᵑ ̓ Ķľש ŪƏƭŰ:KķƟƈƵŹƥƭŪƏƭŰ:UĽḀᴁĽ Ϲ ŪƏƭŰ:

Eě  !ĨŚקּ

 ̓ ŪƏƭŰ:Kľ ˀͮĽŗĕĺ ҞĨŚ!Kľ ḹ r ĺ ĺ˃ּקĦĹē ּי

vi  (đŚēľ̓ pi i =1,.., N)Ľї₲ĶđŚ! 

 ὑḳВ В   ( 2.3.10 )  

ˢ  ƟƈƵŹƥƭŪƏƭŰ:Uľ ľ f Ľ▬┤ ěת ĺ˃ּקĦĹēĢķ

Ľ₲Ϲ ≠ķĦĵ ҞĨŚ!ě ĹĽĶ ĢĢĶľ ͮř ĺƟƈƵŹƥƭ

U( r 1,.., r N)š ėĵ ĬĽḹ ķĦĵ קּ f š ҞĨŚĢķĺĨŚ! 

 Ἦḳ Ὗ
Ἲ

ȟ ȟ   ( 2.3.11 )  

MDĶẠĕ ľ ´ľ Ủ( 11)ĽכĽ קּ ĶđŚ!Ĺę ͫ MDĹĸĶ ṹ ĺ

ỏĮ ּי Ľקּ˃ šẠĕῺḀěđŚě ĬĽῺḀľ ◦ ☺ Ϲ ŪƏƭŰ:E

ľ ĦĹēGĮįĦ ĽʹⱵקּ Ĺ ŪƏƭŰ:šổĳŤƭŶƬżƢőđŚ ῧקּ

ĦĞľ 10ῙH! 

 Ĥĵ ☺ŪƏƭŰ:Eľ 

 Ὁ ὑ Ὗ  ( 2.3.12 )  

Ķ ҞĨŚŞĠįě Eě ĨŚĢķšỖѕקּ t Ķ ĦĵϯĚŐĵęĞ!̓ ŪƏ

ƭŰ:KšỖѕĶ ĨśĿ  

 В В ἾɆά
○
В ἾɆἮ    ḉςȢςȢρ  

ˢ  ƟƈƵŹƥƭ UšỖѕ ĨŚķ 

 В
►
Ɇ
►

В ἮɆἾ    ḉρρȟςȢρȢρ  

šּטĦḀŞĪśĿ  

 π   ( 2.3.13 )  

ķĹĲĵ Ϲ ŪƏƭŰ: ěῥבּקּ ĤśĮ!ĢĽїגľ NVE- MDĶľ ᵑ Ө

φ ᴙľőİŜŢ ἾѻӨφ ᴙĶő→ ĨŚ!ŗĲĵ MDƙƯŲƫƢĽƉƒƅŲœ

∙ ᴩῥĽѯ ĺĹŚ!  

 ˀῲ ϑ ěϾŘĹēᵑ ̓ ĺęĠŚש ϲ̓ בּקּ ŪƏƭŰ בּקּ

: Ľẅĳš῝βĦĮ!Ĺę Ə:Ɓ:Ľבּקּ ĺŗŚķ שĺˢĳ Ῐ↑ěđś

ĿĬśĺ ͒ĨŚ קּ ěˢĳּקṖĨŚ (Noether, 1915 H!̓ ľS֩ѕĽ ⁮
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Ῐ↑T ϲ̓ ľS֩ѕĽε Ῐ↑T ŪƏƭŰ:ľSỖѕ Ῐ↑Tĺ ͒

ĨŚ קּ ĶđŚ!
 

 

2.4. ◖ ᶍ  

 

 2.1 ╜ĽὊřĶ שĽὫ•ĺїĨŚ šēĞĳĚ ҞĦĮ! 

 ά ḳВ ά   (ḽ 2.1.3)   

 Ἲḳ В ά Ἲ  (ḽ 2.1.4)  

 Ἶ ḳ В άἾ (ḽ 2.1.5)  

 Ἰ ḳά Ἶ  (ḽ 2.1.6H 

ĢśŘšẠĲĵ ֿפ Ľ̓ש šὫ•̓ ķὫ•εřĽ̓

ĺ ĨŚ! 8ῙĶῧĦĞ╝ ĨŚě MDĶľ ´ 

Ὣ•̓ šÒĺĨŚ ĳōř pG=0GvG=0Ķő ħHĺĦĵ

ᴁẐĨŚĢķěֿפē!ĬĽᾈ ĶđŚ! 

 ḚōĶʭĲĵĜĮé Ľש↑ľ ˋĽжש ˋĽᵏ Ošᴾ ĺἨĲĮḹ Ķ

ҊὸĦĵĜĮGₑ 1)!Ģśš Ὣ•ḹ r GĚŘĽꞈ ḹ ĺ иĦ ĬĢĶ ̓

œŪƏƭŰ:ěĸĕĹŚĚ ňŚ!ōĩ ◗╜Ľҡ Ľŗĕĺ ỷ i ĺϾĚŚ f i

š ỷ ѕꞈᵧṥ ķϑ ĺ ĠŚķGf i = f i  
in + f i  

extH Ὣ•ĺϾĚŚ ľϑ Ľ

Ķ ĤśŚĽĶ  

 
ἮḳВ Ἦ░    (2.4.1)  

Ὣ•Ľ̓ Ủľ (2.3.5) Ľ Ľ ҊįĠ ėĵ  

 
ά

Ἲ
Ἦ

  
( 2.4.2 )  

ķᾙĠŚ!ỗĺ ỷ i ĽὫ•ĚŘĽꞈ ḹ GₑÓĽ r ' iHš 

 
ἺḳἺ Ἲ  ( 2.4.3)  

ķ ҞĨŚ!ĬĽꞈ יּ ķ̓ š Ĭśĭś 

 Ἶḳ
Ἲ

 

 ἸḳάἾ  (2.4.4)  

ķ ҞĨśĿ щ ĹᴁẐĚŘ  

 Ἶ Ἶ Ἶ  ( 2.4.5)
 

 
Ἰ Ἰ Ἰ   (2.4.6)  

 π В Ἰ  (2.4.7)  

2. 4 . 1 
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ě ĠŚ!Ὣ•שĶĽỷ i Ľ̓ Ủľ  

 
ἮḳἮ Ἦ  (2.4.8)  

ķ ҞĨśĿ  

 ά
Ἲ
Ἦ

  
( 2.4.9 )  

ķᾙĠŚ!ĤŘĺ ̓ ŪƏƭŰ:K (2.3.10) ľ  

 
ὑ В

 
(2.4.10)  

ĺĹŚĢķő щ ĹᴁẐĶ ĠŚ!ĳōř ̓ ŪƏƭŰ:ľ Ὣ•שĶ̓ ķὫ

•̓ ĺŗŚőĽĽ ĳĺ ĶĜŚ! 

 ◗ὸĽŗĕĺ MDĶľὫ•̓ šặŐŚ ĳōř pG=0ķēĕ ᴙĶᴁẐĨŚĢķě

ēĽĶ ĬĽķĜľ̓פֿ ŪƏƭŰ:ľỦ( 4)˺ Ľ 1᷆ ĳōřὫ•שĶĽּי ĺ

ŗŚőĽįĠšᴁẐĨŚĢķĺĹŚ!ōĮ ĬĽỖľ Ủ( 8)ľ f i '= f i ĺĹŚ! 

 Ĺę Ὣ•̓ š ĨŚ и ķĦĵ ĺƦŵƕ иķēĕ ěđř Ģ

śľ 10ῙĶĽŤƵŷƵƘƭĽҡ ĽķĜĺẠŞśŚ!ῧṐľ 10A1šẇῐĽ

Ģķ! 

 

2.5 . ḗḧḳḐḻ  

 

 ĢĢĶľ 2.2 ╜Ķ ĦĮƍƧ:ƊƵכỦĽ̓ ỦšƑơƭƊƵGHamiltonH

ỦĺᾙĜכ Ħ ᵍ ϹשĽὫ Ĺ↑ỷĶđŚ Ỗѕ Ῐ↑ķŹƵƙƮűƈť

ƅű↑š῝βĨŚ! ´ľ ƍƧ:ƊƵכỦ ¦ ˢ ͯḹ Ľ  ¦ ƫŲƫƵ

źũכỦ ¦ ƑơƭƊƵכỦ ĽᾏĶ š⁮ŐĵēĞĽįě ĢĢĶľắēĲĜř

ҡ š ╙ř ͮřỦĺƑơƭƊƵכỦš ĨŚĢķĺĨŚ! 

 

[ 1] ƑơƭƊƍŤƵķ∆ᾈ Ủ 

 ƑơƭƊƍŤƵGHamiltonian  ˀͮ HHķľ ĨŚĺשĽ☺ŪƏƭŰ:E 

(2.3.12) š ˢ ͯḹ r 1,.., ˢ ͯ̓ p1,.. Ľї₲ķĦĵ ᵅĦĮőĽĶđŚ
3!ĢĢĶ 2.1 ╜Ķ ҞĦĮ N ĺĳēĵ x,y,zש → šĿŘĦĵ ᷿šĳĠĹ

ęĦĵęĞ! 

 
σὔᴼὲ

 

 

3ˢ ͯḹ ľ r ĶľĹĞ qķ ҊĨŚĽě !įě MDĶľ ´ ẅỗᴽ ᵺḹ GƉ

ŭƭƊḹ Hr šʭĕĽĶ ᾙĶľ ˢ ͯḹ ő r ķҊὸĨŚĢķĺĨŚ!ĬĦĵ qľḹ

ĶľĹĞ Κš ҊĨŚĽĺẠĕ! 
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ὼȟώȟᾀȟȢȢȢȟὼȟώȟᾀ  O   ὶȟὶȟὶȟȢȢȢȟὶ ȟὶ ȟὶ 

 
ὴ ȟὴ ȟὴ ȟȢȢȢȟὴ ȟὴ ȟὴ   O   ὴȟὴȟὴȟȢȢȢȟὴ ȟὴ ȟὴ 

 
άȟάȟάȟȢȢȢȟά ȟά ȟά   O   άȟά ȟά ȟȢȢȢȟά ȟά ȟά  

ĨŚķ HľỗĽכĺᾙĠŚ!  

 
ὌὶȟȢȢȢȟὶȟὴȟȢȢȢȟὴ В ὟὶȟȢȢȢȟὶ

 
( 2.5.1 )  

 ĢĽƑơƭƊƍŤƵ Hš ēĵ ƍƧ:ƊƵĽ̓ Ủ( 2. 1)šᾙĜ Ĩķˀͮĺ

ĹŚ!ĢśšƑơƭƊƵĽ∆ᾈ Ủ (Canonical equation) ķᵎŅ! 

 
ȟ Ὥ ρȟȢȢȟὲ

   
( 2.5.2 )  

ĢĽ ỦěƍƧ:ƊƵĽ̓ Ủķ ͻĹĽľ ˺ šᾙĜͮĪĿŞĚŚ!ĳō

ř  

 
ȟ Ὥ ρȟȢȢȟὲ

   
( 2.5.3 )  

Ķ Ủ( 3)ľ ̓ ķּי Ľїג ęŗłƍƧ:ƊƵĽ̓ ỦĬĽőĽĶđŚ! 

 Ķľ ƍƧ:ƊƵכỦķƑơƭƊƵכỦĽ͵ě˙ĕĚķēĕķ ◗ἐľḹ Gnᵌ

Ľ ₲HĺїĨŚÔόĽ ỦĹĽĺ Ħ ᵭἐľḹ ķ̓ G2nᵌĽ ₲H

ĺїĨŚ 1όĽ ỦĺĹĲĵēŚĢķĶđŚ!MDľ ḹ ķ̓ Gּי Hš

Ỗѕ┤ ĦĵҾŐŚĽĶ ᵭἐĽכĽŊĕě ŤƭŶƬżƢě ὶĦœĨē!Ĭśį

ĠĶĹĞ Ĺʭēľ ƑơƭƊƵכỦĽŊĕěϻĶđŚ! 

 ỗĺ ƑơƭƊƵĽ∆ᾈ Ủ( 2)ě→ř ĳῺḀ Ủ( 1)ĽƑơƭƊƍŤƵ Hě

קּ ĺĹŚĢķšῥ ĦĵęĞ!ĢĢĶľ Hě t ĺ ĺ˃ּקĦĹēῺḀšʭĕĽ

Ķ ĬĽỖѕ ľ p, r Ľ ĽŎĽї₲ĶđŚ!ŗĲĵ  

 
ȟȢȢȢȟȟ ȟȢȢȢȟ

В
 

 
В   ḉς π

  
( 2.5.4 )

 

ĶđŚ!ĳōř HľỖѕ ͯĦĹē ּק ĶđŚĢķěỞĤśĮ! 

 

[ 2] ƟŤſƵĽŭƅŵỦ  

 ∆ᾈ Ủ(2)ĚŘ −Ħĵ ƟŤſƵĽŭƅŵỦĽ Ҟķ ĬśšẠĲĮὫ Ĺї

┤ľ đķĶ MDĽŹƵƙƮűƈťƅűגš῝βĦĵęĞ!ĢĽїג š ὶĨŚ

ķĜĹĸĺẠĕ!p, r , t Ľї₲ĶđŚ ĳĽ Ϲ ₲ u( p, r , t )ķ v( p, r , t )ĺĳē

ĵ ỗỦĶ ҞĤśŚ šƟŤſƵĽŭƅŵỦķᵎŅ! 

όȟὺ В
   

( 2.5.5 )
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ĢĽŭƅŵỦšẠĕķ đŚ Fě p, r,t Ľї₲ĶđŚķĜ ĬĽỖѕ ľˀ

ͮĽỦĶᴁẐĶĜŚ! 

 
ὊȟὌ

     
( 2.5.6 )  

ĺ Fě t ĺ ĺ˃ּקĦĹēῺḀľ  

 
ὊȟὌ

     
( 2.5.7 )  

їג( 6)( 7)ľ ∆ᾈ Ủ( 2)š ēśĿщ ĺ ĠŚ!ōĮ їג( 4) ĳōřŪƏ

ƭŰ: )ľ Ủבּקּ 7)Ķ F=Hķ ēĮ Ἤ ĺđĮŚ! 

 

[ 3] ƬŨƶťƭ̽ẐẪķỖѕ ̽ẐẪ 

 ĢĢĶľ MDĽỖѕ┤ ŤƭŶƬżƢ ὶĶ ĺĹŚ ƬŨƶťƭ̽ẐẪ

(Liouville operator  Liouvillian )ķĬśĚŘ −ĨŚỖѕ ̽ẐẪ( Propagator)

š╝ ĨŚ!ˀͮĽỦĶƬŨƶťƭ̽ẐẪ Dãš ҞĨŚ4! 

 
Ἆ ḳВ   (2.5.8)  

ƬŨƶťƭ̽ẐẪĽ ҞĚŘ  

 
Ἆ Ὂ ὊȟὌ

 
įĚŘ ( 7)ľ 

Ἆ Ὂ    ( 2.5.9)  

ķᾙĜ ĪŚ!DHěỖѕĺ ĺ˃ּקĦĹēķĜľ ĢśľכỦ ĺδĠĵ  

Ὂὸ ὸ ὩὼὴὸἎ Ὂὸ   (2.5.10)  

ķᾙĠŚ!đŚēľ Ỗѕ ̽ẐẪ ĳōřỖḈš t įĠ⁮ŐŚ̽ẐẪ G( t )šˀͮ

Ľŗĕĺ ҞĨśĿ  

 

4 ƬŨƶťƭ̽ẐẪľ ᾙĶľ DHķҊὸĨŚě ˢ ĺľ Ӓ₲ ˂ i š ēĵ iL ķᾙ

ĚśŚĢķőֿפē!ķēĕĽľ Tuckerman (2010)Ľ 3.10 ╜ĺŗŚķ S̽ẐẪ exp( iLt )

ě Ẫ Ϲĺ ὶĨŚỖѕ ̽ẐẪ exp( - iHt /Ѐ)ĺ ĞỏĮ‪Ś ēšĨŚĚŘTĹĽį

Ĭĕį!ĦĚĦ ᵍ ϹĶ MDĽŤƭŶƬżƢš ὶĨŚῺḀľ Ӓ₲ ˂ i ěїŞĲĵĞŚ

ĢķľĹēĦ ᵵδš−ŎœĨē! (1991)ľ i ľẠŞĩ ἘķĦĵēŚĽĶ ĢśĺḀŞ

ĪŗĕĚķőắĲĮě ^šᾙĞĽě ṽ!įě ĺ LĺĦĵĦōĕķ ƫŲƫƵźŤƵœϲ

̓ ķ ŘŞĦē!ĬĢĶ ᾙĶľ ⅞(2006)ĺὤē DHķ ҊĨŚĢķĺĦĮŞĠ!

ėỒĽ Hľ ĢĢĶľƑơƭƊƍŤƵšỞĦĵēŚ!įě ĺŗř ĽҊ᷿šẠĲĵ

Ľ šỞĨĢķőđŚ! 
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Ὂὸ ὸ ἑὸὊὸ    (2.5.11)  

G( t )ľ ( 10)Ľ˺ Ľ̽ẐẪ ĺđĮŚ!ĳōř Ỗѕ ̽ẐẪľ ƬŨƶťƭ

̽ẐẪšẠĲĵ  

 
ἑὸ ὩὼὴὸἎ     (2.5.12)  

ķᾙĞĢķěĶĜŚ! 

 Ỗѕ ̽ẐẪ( 12)ľ ēĩś MDĽỖѕ┤ ŤƭŶƬżƢš ὶĨŚṔĺ ē

ĺ ĨŚĢķĺĹŚG 3ῙH! 

  

2.6 .  

 

 ᵍ ϹשGƑơƭƊƵשHĽὫ Ĺ↑ỷĽˢĳĺ Ỗѕ

Ῐ↑Gtime reversibility, time reverse symmetry) ěđ

Ś! ĺỖѕ Ῐ↑ķᵎŅĢķőđŚ! 

 Ỗѕ Ῐ↑ķľ ƟƈƵŹƥƭŪƏƭŰ:ĺŗŚ קּ  

ĺὤĲĵ̓ ĦĵēŚỷ ĺ Ħ đŚỖḈĺĬĽּי G̓

Hš ĤĪŚķ ¦- p) ḚōĶ ĲĵĜĮҍ╒š ōĲ

ĮĞĬĽōōĺ Ĳĵᴽĺ ŚĢķšᵈĕ!ᵈŞĿ ̛ΪĽҲ

εĦĽŗĕĹҍ╒šĮĸŚ ķēĕ↑ỷĶđŚ!ĮķėĿ 

ŏƞ:ƭš ĺ ķĨķ ֩ҁ ᶙěĹĞЯ☺ ↑ῢ ĹŘ

Ŀ ļ ĲĮđķ ħҍ╒š ĞįŜĕGₑ 1H5!ĢĽ

Ķľ ĺῢ ĦĮķĜĺ ּי ě ĨŚŞĠĶđŚ! 

 ˀͮ Ỗѕ Ῐ↑š ōĩ ƍƧ:ƊƵכỦĶỞĦĵęĞ!ĢĢĶ ʭĕ קּ

f ľ Ỗѕ t ĺľ ĺ˃ּקĪĩ ḹ r ĽŎĽї₲ĶđŚ!ƍƧ:ƊƵĽ̓

Ủ( 2.2.1) ě 

ά
Ἲ

ἮἺὸ    Gḽ 2.2.1 H 

r a( t )šˢĳĽδķĦĵổĳķĜ ĳōř  

 
ά

►
ἮἺ ὸ   ( 2.6. 2)  

ĶđŚķĜ Ỗѕ ĦĮ 

 Ἲ ὸ Ἲ ὸ   ( 2.6. 3)  

ő( 2.2.1) ĽδĺĹŚĢķšỞĪĿŗē!ĬĢĶ r b( t )š( 2.2. 1)Ľḯ ĺ ĦĵŎ

Ś! 

 

קּ 5 ˀϑĽ G ėĿ ṹ ĹĸHĶľ Ỗѕ Ῐ↑ľ→ř ĮĹē! 

2.6. 1 
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ά

►
ά

►
ḉσ ά

►
 

  ĢĢĶ t =-ǣķęĞķ  

ά
►

ά
►

ά
►

  

 
ά

►
ά

►
ἮἺ †  ḉς  

ἮἺ ὸ ἮἺ ὸ
  ĳōř r b( t )ő ̓ Ủ( 2.2. 1)ĽδĶđŚĢķě ōĩľ ƍƧ:ƊƵכỦĶ

ῥ ĤśĮ! 

 ĳēĶĺ ƑơƭƊƵכỦĶőῥ ĦĵęĢĕ!ƑơƭƊƵכỦĶҡ ĨŚῺḀ

ľ иĽ◗ᵭĶƑơƭƊƍŤƵě ŞŘĹēῺḀľ ĢĽ иĺ Ῐ↑ěđŚķē

ĕG  1991H!Ỗѕ ĺŗŚ и r a¦r b pa¦pbľ  

 r b=r a 

 pb=- pa 

Ķđř и◗ĽƑơƭƊƍŤƵľ 

 
Ὄ ἺȟἸ

Ἰ
ὟἺ

  

ĶđŚě иᵭĽƑơƭƊƍŤƵ Hb( r b, pb)ľ  

 
Ὄ ἺȟἸ

Ἰ
ὟἺ

Ἰ╪ ὟἺ
Ἰ

ὟἺ Ὄ ἺȟἸ
  

ĶđŚĚŘ и◗ĽƑơƭƊƍŤƵ Ha( r a, pa)ķˢ ĨŚ!ŗĲĵ Ỗѕ иľ

Ῐ↑ěđŚ!
  

 ķēĕŞĠĶ ּק ῺĶľ ̓ ỦĽˢĳĽδě ŘśĮῺḀ ĬśšỖѕ

ĦĮ̓ ő ̓ ỦĽδĺĹŚĢķě ƍƧ:ƊƵכỦĶőƑơƭƊƵכỦ

ĶőỞĤśĮ!ĢśšỖѕ Ῐ↑ķᵎŅ!MDĽỖѕ┤ ľ ´ ĢĽỖѕ

Ῐ↑š ĮĨŤƭŶƬżƢš ēŚ! 

 

2.7 . ᷿ḻḟḴ᷄Ḏᶸḋ᷄  

 

 Ỗѕ Ῐ↑ķ Ņ ᵍ ϹשĽőĕŁķĳĽὫ Ĺ↑ỷ ŹƵƙƮűƈťƅ

ű↑Gsymplecticness symplecticity H6š╝ ĨŚ!MDĺęēĵľ ĢĽ↑ỷš

 

6 symplecticness š ĺ ĪĿ SἌᵺ↑TķĶőĹŚĽįŜĕĠśĸ ᾶĹĞķő MDœ

ϹĽ ᴭĶẠŞśĵēŚĽšᴳĮĢķěĹē!ĸĽ ᴭĶőSŹƵƙƮűƈťƅű↑Tš

ẠĲĵēŚ! 
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ĮĨỖѕ┤ ŤƭŶƬżƢľ ĬĕĶĹēŤƭŶƬżƢĺ ňĵ Ỗѕĺ ĲĵŪ

ƏƭŰ:ěʸ ĺ ĨŚĢķěקּ ŘśĵēŚ!Ĺę ╜ľ ĺ Goldstein et 

al. (2002)  ĺ˃ĲĵēŚ! 

 ˀͮĶľ ƑơƭƊƵĽ̓ Ủ( 2.5 .2 )ĽѿᴕķĦĵ SŹƵƙƮűƈťƅű 

ᴙTš Ğ!ŹƵƙƮűƈťƅű ᴙķľ ∆ᾈ ₲ xš Ľ∆ᾈ ₲ Xĺ иĦĮ

ῺḀ иᵭőƑơƭƊƵכỦĽ̓ Ủš ĮĨĮŐĽ ᴙĶđŚ!Ủš ĕĽ

ě ĹŘĿ Ủ( 12)ĽŹƵƙƮűƈťƅű ᴙįĠšϯ ĨŚįĠĶᶣŞĹē! 

 ōĩ ƑơƭƊƵĽ̓ ỦĽδ( r 1,..., r n ,p 1, ...,  pn)šōķŐĵ˂ꞈķᵎ

ł xķᾙĞ!ōĮ xĽ Ś֩ѕš˂ꞈ֩ѕķᵎŅGῧṐľ 2.8 ╜H!ĢĽ xľˢ

ͯḹ ķ̓ Ľ♯ĶđŚě ╜Ľ ĶľS∆ᾈ ₲TķᵎŅ! 

ὀ

ở

Ở
ờ

ὶ
ȡ
ὶ
ὴ
ȡ
ὴỢ

ỡ
Ỡ

 ( 2.7.1 )
 

Ģśš ēĵ ƑơƭƊƵĽ̓ Ủ( 2.5.2 )šᾙĜ Ĩķ  

Ὠὀ

Ὠὸ

ở

Ở
Ở
Ở
Ở
Ở
Ở
ờ

Ὠὶ

Ὠὸ
ȡ
Ὠὶ

Ὠὸ
Ὠὴ

Ὠὸ
ȡ
Ὠὴ

ὨὸỢ

ỡ
ỡ
ỡ
ỡ
ỡ
ỡ
Ỡ

ở

Ở
Ở
Ở
Ở
Ở
Ở
Ở
ờ

‬Ὄ

‬ὴ
ȡ
‬Ὄ

‬ὴ
‬Ὄ

‬ὶ
ȡ
‬Ὄ

‬ὶỢ

ỡ
ỡ
ỡ
ỡ
ỡ
ỡ
ỡ
Ỡ

ở

ỞỞ
ờ

π Ȣπ
Ȣ Ȣ Ȣ
π Ȣπ

ρ Ȣπ
Ȣ Ȣ Ȣ
π Ȣρ

ρ Ȣ π
Ȣ Ȣ Ȣ
π Ȣ ρ

π Ȣπ
Ȣ Ȣ Ȣ
π ȢπỢ

ỡỡ
Ỡ

ở

Ở
Ở
Ở
Ở
Ở
Ở
Ở
ờ

‬Ὄ

‬ὶ
ȡ
‬Ὄ

‬ὶ
‬Ὄ

‬ὴ
ȡ
‬Ὄ

‬ὴỢ

ỡ
ỡ
ỡ
ỡ
ỡ
ỡ
ỡ
Ỡ

 

ҊĦĵ  

ὀ
Ἑ

ὀ
  (2.7.2)  

ĮįĦ  

Ἑ
Ἓ ἓ
ἓ Ἓ

  ( 2.7.3 )  

 ĢĢĶ xš R1,.., Rn, P1, .., Pnš→ ķĨŚ Xĺ ₲ иĨŚ!ĳōř  

 

ὀ

ở

Ở
ờ

ὶ
ȡ
ὶ
ὴ
ȡ
ὴỢ

ỡ
Ỡ
ᵐ

ở

Ở
Ở
ờ

Ὑ
ȡ
Ὑ
ὖ
ȡ
ὖỢ

ỡ
ỡ
Ỡ

 (2.7.4)  
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ķēĕ иšĨŚ!ˀͮ p1, ...,  pnĹĸľ pķōķŐĵ ҊĨŚ!ĳōř 

ὀ
ὶ
ὴ ᵐ

Ὑ
ὖ

 (2.7.4')
 

 ĬśĶľ ŹƵƙƮűƈťƅű ᴙš ēĵŎŚ!ōĩ XĽỖѕ ĚŘầŐ

Ś! 

 ( 2.7 .5 )  

x¦XĽ иĽƦŵƕᶺ GJacobian matrix HJšˀͮĶ ҞĨŚķ  

 
ἔḳ

ὀ
  (2.7.6)  

( 5)ľ ˀͮĽŗĕĺĨĲĜřᾙĠŚ! 

ἔ
ὀ
    (2.7.7)   

(7 )Ľ˺ ĺ ( 2)š ĨŚķ  

 
ἔἙ

ὀ
   (2.7.8)  

ĢĢĶ Hš Rķ PĽї₲ķŎĹĨķ  

 ὀ

ȟ

ȟ ἔ
ἦ
 (2.7.9)  

ķᾙĠŚ!ĮįĦ ǣJľ JĽ ᶺ !( 9)šẠėĿ ( 8)ľ  

 ἔἙἔ    (2.7.10)  

ķ ĶĜŚ!Ĥĵ ∆ᾈכ иĽῺḀľ ( 10)ě( 2)ķ ħכ ĳōř  

Ἑ    (2.7.11)  

ĺĹŘĹĠśĿēĠĹē!ŗĲĵ ( 10)ķ( 11)šᴳ ňśĿ  

 ἔἙἔ Ἑ    

ě→ř ĳ!đŚēľ  

 ἔἙἔ Ἑ   ( 2.7.12 )  

ķ Ħĵőכ !ĢśšŹƵƙƮűƈťƅű ᴙķᵎŅ! 

 Ĺę JĽᶺ Ủ det ( J)¿J ĨĹŞİƦŵƕŤƵGJacobianHĽ╟ ľ  

 ȿὐȿ ρ    ( 2.7 .13)  

ĺĹŚĢķőщ ĹᴁẐĶϯĚŐŘśŚ!Ủ( 13)ľ ˂ꞈ֩ѕ ĶĽ ˋĽ ֩ѕĽ
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┤ěĢĽ иĺŗĲĵ ĤśŚĢķšỞĨGקּ ┤ ῧĦĞľỗ╜ĽƬŨƶť קּ

ƭĽ Ľ᷆ẇῐH!ĮįĦ ŹƵƙƮűƈťƅű↑( 12)ľ ┤ )קּ 13)ŗřőӪē

 ᴙĶđŚ! 

 ōĮ ĳĽŹƵƙƮűƈťƅű иĽƦŵƕᶺ š J1, J2ķĨśĿ Ĭśĭś

( 12)š ĮĨĚŘ ĬĽ┤Ľ J1J2ĺїĦĵľ  

 ἔἔἙἔἔ ἔ ἔἙἔ ἔ ἔἙἔ Ἑ (2.7.1 4)  

ķĹŚĽĶ œľř ŹƵƙƮűƈťƅűĶđŚ!ĳōř ŹƵƙƮűƈťƅű и

šֽř ĦĵőŹƵƙƮűƈťƅű иĺĹŚ! 

 ˀῲōķŐŚķ x¦Xě∆ᾈ иĹŘĿ Ủ( 12)ě→ř ĳ!ĢśšSŹƵƙƮű

ƈťƅű ᴙTķᵎŅ!ŹƵƙƮűƈťƅűĹ иšֽř Ħĵő œľřŹƵƙƮ

űƈťƅűĺĹŚ!ŹƵƙƮűƈťƅű иľ ỗῙĶĽ MDĽỖѕ┤ ŤƭŶƬż

ƢĽ ὶỖĺЉ ĨŚĢķĺĹŚ! 

 

GĢĢōĶĶ ỗῙSỖѕ┤ TĽĮŐĽ ϹĽδ╝ľὊŞĲĮĽĶ ˀͮľ ĿĦ

ĵ ỗῙĺᶺĲĵőᶣŞĹēH! 

 

2.8 . ∞ ᶇḲᶻḼᶸḳ  

 

 Ģśˀ᷅ľ ᴁ ϹĽѯ♦ ĹĽĶ 9ῙS Ẫ Ϲ ĽĮŐĽ ᴁ

ϹTķ 10ῙSŤƵŷƵƘƭTĽᾈ ĺĹŚ!֥ ĺľ ƬŨƶťƭĽ  ʫ

ὲ↑ ˂ꞈ֩ѕ ї₲ ƬŨƶťƭ ỦĽ╝ šĨŚ!ˢ  ĢśŘĽƑơƭƊ

ƵשĽ↑ỷľ 2.10 ╜Ľ ƑơƭƊƵשĶľĬĽōōĶľ→ř Įĩ ᶟšͽėŚ

ěὶĵĞŚ!įě ƑơƭƊƵשšᶣ ĨŚĮŐĺľ ◗ ķĦĵƑơƭƊƵ

šש δĨŚ ěđŚ! 

 

[ 1] ˂ꞈ֩ѕ 

 2.5- 2.7 ╜ĽƑơƭƊƵכỦĽ╝ Ķ

ľ N Ľˢש ͯḹ ķ̓ šōķ

Őĵ 2n Gn=3NHᵌĽ ₲ķĦĵʭ

ĲĮ!ĢĽ 2nỗᴽĽ֩ѕš ˂ꞈ֩ѕ

GPhase spaceHķᵎŅ!ḹ ķ̓ ě

ˢ ĺĹĲĵēŚ֩ѕįĚŘ ỸṖĦĹ

ē ѐ Ĺ֩ѕĶđŚ!Ĺę ḹ į

ĠĽ֩ѕľḹ ֩ѕōĮľ ˂֩ѕ

GConfigurational space Hķᵎł ̓

įĠĽ֩ѕľ̓ ֩ѕGMomentum spaceHķᵎŅ! 

2.8. 1 ∞ ᶍ ᶍ  
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 đŚỖḈĺęĠŚƑơƭƊƵĽ∆ᾈ Ủ ( 2.5.2) Ľδ x=( r 1,..., r n, p1,..., pn)  

( 2.7.1 )  ľ ĢĽ˂ꞈ֩ѕĽ Ľˢ ķĦĵ ĨĢķěĶĜŚ!ĢĽ ĽĢķšS

TķᵎŅ!ĢĽ ľ שĽ NᵌĽỷ Ľ̓ ☺ĵš ᵅĦĵēŚĢķĺĹ

Ś!xľ∆ᾈ ỦG̓ ỦHĺὤĲĵ Ỗ7Ḉ7˒ ĨŚě ĬĽ ▬Gҍ

╒H7ľ שĽƑơƭƊƍŤƵš H( x) ŪƏƭŰ:š E0Gᾑѻ ᴙ x0ĶᴒōŚˢ

Hķ ĠĿ  

 Ὄὀ Ὁ ( 2.8.1)  

Ľ G ŪƏƭŰ: Hῲĺ⅝ᵊĤśŚ!2nỗᴽĽ֩ѕĽₑỞľ ĦēĽĶ 1

ᵌĽỷ Ľ 1ỗᴽ̓ ĺїĦĵ ˂ꞈ֩ѕš ỞĦĵŎŗĕGₑ 1H!xĽ ▬š≤Ľ

▬ĶỞĨķ ּי ▬̓ ĹŘĿ r ĺŗŘĩ pěˢ įĚŘ ▬Gₑ 1AH ‪

ĹŘĿ ̳ĺĹŚGₑ 1BH!  

 ᵍ ϹĶľ ᾑѻ ᴙGᾑѻּי ķḹ Hĺŗř ĬĽᵭĽ̓ ľˢˋ ĺᴒō

Ś ķēĕ ◗ ěđŚ!ĢĽ ᴙĽѿᴕķĦĵ ˂ꞈ֩ѕĶľ ėĿₑ 2AĽŗĕ

ĺ ₲Ľ ▬ěᵺŞŚĢķľĹē!ĹīĚ' ʹĺ ₑ 2BĽŗĕĺ ₲Ľ ▬ě

ᵺŞĲĮķĦŗĕ!ĬĽᵺ GḎќHĶľ pő r ő ħ ĶđŚ!ĬĢĚŘ ḯ˺

ĺ ĳĽ ▬ěὶĵēĞķēĕ

Ģķľ ħᾑѻ ᴙĚŘ 

7Ľ̓ ěầōŚĢķĺĹĲĵ

Ħōĕ!Ģśľđř Ĺē!ŗĲ

ĵ ˂ꞈ֩ѕĶ 7Ľ ▬ěᵺ

ŞŚĢķľᴒĦĵĹēĽĶđŚ! 

 Ĺę ḹ r įĠĽḹ ֩ѕœ

̓ pįĠĽ̓ ֩ѕĶľ 

7Ľ̓ Ľ ▬ěᵺŞĲĮřὫ

ĹĲĮřĨŚĢķěđŚĽĶ ḥ

ĦĹēĢķ! 

 

[ 2] ˂ꞈ֩ѕĽ ʫὲ↑ 

 ƑơƭƊƵשĺĳēĵľ S˂ꞈ֩ѕĽ ʫὲ↑( Phase space 

i ncompressibility) Tķēĕ↑ỷěđŚGˀͮ ĺ Tuckerman, 2010ĺ˃Ĳĵē

ŚH!ƑơƭƊƵĽ∆ᾈ Ủ( 2.5.2) šẠĕķ 

 ὀ ὶȣὶȟὴȣὴ ȟȣȟ ȟ ȟȣȟ   ( 2.8.2)  

 

7 ▬^ҍ╒^ƊƫźũűƊƬ:ĶđŚ!įě ĢĢĶľ 1.1 ╜Ķ ҞĦĮ MDĽὶ ĽƊ

ƫźũűƊƬ:ķ֜ ĨŚĮŐ ▬ķēĕᵴšẠĕ! 

2.8. 2  ∞ ᶆᶍ ᶍ  
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ĶđŚ!Hľ xĽї₲Ķ Ĭśš xĽ ♬Ķ ĦĮőĽő xĽї₲ĶđŚĚŘ Ủ

( 2)ľ ˂ꞈ֩ѕĽSּי TὀěS˂ TxĽї₲ĶđŚĢķšỞĦĵęř 

 ὀ ὀὀ       ( 2.8.3)  

ĢĽỦ( 3)ľ ( 2)ỦĺŗŚ̓ ě ϹĶēĕS śῺTĺꞈ ĨŚĢķšỞḭ

ĨŚ!ĳōř ˂ ĺŗř ĬĽ Ľּי ěᴒōĲĵēŚ ķēĕĢķ!˂ꞈ֩ѕ

š ķŎĹĦĮķĜĽʫὲ↑ǚGCompressibility) ľ xšỖѕ ĦĮƛűƊƭ

šὀšẠĲĵ ὀɳϽὀķ ҞĤśŚ!ĢĽǚľ ( 2)ĽƑơƭƊƵĽ̓ ỦšẠė

Ŀ  

 ‖ḳ ὀɳϽὀ В =0   (2.8.4)  

ĶÒĺĹŚ!ĢĽŗĕĺƑơƭƊƵשĶľ˂ꞈ֩ѕľʫὲĤśĹē ĳōř ʫὲ

↑šổĳ!ˢ  2.10 ╜Ľ ƑơƭƊƵשĶľ ʫὲĤśŚ ĳōř ( 4)ě 0ĺ

ĹŘĹē ěὶĵĞŚ! 

 

[ 3] ƬŨƶťƭĽ  

 ˂ꞈ֩ѕĽ ┤ ĨĹŞİƬŨƶťƭĽ קּ

ĺĳēĵľ 2.7 ╜Ķщ ĺ‖śĮě ĢĢĶῧ

Ṑĺ╝ ĨŚ!ƬŨƶťƭĽ G˂ꞈ֩ѕĽ

┤   Hķľקּ

 

SxĶ ŘśŚ˂ꞈ֩ѕ Ľ ˋĽ ˞ƻĽ

┤šǐ x¦XĽ∆ᾈ иᵭĽ ˞ƻ' Ľ ┤šǐ

' ķ Ğķ  

    ᴂ   ( 2.8 .5)  

ĺĹŚĢķT 

 

ķ ҞĶĜŚ!ĮįĦ ǐķǐ' ľ ┤ ĽכĶᾙĠĿ ỗỦĶ ҞĤśŚ! 

   ᷿ Ὠ
ὀɴ 

ὀ,   ᷿ Ὠ
ἦɴ  

ἦ (2.8.6)  

đŚēľ ĢĽ ľ (6)ỦĽ ┤♬ ě ĤśŚķēĕ ᴙĶőקּ ĤśŚ! 

 Ὠἦ Ὠὀ     ( 2.8.7)  

 ĢĽỦ( 7)š 2.7 ╜Ľ̸ Ķщ ĺῥ ĦĵŎŗĕ! ₲ и◗ᵭĽ┤ Ľ ┤♬

Ľїגľ иĽƦŵƕŤƵ J=det ( J)Ľ╟ | J|šẠėĿ  

 Ὠἦ ȿὐȿὨὀ     (2.8.8)  

ĶđŚGֿפ ₲┤ Ľ ₲ иĽ₲ϹᶀỦšĬĽōōẠĕH! ĽĮŐ ( 8)šᾙĜͮ

ĪĿ 

2.8. 3  ∞ ᶍ  
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 ὨὢὨὢȣὨὢ ȿ
ȟ ȟȣȟ

ȟ ȟȣȟ
ȿὨὼὨὼȣὨὼ    ( 2.8.9)  

ĶđŚ!ˢ  ŹƵƙƮűƈťű ᴙ( 2.7.12) ĺęēĵ ᶺ MĽᶺ Ủš MķᾙĞ

ēĵ Ľᶺ ỦšἨśĿ Ģśő₲ϹĽᶀỦŗř  

 ὐὓ ὓ  

ŗĲĵ  

 ȿὐȿ ρ  

ĶđŚĚŘ (8)ĺ ĨśĿ 

 Ὠἦ Ὠὀ   (ḽ 2.8.7)  

ě ĚśŚ!ĳōř ∆ᾈ и◗ᵭĶ ┤♬ ĺ ͯľĹĞ ŗĲĵ ˋĽ ֩ѕ

Ľ ┤ľ ĤśŚ!ˀῲ ƬŨƶťƭĽקּ šщ ĺῥ ĶĜĮĽľ 2.7 ╜ĶŹ

ƵƙƮűƈťƅű ᴙ( 2.7.12) ķēĕ ┤ ŗřőӪē ᴙšקּ ēĵęēĵ Ĭ

śšẠĲĵῥ ĦĮĚŘĶđŚ! 

 įě ʫὲ↑ǚ( 4)ķƬŨƶťƭĽ ĽїגšỞĦĵęĜĮēĽĶ ˀͮĶľ 

Tuckerman (2010)ĺ Ĳĵ ( 2.7.12) š ╗ĺľẠŞĩĺ őĕˢ ( 7)š Ĝ ĬĽ

Σ Ķ ʫὲ↑ǚķĽїגšỞĦĵęĞĢķĺĨŚ! 

 ḚōĶľ ˢ ͯḹ ķ̓ šḀŞĪĮ ˂ꞈ֩ѕḹ Ľ š x Xķᾙē

ĵ x¦XĽ∆ᾈ иšҡ ĦĵĜĮ!įě Ḛᵭʭĕ иľ ĨŚĺ̓ Ủš

δēĵ xĚŘỖḈ t ᵭĽ XšҾŐŚ ķēĕĢķĶđŚĽĶ ὤ Ľ xš x0, Xš xt

ķҊὸĨŚĢķĺĨŚ!őİŜŢ ĢĽ иěSỖѕ ͯTįķĨğŞĚŚŗĕĺ

ỞĦ ĦĮįĠĶđŚ! 

 đŘĮŐĵ ∆ᾈ и x0¦xtĽƦŵƕᶺ Jľ ᶺ Ủľ J=det ( J) ōĮ ♬ľ

Ji j =½xt
i /½x0

j ĶđŚ!ˀͮĶľ JĽỖѕ ͯš ňĵŎŚ!ᶺ ỦĺїĨŚᶀỦĺ

ŗř 

 ὨὩὸἔ ὩὼὴὝὶὰὲὐ  

ě→ř ĳ!ĮįĦ Tr ľƊƮ:ŻG ϲ᷆Ľ HšỞĨ! 

ĢśšĤŘĺ   ĨŚķכ

 ὩὼὴὝὶὰὲὐ Ὕὶ
ἔ
ἔ ὐВ ὐȟ Π 

ĺĹŚ!ĢĢĶ  

           

ˢ  J- 1ľ JĽҲᶺ ĶđŚ!ĢśľҲ и ĳōř xt  ¦x0ĽƦŵƕᶺ įĚŘ  

  ὐ           
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ĢśŘš#ĺ Ħĵ Ľ Ḷ š ĨŚķ 

 Π ὐВ  ȟ ὐВ ὐɳὀϽὀ 

ᴕԄ ˀͮĽїגě ŘśŚ! 

 ὐɳὀϽὀ  ( 2.8.10)  

ĢĽ( 10)Ľ˺ Ľ ὀɳϽὀ ĸĲĚĶᴳĮŗĕĹ ķắėĿ Ủ(4)Ľʫὲ↑ǚĹĽĶđ

Ś!ĬĦĵ ƑơƭƊƵשĶľǚľ 0įĚŘ ᴕԄ 

 π   (2.8.11)  

Ķ∆ᾈ иĽƦŵƕŤƵľỖѕ ͯĦĹēˢ ĶđŚĢķěŞĚŚ!ĤŘĺ t =0

Ķľ xt =x0Ķᶗ иįĚŘ ƦŵƕŤƵľ 1!ĬĦĵ Ỗѕ ͯĦĹēĽĶ ̞͇

ĺ 

 ὐ ρ   ( 2.8.12)  

ĶđŚ!ĚĞĦĵ ┤   ěקּ

 Ὠὀ◄ Ὠὀ    (2.8 .13 ĮįĦ 2.8.7 ĽҊ š ėĮįĠ)  

ĢĽ Ķőῥ ĤśĮŞĠĶđŚ!ͽėĵ ʫὲ↑ǚě 0ĶđŚĽĶ ┤ě קּ

ĤśŚĢķő ŘĚĺĹĲĮ!ĬśľĬĕįSʫὲĤśĹĜŒ ┤ľ ħĶĦŖT

ķēĕĢķ! Ϲķ ͒ĦĵŚŞĠ! 

 

[ 4] ˂ꞈ֩ѕ ї₲ķƬŨƶťƭ Ủ 

 ƑơƭƊƵשĽ ϹĽ╝ ĽḾᵭĺ ᴁ ϹĽ ὌšĨŚ! 

 ĨĶĺ╝ ĦĮŗĕĺ ᾑѻ ᴙGḹ ķּי Hx0š ėśĿ ̓   Ľ

xľ 2nỗᴽĽ˂ꞈ֩ѕĽ š∆ᾈ ỦĺὤĲĵ˒ ĦĵēĞ! ĽˢĳĽ

▬ľˢĳĽᾑѻ  ĺ ͒Ħ ĳĽ ▬ěᵺŞŚĢķľĹē!įĚŘ ˂ꞈ֩ѕĽ

˞ľ ˑĹŚᾑѻ ᴙĚŘὶ ĦĮ 7Ĺ ĽὝḀGŤƵŷƵƘƭHķᶳė

ŘśŚ!ĬĢĶ ˂ꞈ֩ѕĺϯ Ľϖ š ĨŚ!ĳōř ˂ꞈ֩ѕĽđŚ ˞ĺ

ěּקṖĨŚϯ š╚ ĨŚ! 

 ᾑѻ ᴙš ėśĿ ĬĽᵭĽ̓ ľˢˋĺᴒ ĤśŚĽĺ Ĺī ϯ š Ĩ

Ś ěđŚĽįŜĕĚ!ĬĽ ľ ῨĽỷ ķĦĵ 1ᵌœש 2ᵌĶľĹĞ 

ėĿŤƶūŮƋƯ₲ 6\1023ᵌğŘēĚŘĹŚӍ šᶳėĵēŚĚŘĶđŚ!ĢĽש

ĹשĶľ ᾑѻ ᴙš ŚĢķěĶĜĹē!ŞĚŚĽľ Ԍķ ŘĝįĠĶđ

Ś!ĬĕēĲĮ ӲĹĽĶ ϯ ĹҊὸě ĺĹŚ! 

 Ľ˂ꞈ֩ѕ ĽּקṖϯ šҊὸĨŚϯ ї₲ Ģķ S˂ꞈ֩ѕ

ї₲GPhase space distribution function  đŚēľ Ensemble distribution 

function HTľˀͮĽŗĕĺ ҞĤśŚ!ỖḈ t Ķ ě˂ꞈ֩ѕĽ ˞ƻĺּק
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ṖĨŚϯ š Pt (ƻ)ķĨŚ!˂ꞈ֩ѕ ĽđŚˢ x=( r 1,..., r n, p1,..., pn)šѝŏ

ᾴ ˞ dx=dr 1... dr ndp1...d pnĺ ĨŚ!ĬĽķĜĬĽ ᾴ ˞ĺ ěּקṖĨŚ

ϯ Pt ( dx)ľ ᾴ ┤ĺ ĨŚįŜĕ!ĳōř  

 ὖ Ὠὀ ǥ ὀȟὸὨὀ  (2.8.14)  

ĶđŚě ĢĽ )ǥ₲ג x, t )š˂ꞈ֩ѕ ї₲ķᵎŅ! 

 ǥ( x, t )ĺľ ỗĽŗĕĹ↑ỷěđŚ!ōĩ ǥ( x, t )ľϯ ї₲ĹĽĶ 

ˢ Ľϯ ї₲ěổĳˀͮĽ↑ỷšổĳ! 

 ǥ ὀȟὸ π   (2.8.15)  

 ᷿ ǥ ὀȟὸἬὀ ρ  (2.8.16)  

( 16)ľ ∆҉ͯG҉ϫͯH ᴙķᵎĿśŚ!ĤŘĺ ḹ ķ̓  ĳōř˂ꞈ xĽ

ї₲ĶđŚ ˋĽ F( x)Ľ ỖḈ t ĺęĠŚ Ԍ ľ 

 Ὂ ᷿ Ὂὀǥ ὀȟὸἬὀ  (2.8.17)  

ĶᴁẐĶĜŚ!Ủ( 17)ĺęēĵ x ĳōř r 1,..., p1,... ľ ĹŚ┤ ₲ĶđĲ

ĵ ỖḈ t Ķ ͯĨŚ Ϲ ₲ĶľĹē! ϹשĽỖѕ ͯľ F( x)ĶľĹĞ ǥ

( x, t )ĶҊὸĤśŚĢķĺ ˋG  1991)! 

 ĢĢĶ ƑơƭƊƵשĺęĠŚǥ( x, t )ě ĮĨňĜ Ủ SƬŨƶťƭ ỦT

šҾŐĵŎŚ8!ˀͮĶľ ᾴ֩ѕ Ľϧ ěỖѕ t ĺ̼Ĳĵ˒ ĨŚķᶳėŚĽ

Ķ ľ xtķᾙĞ!ĨŚķ ĢĽ ᾴ֩ѕ Ķỷ Ľ−→őΉ őҌĢŘĹēĚ

Ř ϯ   ĺŗřבּקּ

 ὖ Ὠὀ ǥ ὀ◄ȟὸὨὀ◄ ὧέὲίὸὥὲὸ   (2.8.18)  

ĺĹŚľĩĶđŚ!ķĢŜě ƬŨƶťƭĽ ( 13)ĺŗř ᾴ֩ѕĽ ┤ dxtľ

ˢ įĚŘ ǥőˢ ĶĹĠśĿĹŘĹē! 

 ǥ ὀȟὸ ǥ ὀȟπ    ( 2.8.19)  

 
8 ĢĽ ỦĽ Ĝ ĺľ ˂ꞈ֩ѕĽԄᾒשķķőĺ˒ ĨŚ̓ ḹ šẠĕSƫŲƫƵש

źũ Tķ ˂ꞈ֩ѕ ĺᵏ ĤśĮᾴ ˞ŇĽ ỷĽ š ňŚSŬŦƫ: TĽ ĳĽ

ᴳ ěđŚ!ᴕΌľḾὊ ĺľ ħĺĹŚě ᾙĶľ ( 1990)œ Tuckerman (2010)ĺ

Ĳĵ ƫŲƫƵźũ š῝βĦĮ!ĢĽ ĹŘ ƬŨƶťƭĽ G ┤ Hšקּ ╗Ạė

Ś ķēĕ ěđŚ! 
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ŗĲĵ (18)ľ ỗĺŗĕĺᾙĠŚ! 

 ǥ ὀȟὸὨὀ◄ ǥ ὀȟπὨὀ   (2.8.20)  

ōĮ ǥěˢ įĚŘ ĬĽỖѕ ľÒĶđŚ! 

 ǥ ὀ◄ȟὸ
ǥ ὀ◄Ͻ

ǥ

ὀ◄

ǥ
ὀ◄Ͻὀ◄ǥ π (2.8.21)  

ĢĽỦ(21)ě ǥ( xt , t )ě ĮĨňĜ ỦGƬŨƶťƭ ỦHĶđŚ! Ủ

( 21)š ĽכĶ ᵅĦĵŎŗĕ! 

 ὀ◄Ͻὀ◄ǥ В ὶ 
ǥ
ὴ 

ǥ
     

ƑơƭƊƵĽ∆ᾈ Ủ(2.5.2) š Ħ  

ƟŤſƵЈᵔ( 2.5.5) šẠĕķ 

 В
ǥ

 
ǥ

ǥȟὌ      

ĹĽĶ ( 21)ĺ ĪĿ ƬŨƶťƭ ỦľỗĽŗĕĺ ҊĶĜŚ! 

 
ǥ

ǥȟὌ π   (2.8.22)  

đŚēľ ƬŨƶťƭ̽ẐẪ DH( 2.5.8) šẠĲĵ  

 
ǥ
Ἆ ǥ π   (2.8.23)  

ķᾙĞĢķőĶĜŚ!Ủ(21) (22) (23)ľ Ҋ ě˙ĕįĠĶ ͻįĚŘ 

ĺ͒ħĵŞĚřœĨēőĽšẠėĿŗē! 

 ˀῲĽҡ ľ ƑơƭƊƵשĶđśĿ ᶻĚĸĕĚĺĚĚŞŘĩ→ř ĳ!ˀ

ͮĶľ ᶻ  ĺᵊ Ħĵ ƬŨƶťƭ Ủšδēĵ ǥěĸĕēĕї₲ĺĹ

ŚĚ ňĵŎŚ! F( x)ĽỖḈ t ĶĽ˂ꞈ Ԍ<F>tľỦ( 17)Ķ ĤśŚ! ᶻ

ͮĶľ Ľѻ ľỖḈ t ĺŗŘĩˢ ĺĹŚĽĶ ỦG17Hľ 

 Ὂ ᷿ Ὂὀǥ ὀȟὸἬὀ ὧέὲίὸὥὲὸ (2.8.24)  

ŗĲĵ ĬĽỖѕ ľ 0! 

 Ὂ ᷿ Ὂὀ
ǥ ὀȟ

ὀ
Ὠὀ π (2.8.25)  

Ủ(25)ě ˋĽ F( x)ĺ Ħĵ→ ĨŚĺľ  

 
ǥ ὀȟ

ὀ
π    (2.8.26)  

ĶđśĿ ὣ  ĳōř ǥěỖḈ t ĺ ĺľ˃ּקĦĹĠśĿŗē!ĬĽῺḀ Ƭ

Ũƶťƭ Ủ( 22)ľ  
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 ǥȟὌ π     (2.8. 27) 

ķēĕכĺĹŚ! Ủ( 27)Ľˢ δľ ǥ( x)ě ƑơƭƊƍŤƵ H( x)Ľ ˋĽї

₲ f ( H( x)) ĺ ĨŚכĺĹŚ!ĤŘĺ Ủ( 16)š ĮĨňĞ ∆҉ͯĨśĿ  

 ǥ ὀ ὪὌὀ    ( 2.8.28)  

ĮįĦ  

 ὤ Ὢ᷿Ὄὀ Ὠὀ    ( 2.8.29)  

ĢĽ∆҉ͯ ₲ Zľ ї₲( partition function HōĮľ  Gstate sum) ķᵎ

ĿśŚ! 

 Ľ ĚŘǥ( x)šᶳėŚķ xĽỖѕ š ėŚ̓ ỦG∆ᾈ Ủ

2.5.2Hĺ Ỗѕĺ˃ּקĦĹē קּ Gᶚּו ᴙHě ncᵌđŚῺḀľ ĬĽ קּ

G ėĿƑơƭƊƍŤƵ^☺ŪƏƭŰ:Hšǃk( x) ĬĽ šǛkķĨśĿ ƉƭƁї

₲ǔ( )šẠĲĵ  

 ǥ ὀ Б Ώ‏ ὀ ‗   ( 2.8.30)  

ķĹŚG҉ϫͯ ₲ľῒēĮכH!ĳōř xľᶚּוš ĮĨ ˅Ľ ῲĽŎĺ

ľגṖĨŚ!ĢĽїקּ MDĽ ͫ$ ʫŤƭŶƬżƢ ὶĶὫ ĺĹŚ! 

 

2.9 . ḗḧḳḐḻ ᶍ ᶍᶝᶇ  f

 

 ˀῲ ᾙĶ῝βĨŚ MDĽŤƭŶƬżƢ ὶĺ ĹƑơƭƊƵשĽ↑ỷš╝ Ħ

Į!ĢĢĶ ỗ╜Ľ ƑơƭƊƵשĽ◗ όķĦĵ 2.5- 7Ķ╝ ĦĮƑơƭƊƵש

Ľ Ϲš ῒ ĦĵĦōĲĮ őѝŐĵ Tuckerman et al. (1999)  ĺ Ĳĵ ő

ĕˢ  ֢ĠּטĶōķŐĵŎŚ! 

 ỷ Ľ˂ꞈGˢש ͯḹ ķ̓ HĽ xĽỖѕ ľ ƑơƭƊƍŤƵ

H( x)ĚŘ ĚśŚ∆ᾈ Ủ( 2.5.2) ĶҊὸĤśŚě ĢĽ̓ Ủľ 

 ὀ Ἃὀ    (2.9.1)  

ķēĕכĺᾙĠŚ!ĮįĦ A( x) =A( r ,p ) ={½H/½p,  -½H/½r }!ōĮ A( x)ĺ t ľ

ĺ ĲĵēĹēĽĺ ˋ!˂ꞈ֩ѕĽʫὲ↑ǚľÒ ĳōř ˂ꞈ֩ѕš įķᶳ

ėŚķ ‛ὲĦĹē! 

 ‖ḳ ὀɳϽὀ=0    (ḽ 2.8.4)  

ї Ħĵ ƬŨƶťƭĽ ĺŗř ỖḈ 0ĺ˂ꞈ֩ѕ x0ĺ dx0Ľ ᾴ ┤š╥Őĵ

ēŚ ě ( 1)ĺὤĲĵỖḈ t ĺ xtĺ˒Ĳĵő╥ŐŚ ┤ dxtľ ĶđŚ! 

 Ὠὀ◄ Ὠὀ      (ḽ 2.8.13H 

ĢĽїגě→ř ĳķĜ dxľ˂ꞈ֩ѕĽS זּ Gi nvariant measure) TĶđŚ
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ķᵈĕ! ┤ ě→ř ĳķĜ ˂ꞈ֩ѕ ї₲ǥ( x, t )ľ Ĥś Ỗѕקּ ͯĦ

Ĺē!ŗĲĵ  

 ǥ ὀȟὸὨὀ◄ ǥ ὀȟπὨὀ  (ḽ 2.8.20)  

ě→ř ĳ!ōĮ ǥľˀͮĽƬŨƶťƭ Ủš ĮĨ! 

 
ǥ ǥ

ὀ◄Ͻὀ◄ǥ π    (ḽ 2.8.21)  

̓ Ủ( 1)ě ncᵌĽ קּ Gᶚּו ᴙHšổĳῺḀľ  

 ǥ Ø Б Ώ‏ ὀ ‗  (ḽ 2.8.30)  

ķ ĨĢķěĶĜŚ! 

 ᶻ ᴙͮĶľ שĽ ї₲ľ 

 ὤ ‰᷿ὀὨὀ   ( 2.9.2)  

Ķ Ĥś ˋĽ F( x)Ľ˂ꞈ Ԍľ 

 Ὂ Ὂ᷿ὀǥ ὀὨὀ  (2.9.3)  

ĶᴁẐĶĜŚ!MDĶ ŘśŚĽľ Ỗѕ ԌὊįě  

 Ὂ ÌÉÍ
ᴼ

᷿Ὂὀὸ Ὠὸ  (2.9.4)  

ŪƭŶ:Ƌʹ╝ě→ř ĳῺḀľ ἐľˢ ĨŚ! 

 Ὂ Ὂ    (2.9.5)  

 ˀῲšϯ ĦĮῲĶ ỗ╜Ľ ƑơƭƊƵשĺ˒ŚĢķĺĨŚ! 

  

2.10 . ḗḧḳḐḻ ᶍ  

 

 ◗╜ōĶľ ´Ľᵍ Ϲ^ƑơƭƊƵשšʭĲĮ!įě 10ῙSŤƵŷƵƘ

ƭTĶ῝βĨŚ MDĽŤƭŶƬżƢľ ƑơƭƊƵשĶľĹĞ ƑơƭƊƵשGnon-

Hamiltoni an systemHšʹ ĦĵṥŘśŚőĽěֿפē!ķēĕĽľ ͫœ ʫ ᴙ

ľ EΎ֩ĽF œƖŻƊƵšẠĲĵ ᵅĨŚĮŐ ƑơƭƊƵשĽ ϹĶľҊὸ

ĶĜĹēĢķěֿפēĚŘĶđŚ! ƑơƭƊƵשĶľ 2.1 - 2.8 Ķ╝ ĦĮᶀỦľ 

´ ĬĽōōĶľ ĶĜĹē!ĬĢĶ ƑơƭƊƵשĽʭēš ĲĵęĞ

ěđŚ! 

 ◗╜ōĶĽƑơƭƊƵשĺїĨŚ ľ δ┘ ϹĽӰΉᾙĹŘĿ ᵅ œ

Ľ♯Ŏ ĵľ˙ĕĺĪŗ ĸśĺĶőṓĲĵēŚ!įě ╜Ķ῝βĨŚ ƑơƭƊ

ƵשĽ ľ Mark E. Tuckerman Glenn Martyna ęŗłĬĽӡ ᴮӃἐĮİě↔

$ ĦĮőĽĹĽĶ ŘĽͯש œӰΉᾙš ōĹēķĬĽ☺ ěĳĚŐĹē
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GTuckerman et al, 1999, 2001, 2006, 2010 (כֿ  9!ΌĮĦĵ ἐě∆ĦĞ δĦĵ

ēŚĚĸĕĚ ēĤĤĚ•ӓĹēě ŘĽ ƑơƭƊƵשĽ š ĶĜŚ ˅Ķ

╝ ĨŚĢķĺĨŚ10!ѯ♦ķĹŚƑơƭƊƵשĽ↑ỷľ 2.9 ĺōķŐĵęēĮĚŘ 

ˀͮĽ╝ Ķľ Ĭśě ƑơƭƊƵשĶ ĸĕ ᶟ ϩ ĤśŚĚ ĺὫ š ē

ĵҊὸĨŚ! 

 

[ 1] ̓ Ủķʫὲ↑ 

 ƑơƭƊƵשĶľ ƑơƭƊƍŤƵľּקṖĦĹēĚŘ SƑơƭƊƍŤƵĚŘ∆

ᾈ Ủ^̓ Ủš ĞTķēĕŞĠĺľēĚĹē!SľħŐĺ̓ Ủđř

ĜTĹĽĶđŚ! 

 ōĩľ ƑơƭƊƵשĽ( 2.9.1) ĺ ͒Ħĵ ƑơƭƊƵשĽ̓ ỦšỗĽŗ

ĕĺᾙĞ!Ǟľ ( 2.9.1) Ľ A( x)ķ˙ē xįĠĶĹĞ t ĺő ĺ˃ּקĦĵēŚĽĺ

ˋ!Ǟľ ᾶĹĞķő 1όľ ; Ĺ ƛűƊƭї₲ ķēĕˀϑĺľ͵Ľ ᴙנּ

œ⅝ ľ śĩĺҡ ĨŚ! 

 ὀ ὀȟὸ    (2.10.1)  

 Ủ( 1)Ľ̓ ỦšδēĵỸᵅĤśŚ˂ꞈ֩ѕĽʫὲ↑ǚľ xķ t Ľ ĺ˃ּק

ĨŚ!ōĮ ( 2.8.4) ķľ˙Ĳĵ ƑơƭƊƵשĶľ ˢ ĺľ 0ĺĹŘĹē

GĮįĦ ϑ ĺ 0ĺĹŚῺḀőđŚ!H 

 ‖ὀȟὸḳ ɳὀϽὀ ὀɳϽ ὀȟὸ   (2.10.2)  

ĚĞĦĵ ƑơƭƊƵשĽ˂ꞈ֩ѕľ śĮřὲŢįřĨŚ!ĳōř S ŢĶT

ēŚ!ƑơƭƊƵשĽ˂ꞈ֩ѕěˢ ĹĽķľ˙ĕ!Ģśěˀ᷅Ľҡ Ľѯ♦ĺĹ

Ś! 

 

[ 2] ˢ ͯĤśĮƬŨƶťƭĽ  

 ƑơƭƊƵשĶ x0¦xtŇķ иĨŚķĜĽƦŵƕᶺ š J ĬĽᶺ ỦšåķĨ

śĿ ƑơƭƊƵשķ ĺỗỦ( 2.8.10 π)ě→ř ĳ! 

 ὐɳὀϽὀ ‖ὀȟὸὐ  ( 2.10.3)  

 

9 ƑơƭƊƵשĽᴮӃľ őĲķ◗ĚŘēŜēŜđŚĬĕĹĽįě ἐĺľķĵő╣ᶺᴮ

Ӄš῝βĨŚ ľĹē!TuckermanĮİĽ Ľ˰ ᴭšẇῐĦĵ Ħē! 

10 ỸĽķĢŜ ƑơƭƊƵשĽ Ϲľ ֦ Ĺ ἐĺķĲĵľ ĦĨĝŚĽĶ ᾙĺ ś

ŚĳőřľĹĚĲĮ!TuckermanĮİĽ œӰΉᾙšἌŐ ŎĨŚķ ᴳжśĹē₲ỦĽ

ĺͽėĵ SLee algebraGƬ: ₲HTįĽSRiemannian manifold GƬ:ƠƵֿפ HT

ĹĸķēĕŬſƯŹŦ ᵴōĶὶĵĞŚ!ĦĚĦ 10ῙĽ ͫ ʫŤƭŶƬżƢĽδ╝šᾙ

ēĵēŚĕİĺ Ġĵ śĹēĢķšᵯĲĮĽĶ šĞĞĲĵδ╝šỆŎŚĢķĺĦĮ! 
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įě ƑơƭƊƵשĶľ ( 2)ỦĽ╝ Ľ ř ʫὲ↑ǚľÒĶľĹēĽĶ J=1ĺ

ľĹŘĹē!ŗĲĵ ƬŨƶťƭĽ G ┤ Hdx0=dxtקּ  ( 2.8.13) ľ→ř ĮĹ

ē! 

 ĦĚĦ ƬŨƶťƭĽ ľ ˀͮĽŗĕĺˢ ͯĨŚĢķěĶĜŚ!˂ꞈ֩ѕ x

ķ иĽƦŵƕŤƵ Jĺ ỖḈ t Ľї₲įķŞĚŚŗĕĺ t Ľ ėỒš ĠŚ!Ủ( 3)

ľ 

 ‖ὀ◄ȟὸὨὸ 

įĚŘ Ģśš┤ ĨŚķ  

 ὰέὫὐ ὰέὫ ὐ ᷿‖ὀ◄ȟὸὨ† 

J0ľ ỖḈ 0¦0ĽƦŵƕŤƵįĚŘ 1ĶđŚ!ōĮ ї₲ w( xt , t )š 

 ύὀ◄ȟὸḳ᷿‖ὀⱲȟ†Ὠ†  (2.10.4)  

ķ ҞĨśĿ  

 ὰέὫὐ ύὀȟὸ ύὀȟπ 

ŗĲĵ иĽƦŵƕŤƵľ 

 ὐ Ὡὼὴύὀȟὸ ύὀȟπ  ( 2.10.5)  

ĺĹŚ!ĢĽỦŗř Jt >0ěŞĚŚ!Ĥĵ 2.8 ╜ĶỞĦĮ ř ˂ꞈ֩ѕĽ ┤ľˀ

ͮĽỦĶỖѕ ĨŚĽĶ  

 Ὠὀ◄ ὐὨὀ   (2.8.8 π)  

ĶđŚ!ĢĢĺ (5)Ủš Ħĵ↔ ĨśĿ ỗĽSˢ ͯĤśĮƬŨƶťƭĽ

Tě ŘśŚ! 

 ὩὼὴύὀȟὸὨὀ Ὡὼὴύὀȟπ Ὠὀ ( 2.10.6)  

 ĢĽ ľ ƑơƭƊƵשĶľ ᾋĹ ┤ dxĶľĹĞ SὫŎ ĠĤśĮ

┤Texp( - w( x, t )) dxě זּ ĶđŚĢķšỞĦĵēŚ!Ủ( 6)Ľ wě 0ĽķĜ ĳ

ōř ʫὲ↑ǚě 0ĽķĜĺľ ( 6)ľ SƬŨƶťƭĽ dx0=dxtTĺ Ś!ķē

ĕŞĠĶ ( 6)ľ ƑơƭƊƵשĽ ┤ Ķ˂ꞈ֩ѕěשš ƑơƭƊƵבּקּ ŢĶ

ēŚῺḀĺ ϩ ĦĮכĺĹĲĵēŚ! 

 

[ 3] ˢ ͯĤśĮƬŨƶťƭ Ủ 

 Ĥĵ ĢĢōĶĶő ĕŢĥřĨŚŊĸ Ῠ Ķ ĦēĽĺ Ģśˀ᷅ľƬ:ƠƵ

ѵ͵ϹěὶĵĜĵ ĤŘĺœœĢĦĞĹŚ!ě ĶĜŚįĠĤŘřķṈōĨĢķĺĨ

Ś! 
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 ƑơƭƊƵשĶ ┤ě קּ

ĤśŚ ķēĕĢķľ Ƒơ

ƭƊƵשĽ˂ꞈľSōĲĨğ

Ķˢ Ķ Ĺ֩ѕ^ƨ:ű

ƬƅƋ֩ѕGₑ 1AHT11š˒

ĦĵēŚĢķšỞĨ! Ĳ

ĵ ƑơƭƊƵשĽỦ( 6)

ľ ˂ꞈ xě S Ţį֩ѕ

^ ƨ:űƬƅƋ֩ѕTš

ĜεĲĵēŚĢķšỞĦĵē

Ś!ĬĢĶ Ţį֩ѕGₑ

1B)ĽҊὸĺ Ƭ:ƠƵѵ͵

ϹšẠĕ12! 

 Ủ( 6)ĽὫŎ exp( - w( xt , t )) ľ Ƭ:ƠƵѵ͵ϹĶ"metric determinant factor ˂ꞈ

֩ѕᴁ G ὫὀȟὸH13"ķᵎĿśŚ ķŎĹĪŚ! 

 Ὡὼὴύὀȟὸ Ὣὀȟὸ   (2.10.7)  

ĮįĦ g( xt , t )ľ ᴁ ƈƵſƭGmetric tensor Hg( xt , t )Ľᶺ ỦĶđŚ!ƈƵſ

ƭ g( x0, 0)ěĢĽ˂ꞈ֩ѕĽѵ͵šᴒŐŚᴁ ƈƵſƭķĨŚķ ƈƵſƭ g( xt , t )

ľ g( x0, 0)ĚŘ x0¦xtĽ иĺŗř ŘśŚ! иĽƦŵƕŤƵ( 5)ľ  

 ὐ
ὀȟ

ὀȟ
    (2.10.8)  

ķ ĪŚ!ōĮ ˢ ͯĤśĮƬŨƶťƭĽ ( 6)ľ  

 ὫὀȟὸὨὀ ὫὀȟπὨὀ  ( 2.10.9)  

ķőᾙĠŚ! 

 ĢĽ˂ꞈ֩ѕĺęēĵ ƬŨƶťƭ Ủ 

 
ǥ
ὀ◄Ͻὀ◄ǥ π (ḽ 2.8.21)  

ľ ᴕ įĠᾙĞķ 

 

11 еϱ Ĺ ᵅĶ′Ħ Ĺēě ᵈŞŢķĨŚĢķľŞĚĲĵēĮįĠŚķắĕ! 

12 ķēĕ δἡě∆ϯĹĽĚĸĕĚđŢōřỡ“ěĹēĠśĸ. ..  

13 ᾶĹĞķő ᾙĶľ g( xt , t )ķēĕ ĽỡῶḣįĚŘĸĕĽĢĕĽ Ĺĸķ‰Ğᶳėĩ

ĺ ĺ ὫὀȟὸĶˢĳĽї₲š ĨҊ᷿įķắĲĵęĠĿὣ ĶđŚ! Ὣὀȟὸľ ֩ѕĽ

Ŏ֥ḀšỞĨ Ķđř 1ĚŘ͇ē šἨŚŊĸƨ:űƬƅƋ֩ѕĚŘ śŚ ķ╝ Ħĵ

ęĠĿ ĮŘĩķēėĸő͇ĚŘĩ ĚĹ ֿפ ! 

2.10. 1 ∞ AG ᶍḮᴻ᷄Ḳḋḑ ᶎ

ᵿᵫ BƎ ᶍ Ḯᴻ᷄Ḳḋḑ ᶎ ᶲᶆᶪ G
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ǥЍ

ὀϽǥ Ὣὀ π   (2.10.10)  

ķēĕכĺϩ ĶĜŚG ὶľ ṽĹĽĶ Tuckerman et al., 1999 Ľᴾ šẇ

ῐH!Ủ( 10)šSˢ ͯĤśĮƬŨƶťƭ ỦTķᵎŅ!ĢĽỦľ ᶻ ᶻ

ĺїŞŘĩ→ ĨŚ!ƑơƭƊƵשĽῺḀľ Ὣ=1Ěĳ ὀϽὀ πĹĽĶ ĢśŘš

ĨśĿ ( 10)ľ( 2.8.21) ĺ Ś!ĳōř( 10)ľƑơƭƊƵשĽƬŨƶťƭ Ủš

ѝĦĵēŚ! 

 Ủ( 10)ĚŘỦ( 1)( 3)(7) ( 8)šẠĲĵ ὫšΉĨķ ỗĽїגě ŘśŚGῥ ľ 

2A2H! 

 
ὀȟ ὀȟ

ὀȟὸϽɳὀ‰ὀȟὸ π  (2.10.11)  

Ủ( 11)ľ ƑơƭƊƵשķ ĺ ƑơƭƊƵשĶőǥ( x, t )ě ĤśŚ ĳōřקּ

Ỗѕ ͯĦĹēķēĕ Ὣ Ĺᴕ šỞĨ!Ủ( 11)ķ ( 9)ĚŘ ˀͮĽїגě Řś

Śě  

 ‰ὀȟπ ὫὀȟπὨὀ ‰ὀȟὸ ὫὀȟὸὨὀ  ( 2.10.12)  

Ģśľ ƑơƭƊƵשĽǥ ὀȟὸὨὀ◄ ǥ ὀȟπὨὀ (2.8.20) šϩ ĦĮőĽĶđŚ! 

 

[ 4] ᶻĶĽ˂ꞈ֩ѕ ї₲ 

 ˀῲľ ᶻ ᶻĺїŞŘĩ→ř ĳҡ įĲĮ!Ģśˀ᷅ľ ᶻ ᴙͮ

ĶĽҡ šᶺĕ! 

 ᶻͮĶľ ǥő ὫőỖḈ t ĺ ĺ˃ּקĦĹēĚŘ ( 12)ľ  

 ‰ὀ Ὣὀ Ὠὀ ‰ὀ Ὣὀ Ὠὀ  ( 2.10.1 3)  

ķᾙĠŚ!ỖḈĺ ĺľ˃ּקĦĹēĮŐ ƑơƭƊƵשĶő ƑơƭƊƵשķ

ĺ ˋĽỖḈĺ Ľ˂ꞈ ԌšҾŐŚĢķěĶĜŚ! ƑơƭƊƵשĽὶ

ĺĹĲĮ̓ Ủ( 2.10.1) ő ᶻͮĶľ ĹỖḈ˃ּק↑ěĹĞĹŚĽĶ  

 ὀ ὀ    (2.10.14)  

ĬĦĵ ˢ ͯƬŨƶťƭ Ủ( 11)ľ  

 ὀϽɳὀ‰ὀ π    (2.10. 15)  

ķщ ĺĹŚ!įě ĢśįĠĶľ ˂ꞈ֩ѕ ї₲ǥ( x)šҾŐŚĢķľĶĜĹ

ē!ƑơƭƊƵשĶľ ( 2.8.22) ŎĮēĺƟŤſƵĽŭƅŵỦšẠē ( 2.8.28) Ľכ

ĶǥšҾŐŚĢķěĶĜŚĠśĸ ƑơƭƊƵשĶľ ˢ ĺľĶĜĹē!ķē

ĕĽľ ĬőĬőƑơƭƊƍŤƵ HěĹēĽįĚŘ! 

 Ķľ ĸĕœĲĵǥšҾŐŚĚ' ķᵈĕķ ƑơƭƊƵשķ ĺ קּ šẠĲ

ĵǥš ĨĢķě; ĶđŚ!ĳōř ̓ Ủ(14)ĺŗř ỗĽ ncᵌĽ ě קּ

GᶚּוHĤśŚķĨŚ! 
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 Ώ ● ‗  Ὧ ρȟȣȟὲ   (2.10. 16) 

ᶻͮĺęēĵ ˂ꞈ xľ  ᴙ( 16)Ľ ˅ĺ ϯ ĶὶᵅĨŚ!ĳōř  

 ǥ ὀ Б Ώ‏ ὀ ‗  ( 2.10.17)  

ķ ĨĢķěĶĜŚG∆҉ͯĦĵēĹē ᵅH!ĢĽķĜ ї₲ľ 

 ὤ ‰᷿ὀ ὫὀὨὀ Б᷿ Ώ‏ ὀ ‗ ὫὀὨὀ (2.10.18)  

ĶᴁẐĨŚ!ƑơƭƊƵש ( 2.9.2) Ľ dxĶľĹĞ ƑơƭƊƵשĽ זּ

ὫØὨØĶ┤ ĦĵēŚ! 10ῙĶľ Ủ(18)šẠĲĵ 7Ĺ ĽŤƵŷƵƘƭ

ĽἯ š ĞĢķĺĹŚ! 

 ˀῲ ƑơƭƊƵשĽϖ šỞĦĮ!MDŇĽ͒ ĺĳēĵľ 10ῙĶ῝βĨ

Ś! 

 

2 ᶍᶝᶇ  f

 

 MDĽѯ♦ķĹŚᵍ Ϲš ֢ĠּטĶ ὌĦĮ!̓ Ủľ ƍƧ:ƊƵכỦ 

ƫŲƫƵźƧכỦ ƑơƭƊƵכỦěđŚě MDĽŤƭŶƬżƢ ὶĺľ ƑơƭƊ

ƵכỦě ĶđŚ!ϑ ěϾŘĹē ϹשĶľ ̓  ϲ̓  ŪƏƭŰ:ě

ĨŚě ĢśŘĽקּ ľבּקּ MDƙƯŲƫƢĽ∙ ᴩῥĺ ēŘśŚ!ᵍ ϹשĽ

ổĳ ỷĽĕİ ĺỖѕ Ῐ↑ķŹƵƙƮűƈťƅű↑Ľ ĳľ MDĽỖѕ┤

ŤƭŶƬżƢ ὶĽṔĺὫ ểĤśŚ!ĤŘĺ ᵍ ϹĽƑơƭƊƵשšϩ Ħ

Į ƑơƭƊƵשľ ͫœ ʫ MDĽ ѯ♦ķĹŚ! ῙĽ ľ 3ῙSỖ

ѕ┤ T 9ῙS Ẫ Ϲ ĽĮŐĽ ᴁ ϹT 10ῙSŤƵŷƵƘƭTĶ

ĺḽ ĨŚĢķĺĹŚ! 

 

 

2A1.  ᶍ ᶇ ◖    

  

 ĢĽ ľ MDķľїגĹēĚŘ ΊĳŅĦĺ ŢĶēĮ

įĠśĿᴕᶣĶđŚ! 

 2.3 ╜Ķ ϑ ěϾŘĹēᵑ Ķ ṥש ṥ Ľ

SӪT ě→řבּ ĳῺḀľ ϲ̓ ě ĨŚĢķš῝βקּ

ĦĮ!Ķľ ṥ ṥ ĽSἥT ĦĚ→řבּ ĮĹēῺḀ

ľ ĸĕĹŚĚ' ˀͮĶľ šῲġĵ ἥ  ĽῺḀľבּ

ˢ ĺľϲ̓ ě  !ĦĹēĢķšỞĨקּ

 ֥ ĺľ xy ĺᶚּוĤśĮ ỷ mĽỷ ij Ľѕ

ĺ ƛűƊƭ r ij ĺ ᶺĶľĹĞ ϲĺ ě ĞῺḀš ĺ

2A1. 1 

ᶍ ᵶ

ᵪᶉᶩᵾᵾᶉᵣ
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ἨŚ!ỡ◦φĺĢĽŗĕĹŇĬԅěřĽ ěđŚĚĸĕĚľ ĢĢĶľ ŞĹē!

šщ ĺĨŚĮŐ ľ ỗᴽͯĦĵęĞ!ỷ Ľḹ š 

 
► ὼȟώȟ► ὼȟώ

 
ķęĞ!̓ pi pj ľ ּי ķˢ ĨŚ! 

 ĢĽשĽƟƈƵŹƥƭŪƏƭŰ:UšˀͮĶ ҞĨŚ! 

 
Ὗ►ȟ► ὼ ὼ ώ ώ ὼώ

 
( 2A.1) 

ĢĽķĜ ỷ ĺϾŚ ľ  

 
Ἦ ȟ ώȟὼ

 

 
Ἦ ȟ ώȟὼ

  
( 2A1.2) 

ķĹŚě ϑ ěϾĲĵēĹēĚŘ ĬśĭśĽ ľ ꞈᵧĺҷŋĨ ĶđŚ!ĳ

ōř  

 
Ἦ ἮȟἮ Ἦ

   
( 2A1.3) 

ŗĲĵ   

 
Ἦ Ἦ ώȟὼ

  
( 2A1.4)

 
š ĮĨĽĶ ṥ ṥ Ľἥ šבּ ĮĨĽľ ŘĚ!įě r ij ĺ ᶺĶľĹēĽ

Ķ Ӫ ľבּ ĮĤĹē!ĢĽ Ķľ ᶺĶľĹĞ ϲĺĹĲĵēŚ! 

 Ĥĵ ĳĽỷ Ľ̓ ỦľˀͮĽ ř! 

 
►
Ἶȟά

Ἶ
Ἦ

 

 

►
Ἶȟά

Ἶ
Ἦ

  
( 2A1.5) 

Ģśšőķĺ ϲ̓ šỖѕ ĦĵŎŚ!2.3 ╜Ľ ř ōĶ  ĨśĿכ

 
╛
Ἲ Ἦ Ἲ Ἦ Ἲ Ἦ Ἲ Ἦ Ἲ Ἲ Ἦ Ἲ Ἦ ( 2A1.6) 

2.3 ╜Ķľ ĢĽỖ Ķ Ӫ Ľבּ f ij =ar ij šẠĲĵÒĺĦĮŞĠĶđŚ!įě Ḛε

Ľ Ķľ ἥ ĦĚ→řבּ ĮĹēĽĶ (6)ľÒĺĹŘĹē!ĳōř ϲ̓ ľ

 !ĦĹēקּ

 ĪĲĚĞįĚŘ (1 )ĽכĽƟƈƵŹƥƭͮĽ̓ ľĸĕĹŚĚš ňĵŎŚ!2

̓•ĹĽĶ Ὣש ķꞈ ̓ ĺ ĠŚĢķěĶĜ ꞈ ḹ r ij Ľ Ủľˀͮ

GὫ•ľ ּי ▬̓ ĹĽĶ H!ᴁẐšщ ĺĨŚĮŐĺ m=2ĺĨśĿ иẐ

ỷ ľǜ=1ĺĹŚĚŘ ꞈ ḹ r ij Ľ̓ Ủľ ! 

 

Ἲ
Ἦ

 

ĢśšᾙĜͮĪĿ 
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ώ

 
( 2A1.7) 

ὼ
 

( 2A1.8) 

 ĢĽꞈ ḹ ĶỦ( 1)ĽƟƈƵŹƥƭ UšₑỞĨ

Śķ ₑ 2ĽŗĕĹ Ⱨԅ ĺĹŚ!Ģśš

ᴳĮįĠĶŞĚŚŗĕĺ ĢĽƟƈƵŹƥƭ Ľ

̓ ľ ᾑѻ ᴙĺ ĜĞ˃ּקĨŚ ʸ ĹӐ

šỞĨľĩ! 

 Ĥĵ (7 )šĤŘĺỖѕĶÔε Ħĵ ĤŘĺ(8)šẠėĿ  

 
ὼ

 
( 2A1.9) 

Ủ(9)Ľˢ δľ a, b, c, d šᾑѻ Ľקּ˃ ˋ ₲ķĦĵ  

 
ὼ ὸ ὥὩ ὦὩ ὧίὭὲὸ Ὠ ὧέί ὸ

  
( 2A1.10) 

ˢ  yij ľ ( 2A.10)š( 2A.7) ĺ ĦĵδĠĿ  

 
ώ ὸ ὥὩ ὦὩ ὧίὭὲὸ Ὠ ὧέί ὸ

  
( 2A1.11)

 
יּ ľ( 10,11)š Ħĵ 

 
ὺ ὸ ὥὩ ὦὩ ὧὧέίὸ Ὠ ίὭὲ ὸ

  
( 2A1.12)

 

 
ὺ ὸ ὥὩ ὦὩ ὧὧέίὸ Ὠ ίὭὲ ὸ

  
( 2A1.13)

 
a, b, c, d Ľ ˋ ₲ľ (10) - ( 13)ĽÖĳĽᾑѻ ĺŗĲĵᴒōŚ! 

 ĽĮŐ ŪƏƭŰ: ě→řבּקּ ĳĢķšƃũƅűĦĵęĞ!иẐỷ ǜ=1Ĺ

ĽĶ ̓ ŪƏƭŰ:ľ"K=1/2( vx
ij

2+ vy
ij

2)įĚŘ ☺ŪƏƭŰ:Eľ Kķ UšּטĦ

ĵ  

Ὁ ὑ Ὗ ὺ ὺ ὼώ   

ȣ τὥὦ ὧ Ὠ
  

ķĹŚĢķěŞĚř Ģśľ Ỗѕ t ĺŗŘĹē ₲įĚŘ ŪƏƭŰ: →ěבּקּ

ř ĲĵēŚ! 

 Ĥĵ Ľ Ľϲ̓ Lš ňŚ!Ὣ•šᴾ ĺἨĲĮϲ̓ šᴁẐĦĵ

ŎŚ! 

 
Ἐ Ἲ Ἰ Ἲ Ἰ Ἲ Ἰ Ἲ Ἰ Ἲ Ἰ Ἰ Ἲ ○

 

ĢĢĶľ xy ĺᵊ ĦĮ̓ ĹĽĶ LĽ z→ ĽŎě šổĳ!Ĭśľ  

 
ὒ ώὺ ὼὺ ȢȢȢ

 

ςЍς ὥὩ ὧ ίὭὲὸ Ὠ ίὭὲὸ ὦὩ ὧ ίὭὲὸ Ὠ ίὭὲὸ
  

-4

-3

-2

-1

0

1

2
3
4

-20

-15

-10

-5

0

5

10

15

20

-4
-3

-2
-1

0
1

2
3

4

U=Xij*Yij

Xij
Yij

2A1. 2  U  = x ij y ij  
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ķēĕכĺĹŚ!Ģśľ ◦Ỗѕ ͯšĨŚ!ķēĕŞĠĶ ĢĽ ĺїĨŚᵊř

ľ ϲ̓ ľ  !ĦĹēקּ

 ˀῲ ṥ ṥ Ľἥ ĦĚ→řבּ ĮĹē ĮķėĿ קּ (1)ĽŗĕĹῺḀ ϲ

̓ ě  !ĦĹēĢķšỞĦĮקּ

 ĢĽ ľ ₲Ϲ Ĺ łĶ ֿפ  ĢŢĹ̓ ľĹēĽįŜĕ!ķēĕĽľ 

$ ( 1991)Sϲ̓ TĺŗśĿ ϲ̓בּקּ ľ ƠűƯĶőơűƯבּקּ

Ķő→ř ĳ ĜŞŐĵѯ Ķ Ĺ  !ĹĽįĬĕįבּקּ

 ᵅỸĺ ṥ ṥ Ľ œϲ̓בּ Ľ ě ˢᴳ →řקּ ĮĹĞĹŚĽľ 

ờҁϹĽ ĶđŚ!Goldstein et al. (2002)  ĽӰΉᾙĺŗŚķ ƕŬ^ŷƶţ:

ƭĽ ĺὤĲĵꞈᵧṥבּ ĨŚ ΚĽѕĶľ ṥ ṥ Ľ ľӪἥķő→řבּ Į

ĩ ̓ őϧ̓ őĬĽōōĽכĶľ ּקĦĹē!įě ῺĽ̓ œϧ̓

ōĶᶳ ĨśĿ  !ĨŚķēĕקּ

 ķőđś MDķľ ╗їגĹēě ę ł ĺ ňĵŎĮŞĠ! 

 

2A2 . ╗ ḲᶻḼᶸḳטּ ᶍ  

 

 ĢĽ Ķľ Ľˢ ͯƬŨƶťƭ Ủ 

 
ὀȟ ὀȟ

ὀϽ‰ὀȟὸ Ὣὀȟὸὀ π   (ḽ 2.10.10)  

ĚŘ ὫšΉĦĵ ˀͮĽїגš Ğ! 

 
ὀȟ ὀȟ

ὀȟὸϽɳὀ‰ὀȟὸ π   (ḽ 2.10.11)  

ĬĽṔĺ  

 ὀ ὀȟὸ     (ḽ 2.10.1)  

 ‖ὀȟὸḳ ɳὀϽὀ ὀɳϽ ὀȟὸ   (ḽ 2.10.2)  

 ὐɳὀϽὀ ‖ὀȟὸὐ    (ḽ 2.10.3)  

 ὐ
ὀȟ

ὀȟ
     (ḽ 2.10.8)  

šẠĕ! 

 ōĩ Ủ( 2.10.8) šỖѕ ĨŚķ  

 

ὀȟ

ὀȟ

ὀȟ ὀȟ

ὀȟ

ὀȟ
ὀ Ὣὀȟὸ Ͻ

ὀ
   

ĶđŚě Ģśš Ủ( 2.10.3) ķᴳ ň ( 2.10.8) šẠĲĵ ὫὀȟπšΉĦĵ↔ Ĩ

Śķ  
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ὀȟ

Ὣὀȟὸ‖ὀȟὸ   (2A2.1)  

ķēĕ ᾋĹїגě ŘśŚ! 

 Ģśˀ᷅ ᾑѻ˂ꞈ x0ķỖḈ 0ľ ĚŘΉėŚĽĶ ṽĤš ĠŚĮŐ ¾x

ľ¾ķᾙĜ ėỒĽ xG=xt )ķ t ľ ĹķĜˀϑľ Ĩ! 

 ˀͮ Ủ( 1)šẠĲĵ ( 2.10.10) ĚŘ ὫšΉĨ!Ủ( 2.10.10) Ľ 1᷆ľ  

 Ѝ ‰ Ѝ Ὣ  

2᷆ľ 

 Ͻ‰ Ὣὀ ‰ Ὣ ‰ Ὣ Ὣ‰ Ͻ ὀ 

‰ Ὣ Ͻ ὀ ‰ ὫϽ ὀ Ὣ ‰ Ͻ ὀ ‰ Ὣ‖ ‰ ὫϽ ὀ Ὣ ‰ Ͻ ὀ 

ĮįĦ  ( 2.10.2) šẠĲĮ! Ó᷆ķ 2᷆šּטĦĵ Ủ( 2.10. 10)ľ( 2)šẠĲĵ

  ĨŚķכ

 π ‰ Ѝ Ὣ ‰ Ὣ‖ ‰ ὫϽ ὀ Ὣ ‰ Ͻ ὀ  

Ὣ ‰ Ͻ ὀ Ὣ‰‖ ‰ Ѝ ὫϽ ὀ  

 Ὣ Ὣ‰‖ ‰ Ѝ Ὣ Ὣ‰‖ ‰ Ὣ‖ Ὣ  

ķĹŚ!ĢĢĶ Ὣľ 0ĶĹēĽĶ dǥ/ dt =0ĶđŚ!ŗĲĵ Ľїג 

  π
ὀȟ ὀȟ

ὀȟὸϽɳὀ‰ὀȟὸ    (2.10.11)  

ě ŘśŚ! 

 

2 ᶍ  

 

⁵ Ҟ  (1991) ,  ϲ̓ ὶ בּקּ γ.  

ᾴὶῃˢ  ( 2017) ,  δ┘ Ϲ ѣ ᾙ # 

ѭ  (1991)"δ┘ Ϲ ќ◘ὶ .  

⅞ὂˢG ᶆ ᶒ H(2006) ,  Ẫ ϹŹơƧƮ:ŹƩƵ$₲ ┤ מ  Ҟ

ὴ Ϲ ᶏϹ .  

http://www.phys.keio.ac.jp/guidance/labs/riron/pdf/nosenote1.pdf  

Goldstein, H.,  Poole, C. P. , Safko, J. L. (200 2) ,  Classical Mechanics (3rd 

ed.) ,  Addison- Wesley, Boston.  

- 257. 

DOI:10.1080/00411457108231446.  Invariante Variationsproblems 
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(Invariant variation problems).  

Tuckerman, M. E. (2010), Statistical Mechnics: Theory and Molecular 

Simulation, Oxfortd Univ. Press., Oxford.  

Tuckerman,  M. E., Alejandre , J. , L pez- Rendn, R. ,  L Jochim, A. L.,  Martyna, 

G. J. (2006), J. Phys. A.: Math. Gen. 39, 5629 - 5651. 

DOI:10.1063/1.463940.  A Liouville - operator derived measure -

preserving  integrator for molecular dynamics simulations in the  

isothermal ïisobaric ensemble .  

Tuckerman, M. E., Berne, B. J., Martyna, G. J. (1992), J. Chem. Phys.  97, 

1990- 2001. DOI:10.1063/1.463137.  Reversible multiple time scale 

molecular dynamics.   
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Phys. 115, 1678- 1702.   DOI:10.1063/1.1378321.  Non- Hamiltonian 

molecular dynamics: Generalizing Hamiltonian phase space principles 
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149- 155. DOI:10.1209/epl/i1999 - 00139- 0.  On the classical statistical 

mechanics of non - Hamiltonian systems.  
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3   

    

 ÓῙĶľ MD Ľϖ ķ šĦ 2

ῙĶľ MD Ľѯ♦ķĹŚᵍ ϹĽ

♯Ŏš῝βĦĮ!Ģśˀ᷅ľ MD Ľ

ᵌ7Ľ ♬ĺĳēĵδ╝ĦĵēĞ! 

 ĢĽ 3ῙĶľ Ỗѕ┤ ĽŤƭŶƬżƢ

ĺїĦĵδ┘ĨŚ!Ỗѕ┤ ķľ 2ῙĶ

╝ ĦĮ̓ Ủšδēĵ שĽỖѕ

šŹơƧƮ:ŹƩƵĨŚĢķšᵈĕ! 

 Ỗѕ┤ ŤƭŶƬżƢĽ ὶĺľ ēĞĳ

Ě ěđŚě ōĩ ᾋĹƈŦƫ: ϋĶŬŦƫ: ķּי ƶũƭƮ š ὶĨ

Ś!ּי ƶũƭƮ ľ ƑơƭƊƵשĽ ĮĨňĜSỖѕ Ῐ↑TķSŹƵƙƮ

űƈťƅű↑TG 2ῙHĽ ĳĽ↑ỷšᴝļĮỖѕ┤ ŤƭŶƬżƢĽ Ķ ˢ

щ ĹőĽĶđŚ!ĤŘĺ ƈŦƫ: ϋĶľĹĞ Ằ₲╘ ϋš ēĵ Ỗѕ

Ῠ↑ķŹƵƙƮűƈťƅű↑š Ỗĺ ĮĨỖѕ┤ Ľ ὶ š῝βĨŚ!

יּ ƶũƭƮ ő Ằ₲╘ ϋĶ ὶĶĜŚĢķšỞĦ ĬśšĤŘĺ ֿפὫỖѕ

ḈŎ ĺϩ ĨŚ! 

 ῙĶľ MDĽѯ ĶđŚ ŪƏƭŰ:MDGơűƯŭƐƍŭƭMD  NVE- MDHĶ

ĽỖѕ┤ ŤƭŶƬżƢšἨřʭĕ!ѯ♦ķĹŚĽľ 2ῙĽ 2.1- 2.7 ╜ĽƍƧ:Ɗ

ƵGƑơƭƊƵH ϹĶđŚ! ͫ$ ʫ ᴙĽỖѕ┤ ĺĳēĵľ ῙĶľĹ

Ğ 10ῙĶδ╝ĨŚ! 
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3.1. ᶍ  

 

 Ỗѕ┤ Gtime integration Hľ ÓῙĶ ҞĦĮŗĕĺ MDĽ Ľ ̓

ỦšδĞ ĶđŚ!ĳōř đŚỖḈ t Ķḹ r ( t ),  ̓ p( t )Ľỷ ě ỖѕḈ

Ŏ hįĠ˒ ĦĮᵭĺ r ( t +h),  p( t +h)Ľ šᴁẐĨŚĮŐĽŤƭŶƬżƢĽĢķš

ᵈĕ(ₑ 1H!Ỗѕ┤ ŤƭŶƬżƢě ĮĨňĜ↑ỷķĦĵ ᵍ ϹĽ ≠š Į

ĨĢķGŪƏƭŰ:ĹĸĽ Ỗѕ בּקּ Ῐ↑ ŹƵƙƮűƈťű↑ 2Ῑẇ

ῐH Ỗѕĺ řʸ ĶđŚĢķ Ỹאě ˍĶđŚĢķ ĹĸěӐġŘśŚ!Ģ

śŘšᶳ ĦĹěŘ ҡ š⁮ŐŚĢķĺĨŚ! 

 ῙĽҡ ľ ÓỗᴽÓỷ ĺĳēĵᶺĕ!Ỗѕש

┤ ĺїĨŚ ᶳṶľ 3ỗᴽ N ĶĹĞĵőש

ὢ įĚŘĶđŚ!ŗĲĵ ĢĢĶľ ḹ r ̓
1p f Ľŗĕĺ 1ỗᴽŻŭƫ; ỞĦĵҡ Ĩ

Ś!ҡ Ľὶ ľ ƑơƭƊƵĽ̓ Ủ Ủ

( 2.5.2 )šĤŘĺщ ͯĦĮỦĶđŚ! 

   (3.1 .1 )  

 

1 ̓ pĽ Şřĺּי v=p/ mĶҡ Ħĵő ēĽįě œľř Ĺʭēľ pĽŊĕ

ěœřœĨēĽĶ ĢĽῙĶő pšẠĕĢķĺĨŚ!įě Ỹ Ĺ MDƙƯŲƫƢĶľ ₲

ķĦĵ ּי věẠŞśŚĽĶ ᾙš ħĵ ᴾּבķĦĵ Ҝỏŵ:Ƌľּי ĶỞĨĢķĺ

ĨŚ! 

3. 1.1  
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 Ὢ  (3. 1. 2)  

ĢĽῙĶĽƛƵƃƠ:űᴁẐľ 

ỗĽƟƈƵŹƥƭ UĶ ҞĤś

Ś ỷ m=ÓĽˢỗᴽ ‪ Ẫ

šẠĕĢķĺĨŚ!
 

 
Ὗ ὶ  (3.1.3)

 

Ĺę ῙĶʭĕ f ľ ḹ r Ľ

ї₲Ķ ̓ pĺľ ╗ľ˃ּקĦ

ĹēĢķķĨŚ!įĚŘ ỖḈ t Ľ

f ( t )ľ f ( r ( t )) ĶđŚ! ě

╗ pĺ˃ּקĨŚῺḀľ 8ῙĹĸ

Ķ ĬĽ šỞĨĢķĺĨŚ! 

 ęōĠķĦĵ ἐě᷈ᶡ−ᶆĠ

ĺṥĲĮ MDĽỉ ĚŘ ̓

ỦĽδĜ ĽŻƫŦƋšӐġĵęĞ

Gₑ 2H!Ŀļ‪řẪš Ῠĺ 

ēỖѕ t š ēỖѕƼtG ᾙĽֿכ

Ľ Ķľ h)ĺ Ġĵ ̓ Ủ

šδēĵ Ĭśšֽř Ĩ ķēĕ

ŗĕĺ╝ ĦĵēŚ!ṐĚēĢķľ

ķőĚĞ ᾶĹĞķő ϖ ĺ

ľ Ģśě MDĽỖѕ┤ ĶđŚ! 

 

3.2. ᶷḳ᷉ḲḂḨᶍ ᶩ ᶇᶽḕḳ᷃ᴻ   

 

 MDᴁẐĶľĤōĥōĹᵵḰě−ĩŚ!MDĽᵵḰľ ᴁẐѾĽ∙ ĺ˃ּקĨŚőĽ

GќŐᵵḰH ĽᴁẐŤƭŶƬżƢĺ˃ּקĨŚőĽ ĬĦĵ Ỗѕ┤ ŤƭŶƬż

Ƣĺ˃ּקĨŚőĽ Ľẅĳĺ ĶĜŚ! ╜Ķľ ẅĳ ĽSỖѕ┤ ĺŗŚᵵ

ḰTĺĳēĵ Haile  (1992)  ĺ Ĳĵ╝ ĨŚ!ōĩ ╕řᵵḰš ҞĦ ỗĺŪ

ƏƭŰ: ĽẰ↑קּ šỞĦ Ḿᵭĺ ἐĽїגš ĩŚ! 

 

[ 1] ╕řᵵḰ 

 MDĶľ r ķ pš ᵊĽỖѕŻƈƅƙ hĶ┤ ĦĵēĞŞĠįĚŘ hĺ˃ּקĨŚ

₲ ᵵḰě −ĨŚ!ƈŦƫ: ϋĶᾙĞĹŘ r ( t +h)  ķ p( t +h)  š r ( t )ķ p( t )Ě

3.1. 2 ᴳ ᶍ ᵰ

ᶧᶩ  G
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ŘᴁẐĨŚῺḀ Ủ( 1)( 2)ĽŗĕĺĨňĵĽ᷆šּטĦḀŞĪśĿ ᾶĹĞķőŤƭŶ

ƬżƢĺҌˮĨŚᵵḰľĹēľĩĶđŚ! 

 
ὶὸ Ὤ В

Ȧ
  (3.2.1)

 

 
ὴὸ Ὤ В

Ȧ
  (3.2.2)

 

 įě MDšᶺĕῺḀľ ᵊĽ₲Ľ᷆ĦĚᴁẐĶĜĹēĽĶ ᷈ỗ᷆ľ ểĨŚĢ

ķĺĹŚ!ĬĽᴕΌ−ĩŚᵵḰš ╕řᵵḰ(truncation error) ķᵎŅ!ḹ ķּי

Ľ ╕řᵵḰě O( hn+1)ĽỖѕ┤ ŤƭŶƬżƢš SnỗĽG∙ ĽHŤƭŶƬż

ƢTķᵎŅ!ĮķėĿ ᵭĶ῝βĨŚ ŬŦƫ: ķὂ∆ŬŦƫ: ľ 1ỗ ּי ƶ

ũƭƮ ľ 2ỗĽŤƭŶƬżƢĶđŚ!ḹ ķּי Ķ ╕řᵵḰĽŬ:Ƃ:ě˙ĕ

őּקṖĨŚě ᾙĶľῒ ĨŚ!ēĩśĺĪŗ ḾὊ ĹŪƏƭŰ:ĽᵵḰ

ľ ᵵḰĽŬ:Ƃ:ěᾴĤē ĺּטš˰Ĳ ŘśŚ! 

 

[ 2] ŪƏƭŰ:Ľĩś 

 ŪƏƭŰ: ᴙĶĽỖѕ┤ ŤƭŶƬżƢľ ѯ ĺľŪƏƭŰ: šĸבּקּ

Ľ ĮĨĚĶ ĬĽ↑ š ͻĨŚ!ĳōř ̓ ŪƏƭŰ:ķƟƈƵŹƥƭŪ

ƏƭŰ:Ľ Ľ☺ŪƏƭŰ:Eě ĤśŚĚĸĕĚě ŤƭŶƬżƢĽקּ ѯᾈĺ

ĹŚ!ĬĽĮŐĺ ŪƏƭŰ:Ľ ĽĩśĽẰ ķĦĵ ˀͮĶ ҞĨŚŪƏƭŰ:

Ľḣ Ԍ ῶ ˂(root mean s quare deviation)  RMSD( E)šᴁẐĨŚ! 

 
ὙὓὛὈὉ В Ὁ Ὁ

  (3. 2.3 )  

ĮįĦ Mľ MDĽỖѕŻƈƅƙ₲ E0ľ ÒŻƈƅƙĽŪƏƭŰ: Ei ľ i Żƈƅ

ƙĽŪƏƭŰ:ĶđŚ!ĳōř RMSD( E)ľ ᾑѻŪ

ƏƭŰ:ĚŘĽ Ԍ Ĺĩśš ĦĵēŚ!Ĺę E0

Ľ Şřĺ ☺ŻƈƅƙĽ Ԍ EAĚŘ ŘĝĽ 

r oot mean square fluctuation ( RMSF( E)) šẠĕĢ

ķőđŚ!ĳōř 

ὙὓὛὊὉ В Ὁ Ὁ  (3. 2.4 )  

ĢĢĶ EAľ☺ŻƈƅƙĽ ԌŪƏƭŰ:  

 
Ὁ В Ὁ   (3. 2.5 )

 

ĶđŚ(ₑ 1H! ἐĽїגľ щ ĹᴁẐĚŘ 

 ὙὓὛὈὉ ὙὓὛὊὉ Ὁ Ὁ  (3.2.6)  

ĶđŚķŞĚŚ! ◦ RMSD( E)֕RMSF( E)ĶđŚ!  

3 .2.1  ᶽḕḳ᷃ᴻᶍ

ᶇᶥᶨᵭᶍטּ
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 RMSD( E)ķ RMSF( E)ĽĸİŘšẠĲĵő ┤ ŤƭŶƬżƢĽ ͻĺїĦĵľ ỷ

ĹḰľĹē!įě ҡ šĨŚῺḀľ ĸİŘĚĺ ˢĨŚĢķě ĹĽĶ Ῑ

Ķľ RMSD( E)šẠĕĢķĺĨŚ! 

 

[ 3] ╕řᵵḰķŪƏƭŰ:ĽĩśĽїג 

 nỗĽ∙  ĳōř O( hn+1)ĽᵵḰšổĳỖѕ┤ ŤƭŶƬżƢĶ MDšᶺĕķ 

RMSD( E)ľ ᷈7O( hn)ĶđŚ!ĢĽїגš ˀͮĶῥ ĨŚ! 

 MDĽ☺Ỗѕšǣ ☺Żƈƅƙ₲šMķ ĠĿ  

 
ὓ    (3.2.7)

 
ĶđŚ!MDĽŪƏƭŰ:Eľ r ķ pĽї₲įĚŘ 1ŻƈƅƙѕĽḹ ķּי Ľ ᾴ

ͯš ēĵ  

 
ῳὉ ῳὶ ῳὴ

    

ķ֕ỏĶĜŚ!Ĥĵ ĢĽ ᾴ ͯš MDĽŻƈƅƙ j ĚŘ j +1ĶĽ ͯķĨŚ!n

ỗĽŤƭŶƬżƢĹŘĿ  

 
ῳὶᶿὬ ȟῳὴᶿὬ

    
įĚŘ Ĺ ₲ Aj šẠĲĵ  

 
ῳὉ ὃὬ   (3.2.8)

 
ķĹŚ!Ĺę ḹ ķּי ě 7Ľỗ₲šổĳῺḀľ ᾴĤē š nķĨśĿŗē! 

( 8)ľ 1ŻƈƅƙđĮřĽᵵḰįě Ģśš ԄᾒᵵḰGLocal Error HķᵎŅ!ĢĢ

ĶᴳĮŗĕĺ ŪƏƭŰ:ĽԄᾒᵵḰľ ┤ ĽŤƭŶƬżƢĽᵵḰĽŬ:Ƃ:ķˢ

ĨŚ! 

 Ĥĵ i Żƈƅƙķ 0ŻƈƅƙĽḰĽỡῶľ ( 8)šẠĲĵ  

 
Ὁ Ὁ ῳὉ ῳὉ ȢȢȢῳὉ В ὃὬ Ὤ В ὃ

 

 
Ὤ В ὃ

   

ĢĢĶ ☺ĵĽ Aj Ľ╟ ĽḾ š AķĨśĿ  

 
В ὃ В В ὃὃ В В ὃὃ Ὥὃ

  

įĚŘ ᴕԄľ 

 
Ὁ Ὁ ὭὬ ὃ

    
ĶđŚ!ŗĲĵ Ģśš i =1,MĺĳēĵּטĦḀŞĦ ῶ ĽᶀỦ 

 
В Ὥ

 

šẠē ĤŘĺ MĽ ỗ᷆š ểĨśĿ  
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В Ὁ Ὁ Ὤ ὃВ Ὥ Ὤ ὃ

 

ĺĹŚ!Ģśš RMSD( E)Ľ ҞỦ( 3)ĺ Ħ ĤŘĺ( 7)š ĨśĿ  

 ὙὓὛὈὉ В Ὁ Ὁ Ὤ ὃ
Ѝ  

 
Ѝ
Ὤ

Ѝ
Ὤ  

ķĹŚ!ĳōř  

 ὙὓὛὈὉ ὕὬ   (3. 2.9 )  

ěῥ ĶĜĮ! 

 Ủ(3)Ľ RMSD( E)š ˞ᵵḰGGlobal error HķᵎŅ!ĢĽŗĕĺ ŪƏƭŰ:Ľ

˞ᵵḰľ ԄᾒᵵḰĺ ňĵŬ:Ƃ:ěˢĳͮěŚ! 

 Ủ( 9)Ľїגľ ĢĽᵭĺּנĞ╜Ķ╝ ĨŚŗĕĺ Ỗѕ┤ šľħŐ MDĽŤƭŶ

ƬżƢĽ∙ Ľ ͻĺ ĶđŚ!Ĺę ԄᾒᵵḰķ ˞ᵵḰľ Ľ Ķő ὶ

ĶĜŚG3.9 ╜ẇῐH! 

 

3.3 . 1 ᶍ ᶍ ֹᶿᶹḱᴻ ᶇ ᶿᶹḱ  ᴻ

 

 ᾈ ě↔ĲĮķĢŜĶ ōĩľ ƈŦƫ: ϋšẠĲĵŬŦƫ: ķὂ∆ŬŦƫ:

ķēĕÓỗĽỖѕ┤ ŤƭŶƬżƢš ὶĨŚĢķĺĨŚ! 

 

[ 1] ŬŦƫ:  

 ōĩľŬŦƫ: ĚŘ!Ủ(3. 2.1 )(3. 2.2 )š nĽ 1ỗōĶ ϋĨŚ! 

 
ὶὸ Ὤ ὶὸ Ὤ ὕὬ  (3. 3.1 )

 

 
ὴὸ Ὤ ὴὸ Ὤ ὕὬ  (3. 3.2 )  

( 1)ĺ̓ Ủ (3.1 .1 )  š ( 2)ĺ (3. 1. 2)š ĨśĿ 

 
ὶὸ Ὤ ὶὸ Ὤ ὕὬ  (3. 3. 3a)

 

 
ὴὸ Ὤ ὴὸ ὪὸὬ ὕὬ  (3. 3.3b) 

ĺĹŚ!Ủ( 3ab)ĚŘ O( h2)Ľ šṦĲĵĦōĲĮőĽě ŬŦƫ: ĶđŚ!Ủ

ĚŘ ĢśěÓỗĽ∙ šổĳĢķľỡ ! 

 

[ 2] ὂ∆ŬŦƫ:  

 ỗĺŬŦƫ: šᾶĦ ᶟĦĮὂ∆ŬŦƫ: Gmodified Euler method Hš ὶĨ
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Ś!ὂ∆ŬŦƫ: Ķľ ḹ ľ ŬŦƫ: ĽỦ(3a)ķ ħĶđŚ!ּי

ľ ōĩ f ( t +h)őƈŦƫ: ϋĨŚķ  

 
Ὢὸ Ὤ Ὢὸ ὕὬ 

ĺĹŚě Ģśľ ◦ 

 Ὢὸ Ὢὸ Ὤ ὕὬ 

ķ ħĶđŚ!ĢśšỦG3bHĺ ĨśĿ  

 ὴὸ Ὤ ὴὸ Ὢὸ Ὤ ὕὬ Ὤ ὕὬ ὴὸ Ὢὸ ὬὬ ὕὬ  

ĶđŚ!ōķŐĵ ὂ∆ŬŦƫ: ĽỦľ  

 
ὶὸ Ὤ ὶὸ Ὤ ὕὬ   (3. 3.4a)

 

 
ὴὸ Ὤ ὴὸ Ὢὸ ὬὬ ὕὬ  (3. 3.4b) 

ĺĹŚ!ŬŦƫ: ķĽ˙ēľ ּי Ľᶟ‫ĺẠĕ ě f ( t )ĶľĹĞ f ( t +h)ĶđŚį

ĠĶ ∙ őÓỗĽōōĶđŚ!Ķľ ĢśěĹīὂ∆ĺĹŚĽĚ ķēĕ ľŹƵ

ƙƮűƈťƅű↑Ľҡ ōĶ Ĳĵ

Ħē! 

 ŬŦƫ: ķὂ∆ŬŦƫ: š δ

ĨŚĮŐĽₑ 1šṓĪĵŎĮ!Ủ( 3a)

ķ( 4a)ĽĸİŘĽḹ r Ķő ỖѕḈ

Ŏ hĽѕš יּ ▬̓ ķĦĵ֕ỏĦ

ĵēŚĽěŞĚŚ!ĢśĶľ ∙ ě

ʣēįŜĕĢķľⱵתěĳĞ!ỗ╜Ķ

῝βĨŚ 2ỗĽ ľ ּ̓י Ķľ

ĹĞ ͽּי ̓ ķĦĵ֕ỏĨŚĢ

ķĶ ∙ šῲġĵēŚ! 

 

[ 3] ŬŦƫ: ķὂ∆ŬŦƫ: ĽҜỏŵ:Ƌ 

 Ḿᵭĺ ŬŦƫ: ķὂ∆ŬŦƫ: ĽҜỏŵ:Ƌ šӐġŚ!r 0ķ p0ľᾑѻḹ

ķᾑѻ̓ Ķ ᴁẐĺ╣ Ĳĵ╚ ĤśŚ! ĶὸňĮŗĕĺ f ľḹ r Ľ

ї₲įĚŘ r šᶟ‫ĦĮŘĿ ĨğŷƘƭ:ƃƵ calfor šẠĲĵ f ķƟƈƵŹƥƭ

UšᴁẐĦĹęĨ ěđŚ!ŻƈƅƙĽὊŞřĺ ŷƘƭ:ƃƵ wrenešẠĲĵ 

̓ pķƟƈƵŹƥƭ UĚŘ☺ŪƏƭŰ:EšᴁẐĦ ὶ ĨŚ! 

 ŬŦƫ: œὂ∆ŬŦƫ: ĹĸĽÓỗĽ ľ ᵅṖ Ỹ ĺẠŞśŚĢķľ

Ĺē!įě ѐ ĺ δĦœĨēĢķķ Ỗѕ┤ Ľ Ľ╝ ĺ ĶđŚĮŐ

῝βĦĮ!ỗ╜Ķľ Ỹ ↑Ľ᷈ēÔỗĽ š῝βĨŚ! 

 

 

3. 3.1  ᶿᶹḱᴻ ᶍ
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ŵ:Ƌ 3.3.1 ŬŦƫ:    ŵ:Ƌ 3.3.2 ὂ∆ŬŦƫ:  

r= r 0; p = p 0    r = r 0; p = p 0 

DO i = 1, M     DO i = 1, M  

 CALL calfor (r,f,U)    r  = r +p/m *h  

 r = r +  p/m *h    CALL calfor (r,f,U)  

 p = p + f*h     p = p + f*h  

END DO     END DO 

 

3.4 . 2 ᶍ ᶍ ֹ ḼᶼḳḴ  

 

 ĢĽ╜Ķľ ōĮƈŦƫ: ϋšẠĲĵ Ḛ ľ 2ỗĽỖѕ┤ Ľ Ĺ

Ľ ּי ƶũƭƮ GVelocity Verlet  method Swope et al., 1982 H2š ὶĦĵŎ

Ś! 

 ŬŦƫ: ķ˙ē r ķ pš nĽ 2ỗōĶ ϋĦ ĤŘĺ f š 1ỗōĶ ϋĨŚ

ķ  

 
ὶὸ Ὤ ὶὸ Ὤ Ὤ ὕὬ   (3. 4.1 )

 

 
ὴὸ Ὤ ὴὸ Ὤ Ὤ ὕὬ   (3. 4.2 )  

 
Ὢὸ Ὤ Ὢὸ Ὤ ὕὬ     (3. 4.3 )  

ķĹŚ!ōĩḹ (1 )ĺ̓ Ủ ( 3.1. 1)( 3.1. 2)š ĨśĿ 

 ὶὸ Ὤ ὶὸ Ὤ Ὤ ὕὬ  

ĶđŚ!Ģśľ 3ỗˀῲĽ᷈ỗ᷆š ểĨśĿ ͽּי ̓ ĽỦĬĽőĽĶđŚ!

ỗĺ Ủ( 2)Ľ̓ įě d2p( t ) /dt 2ľ Ủ( 5)š df ( t ) /dt ĺĳēĵδĠĿ 

 ὕὬ 

įĚŘ Ủ (3. 1. 2)Ľ dp/ dt =f šẠėĿ 

 ὕὬ 

ĶđŚ!Ģśķ dp/ dt =f š ( 2)ĺ ĨśĿ ̓ ľ 

 

2 Ỹľ ּי ƶũƭƮ ķ ͻĹ ĺ ͵őĳĚĹēSƶũƭƮ GVerlet, 1967 HTœ

SϠ ł GLeap frog method, Hockney, 1970 HTőđŚě ĢĢĶľ ῒ ĨŚ! 
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 ὴὸ Ὤ ὴὸ ὪὸὬ ὕὬ Ὤ ὕὬ  

ὴὸ
Ὢὸ Ὤ Ὢὸ

ς
Ὤ ὕὬ  

ķ ĶĜŚ!ᵵḰľכ O( h3)ĹĽĶ ּי ƶũƭƮ Ķľ ḹ őּי ő 2ỗĽ∙ š

ổĳ 3! 

 ḹ ķ̓ šōķŐĵ ּי ƶũƭƮ Ľᶟ:‫ᶀỦľˀͮĺĹŚ!ŬŦƫ  

ὂ∆ŬŦƫ: ķ ϴĨŚķ ּי ƶũƭƮ Ķľ ḹ ľ ̓יּ ĶľĹĞ

S ͽּי ̓ TĶ֕ỏĦĵ∙ šῲġ ̓ Ķľ Gͽּי HľỖḈ t ķ

t +hĽ Ľ Ԍ š ēĵ∙ šῲġĵēŚĢķĺĹŚ!
 

 ὶὸ Ὤ ὶὸ Ὤ Ὤ ὕὬ  (3. 4.4a) 

ὴὸ Ὤ ὴὸ Ὤ ὕὬ  (3. 4.4b) 

 Ủ( 4)Ľּי ƶũƭƮ ĽỸאŤƭŶƬżƢĺľ ēĞĳĚĽ ěכ ŘśĵēŚ

ě ˀͮĽŤƭŶƬżƢě ƙƯŲƫƢě ŎœĨĞ ĦĚő∙ ő ēG 3A1

šẇῐH!ōĩ ѕ Ľ t +h/2 ĶĽ̓ šˀͮĽŗĕĺ ҞĨŚ! 

 ὴὸ ὴὸ Ὤ   (3. 4.5a) 

ĨŚķ Ủ( 4)ľ O( h3)ĽᵵḰšῒĞķ ỗĽŗĕĺᾙĠŚ! 

 ὶὸ Ὤ ὶὸ Ὤ   (3. 4.5b) 

 ὴὸ Ὤ ὴὸ Ὤ  (3. 4.5c)  

Ủ( 5abc)šẠĕķּי ƶũƭƮ Ľŵ:Ƌľ ˀͮĽŗĕĹŹƵƙƭĹőĽĺĹŚ! 

 

ŵ:Ƌ 3. יּ 4.1 ƶũƭƮ  

r= r 0;  p = p 0     

DO i = 1, M  

 P = p + f*h/2  

 r = r  + p/m *h    

 CALL calfor (r,f,U)     

 

3 Ủ( 3.4.4 b)ĽᵵḰš ểĨŚķ hĽ᷆ōĶĦĚĹēĽĶ Sḹ ľ 1ỗĽ∙ TįķЩ˙ē

Ħěİįě 2ỗĽ∙ ĹĽĶ ˋ!ᵵḰě hĽ 3ῶįĚŘ ∙ ľᵵḰŗřőŁķĳ ē 2

ỗĺĹŚŞĠĶđŚ! 
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 p= p + f *h/2      

END DO  

 

3.5 . ᶿᶹḱᴻ ᴲ ᶿᶹḱᴻ ᴲ ḼᶼḳḴ ᶍ  

 

 ˀῲ 3.3 ╜Ķ 1ỗĽ ĽŬŦƫ: ķὂ∆ŬŦƫ:  3.4 ╜Ķ 2ỗĽ Ľּי

ƶũƭƮ š῝βĦĮ!ĢĢĶľ 3.2 ╜Ľ ԄᵵḰ RMSD( E)GỦ 3.2.3 HšẰ

ĺ ĬśĭśĽ Ľ∙ šҡ ĨŚĢķĺĨŚ! 

 

[ 1] ŪƏƭŰ:  קּ

 ōĩ ĬśĭśĽ ĶĽŪƏƭŰ:ĽỖѕ

ͯšᴳĵŎŗĕ! Ῠľ Ủ(3 . 1.3)Ľỷ 1Ľ

Óỗᴽ ‪ ẪĶ Ĩňĵ ∙ ᴁẐĶđŚ

(64 bit  10⁮ Ķ 14ᴏ)!ᾑѻ̓ ķḹ

šĬśĭśÓGĳōř☺ŪƏƭŰ:EľÓH Ỗ

ѕľ 20ĺ╚ ĦĮ!ĢĽ ‪ ĽἾѻľ Ǡ

įĚŘ Ŋŋ 3Ἶѻ Ľ ĤĺĹŚ!ỖѕḈŎľ

h=0.01ĹĽĶ 1ἾѻĽ 1/600Ľ╚ ĶđŚ! 

 Ĥĵ MDᴁẐšỸᶺĨŚķ ŬŦƫ: ľŪ

ƏƭŰ:ěˢ ĺ +ͽ ὂ∆ŬŦƫ: ľ

‪ ĨŚěϖļˢ יּ  ƶũƭƮ ľ ĢĽŲ

ƫƗĽŻų:ƭĶľЯ☺ĺ ĤśŚķēĕᴕΌקּ

ĺĹĲĮGₑ 1H!2ỗĽּי ƶũƭƮ ěֿכĽ ĳŗř᷈∙ ĹĽľ ◦ĺắėŚ!

įě ħ 1ỗĽ ĽŬŦƫ: ķὂ∆ŬŦƫ: ĽńŚōēě ĹīĢŢĹĺ˙

ĕĽĚľ 3.7 ╜Ķҡ ĨŚ! 

 

[ 2] ŪƏƭŰ:Ľ ԄᵵḰķỖѕḈŎĽїג 

 ỗĺ ԄᵵḰ RMSD( E)ķỖѕḈŎ hķĽїגšᴳĵŎŚGₑ 2H!ᴁẐ ľ 

╣ķ ħįě h =10- 7 -  100ĽѕĶ 1ᴏĴĳ ėĵᴁẐĦĵēŚ!ōĮ ╣ķ

ĺ Ĩňĵ ∙ ĶᴁẐšᶺĲĮě ּי ƶũƭƮ ľ įĠ ∙ G64 

bit  10⁮ Ķ 14ᴏHķ ∙ G32 bit  10⁮ Ķ 7ᴏHĽ ĶᴁẐĦ ᴕΌ

š ϴĦĮ! 

 Ủ(3.12) Ľїגľ Ľ ₲šἨśĿ  

 ὰέὫὙὓὛὈὉ ᶿὲὰέὫὬ  (3. 5.1)  

3. 5.1  ᶷḳ᷉ḲḂ

Ḩᶊᶧᶪᶽḕḳ᷃ᴻᶍ טּ

ᶍ┴ᵣ
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ķᾙĠŚĽĶ hķ RMSD( E)Ľ ₲ƙƯ

ƅƊľ ▬ĺĹř ĬĽדĜľỖѕ┤

ŤƭŶƬżƢĽỗ₲ nĺˢ ĨŚľĩĶ

đŚ!їגỦ( 1)Ľể ĚŘŲƫƗšᴳ

ĵŎŚķ Ŋŋ řĺĹĲĵēŚ!

ĳōř 1ỗĽŬŦƫ: ķὂ∆ŬŦƫ

: ľדĜ 1ĺ 2ỗĽּי ƶũƭƮ

ľ 2ĺĹĲĵēŚ!įě hěᾴĤēķ

ĢŜķ ĜēķĢŜĶ ĢĽїגě ś

ĵēŚ!ĬśľỗĽŗĕĺ╝ ĶĜŚ! 

 ōĩ ŬŦƫ: Ľ ě h =1Ķ ▬

š ĜĞϑśŚ įě Ģśľ Ỗѕ┤

ě ĦĵēŚĢķšỞĦĵēŚ!ї

)ג 1)ľ đĞōĶỖѕ┤ ě∆ĦĞᶺ

ŞśĵēŚĢķě◗ ĺĹĲĵēŚŞĠ

Ķ ŹơƧƮ:ŹƩƵě ᵭ Ľ ᶆš

ᶆĞğŘē∙ ěʣͯĨŚķ →ř Į

ĹĞĹŚ!Ἶѻ 6.3 Ľ̓ š h=1ĶŹơƧƮ:ŹƩƵĨŚĺľ ŬŦƫ: ľ∙ œ

ʸ ↑ěʣĨĝŚķēĕĢķĶđŚ!ˢ  ὂ∆ŬŦƫ: ķּי ƶũƭƮ ľ h=1

Ķő ▬ĺῶĲĵēĵ ŬŦƫ: ŗřőʸ ĶđŚ! 

 Ĳĵ ּי ƶũƭƮ ľ ∙ Ķľ h=10- 6ˀͮ ∙ Ķľ 10- 5ˀͮĶľ ▬

ĚŘϑśŚ!Ģśľ ᴁẐѾĽ∙ ĽᵊφĺŗŚќŐᵵḰĺҌˮĦĵēŚ! ◦ 

∙ ŗřő ∙ ᴁẐĽŊĕěʣĞĹŚŞĠĶđŚ!ōĮ ĢĽƈŻƊᴁẐĶľ ќ

ŐᵵḰįĠěᴾˮįě MDˢ Ķľ ĽᴁẐĽŤƭŶƬżƢĺҌˮĨŚᵵḰĶ−ĩŚ

ĢķőđŚ! ĨŚĺ ỖѕŻƈƅƙěᾴĤĞĵ ▬ĺῶŘĹē ľ Ỗѕ┤ Ť

ƭŶƬżƢỡ Ľ ĶľĹĞ ᴁẐѾĽ∙ œ ĽᴁẐŤƭŶƬżƢĹĸ Ĥōĥ

ōĹϑ ˮĺŗŚᵵḰěᴳėĮᴕΌ ķēĕĢķĺĹŚ! 

 

[ 3] ōķŐķ  טּ

 ˀῲ ẅĳĽŤƭŶƬżƢš ĺ ∙ œʸ ↑Ľҡ šᶺĲĮ!ĢĽ Ķľ œ

ľř 2ỗĽּי ƶũƭƮ ě∙ őʸ ↑őᴏ˙ēĺŗē!1ỗĽŬŦƫ: ķὂ∆

ŬŦƫ: ľĸİŘő∙ ľ İŚě ◗ἐľʸ ↑ěʣēĽĺ Ħ ᵭἐľ ē!

Ĺę ỖѕḈŎš ĜĞĦĨĝŚķ ┤ ŤƭŶƬżƢě ĨŚ!ōĮᾴĤĞĦΣ

ĝŚķ ┤ ŤƭŶƬżƢҌˮĽ ╕řᵵḰįĠĶĹĞ ќŐᵵḰĹĸ ĽᵵḰě

ĲĵĞŚ! 

 Łķĳ ỎĹ ∙šĦĵęĞ!Ĭśľ Sטּ œʸ ↑ěʣē MDŤƭŶƬżƢĶ

3. 5.2  h - RMSD ( E) ḟḵ

ḋḐ
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ő ☺ĵěʣēŞĠĶľĹēTķēĕĢķĶđŚ!ĮķėĿ ŬŦƫ: Ľ MDᴁẐ

Ķ ̓ ŪƏƭŰ:ķƟƈƵŹƥƭŪƏƭŰ:őƙƯƅƊĦĵŎŚGₑ 3H!Ģśš

ᴳŚķ ᾶĹĞķő 

S̓ ŪƏƭŰ:ķƟƈ

ƵŹƥƭŪƏƭŰ:ě 

ἾѻǠ Ķᵺᵧĺ ͯĨ

ŚTĢķľ ḽᵅĶĜĵ

ēŚ!ĢĽŗĕĺ ∙

ěʣēŤƭŶƬżƢĶ

ő ∆ĦĞḽᵅĶĜŚᵅ

ῨőđŚĽį!ᴕԄ Ź

ơƧƮ:ŹƩƵĽᴕΌě

∆ĦēĚĸĕĚľ ᴮӃ

ἐĽ ĺϾĲĵēŚ!

ŤƭŶƬżƢĽ įĠ

Ķ ḎĳĠŚĢķľĶĜĹē 4! 

 ķᾙēĵęēĵ ᾊľĨŚĠśĸ ĸĕĪĹŘ ∙ œʸ ↑Ľ ēŤƭŶƬż

ƢšẠĕĺ̯ĦĮĢķľĹē!ỗ╜ˀ᷅Ķľ ĺʸ ↑ĺὫ Ĺ Ỗѕ Ῐ↑

ķŹƵƙƮűƈťű↑š ĮĨỖѕ┤ ŤƭŶƬżƢĺĳēĵ ῧĦĞҡ ĨŚ! 

 

 Ỗѕ┤ ĺĳēĵĽ Ĺҡ ľ ĢĢōĶĶὢ Ķ S ĨŚĺ ּי ƶũƭ

Ʈ ě ē ĹĽĶĨļTķįĠ δĦĵỗῙĺᶺĲĵőᶣŞĹē!ỗ╜ĚŘĽỖ

ѕ Ῐ↑œŹƵƙƮűƈťƅű↑ ĤŘĺẰ₲╘ ϋĽ ľ MDƨ:Ÿ:☺˭

ě Ś ľĹēҁěĨŚ!Ġśĸő MDƙƯŲƫƢĽϋ ἐľ ĮŅŢ Ĳĵę

ēĮŊĕěēēķắĕ! 

 

3.6.  

 

 Ỗѕ Ῐ↑GỖѕ Ῐ↑ time reversibility  time reverse symmetry Hľ 

ĨĶĺ 2ῙĽ 2.6 ╜Ķ╝ ĦĮ ř ᵍ ϹשGƑơƭƊƵשHĽὫ Ĺ↑ỷĽ

ˢĳĶ ּק ĶĽỷ ̓ ľ đŚỖ Ķּי š ĨŚķ ħҍ╒š Ĳĵ 

 

4 MDĽỖѕ┤ ĽῺḀĺľ Ĺ קּ őŞĚĲĵēĵפ ķēĕẰ őđŚĚŘ Ť

ƭŶƬżƢĽ š ĠŚĢķěĶĜŚ!įě ֿכĽ šᴳ ĪĿ ĽĳĠĺĞēŹơ

ƧƮ:ŹƩƵœ ᴁĽ ľֿפē!ĬĽŗĕĹῺḀľ …ὫĹᴮӃἐľ ĤōĥōĹ šỆ

Ħĵ ĬśŘěˢ ĦĵὶĨᴕΌěőĲķőŘĦē ķ₢ּזĨŚŗĕį! 

3 .5.3  ᶿᶹḱᴻ ᶍ◖ (Ekin) ᴲḥḎḻ᷿ḫḳ

E֩pot) ᴲ E֩tot) ᶽḕḳ᷃ᴻ טּ
 



 3Ῑ Ỗѕ┤  

61 

 

ᴽĺ ŚĢķšᵈĕ!MDĽỖѕ┤ ŤƭŶƬżƢľ ´ľỖѕ Ῐ↑š ĮĨőĽ

šẠĕ!ˀͮĶľ ╣ĺỞĦĮẅĳĽŤƭŶƬżƢĽĕİ ŬŦƫ: ķὂ∆ŬŦƫ

: ľỖѕ Ῐ↑š ĮĤĹēě ּי ƶũƭƮ ľ ĮĨĢķšỞĨ! 

 ҡ šŞĚřœĨĞĨŚĮŐĺ 2ῙĶ ĦĮ 

Ỗѕ ̽ẐẪ G( h)šẠĕĢķĺĨŚGỦ 2. 5.12H!Ģ

śľ ḹ r ( t )šỖѕ hįĠ⁮Őĵ r ( t+h)ĺĨŚ̽ẐẪ

ĶđŚGₑ 1H!ĳōř  

  
ὶὸ ὬḳἑὬὶὸ ( 3.6.1)

 
Ķ ҞĤśŚŞĠįě ŤƭŶƬżƢĺỖѕ Ῐ↑ěđś

Ŀ r ( t ) G( h)ĶỖѕš hįĠ⁮Őĵ G( - h)Ķ h ĪĿ r ( t )

ĺ ŚľĩįĦ ˢ  Ῐ↑ěĹēῺḀľ r ( t )ĚŘĩś

ĵĦōĕGₑ 1H!įĚŘ  

 
ἑ ὬἑὬὶὸ ὶὸ

 
ĹŘĿ┤ ŤƭŶƬżƢĺỖѕ Ῐ↑ěđŚĦ  

 
ἑ ὬἑὬὶὸ ὶὸ

 
ĹŘĿ ῘĶđŚ! 

 

[ 1] ŬŦƫ:  

 ῲĺὸňĮ ѯᾈĶ ōĩľŬŦƫ: ĽỖѕ Ῐ↑š ňĵŎŗĕ!ŬŦƫ:

ĽỖѕ ̽Ẑľ 

 
ἑὬὶὸ ὶὸ Ὤ

 

ĶđŚĽĶ  

 
ἑ ὬἑὬὶὸ ἑ Ὤὶὸ Ὤ ὶὸ Ὤ Ὤ

 

  ĢĢĶ r ( t +h)ĺỦ( 3.3.3 a) p( t +h)ĺỦ(3. 3.3b)ĚŘ O( h2)  

  š ēĮ š ĨśĿ  

 
ὶὸ Ὤ Ὤ ὶὸ Ὤ ὶὸ

 

ĳōř őķĽḹ r ( t )ĺľ ŘĹēĽĶ ῘĶđŚ! 

 

[ 2] ὂ∆ŬŦƫ:  

 ĺ ὂ∆ŬŦƫ: ľ Ủ (3. 3.4ab)šẠĕķ 

 
ἑ ὬἑὬὶὸ ὶὸ Ὤ ὶὸ

 

ķĹŚĚŘ œľř ῘĶđŚ! 

3. 6.1  ⱳ

ᶇ
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[ יּ [3 ƶũƭƮ  

 Ḿᵭĺ ּי ƶũƭƮ ľ Ủ(3. 4.4ab)šẠĲĵ  

 
ἑ ὬἑὬὶὸ ἑ Ὤὶὸ Ὤ ὶὸ Ὤ Ὤ Ὤ

 

 
ὶὸ Ὤ Ὤ Ὤ Ὤ ὶὸ

 

ķĹĲĵ ĢśľᴽĽḹ ĺ ŚĚŘ ῘĶđŚ! 

 

 ˀῲ ŬŦƫ: ķὂ∆ŬŦƫ: ľ Ῐ ּי ƶũƭƮ ľ ῘįķŞĚĲĮ

ŞĠĶđŚ!ּי ƶũƭƮ ěỖѕ Ῐ↑š ĮĨĽľ ēķĦĵ ķő Ῐ

ĹŬŦƫ: ķὂ∆ŬŦƫ: ĺ Ĺī ₑ 3.5 .1 , 2ĽŗĕĹḰěđŚĽĚľ ōį

ŞĚŘĹē!ỗ╜ˀ᷅ĽŹƵƙƮűƈťƅű↑Ľҡ ě ĺĹŚ! 

 

3.7. ᷿ḻḟḴ᷄Ḏᶸḋ᷄  

 

 ᵍ ϹשĶ→ř ĳŹƵƙƮűƈťƅű↑Gsymplecticness, symplecticity  

2Ῑ 2.7 ╜Hľ Ỗѕ┤ ŤƭŶƬżƢĽʸ ↑ĺὫ Ĺ↑ỷĶđŚ! ╜Ķľ Ź

ƵƙƮűƈťƅű↑š ĮĨŤƭŶƬżƢěĹīʸ ĹĽĚҡ ĨŚ! 

 ḚōĶ ┤ ŤƭŶƬżƢĽʸ ↑ķēĕᵈ š ◦ķẠĲĵĜĮě ĢśĚŘ

ľ SŪƏƭŰ:ě ŘēĶőᴽĺ Ś↑ỷTĽĢķšʸ ↑ķᵎŅĢķĺĨŚ!ₑ

3.5.1 ĽŬŦƫ: ķὂ∆ŬŦƫ: ĽŲƫƗš ňŚķŞĚřœĨē!ĸİŘĽŤ

ƭŶƬżƢő∙ ľ 1ỗĶ ħįě ŬŦƫ: ľŪƏƭŰ:Ľ ěᾡ7ĺĩśĵᶺ

ĞĽĺ Ħ ὂ∆ŬŦƫ: ľᾑѻ ĽἾřš ŘğįĠĶđŚ!ĳōř ὂ∆ŬŦ

ƫ: ĽŊĕěʸ ↑ě᷈ē!Ỹľ ĢĽʸ ↑Ľ˙ēľ ὂ∆ŬŦƫ: ľŹƵƙ

Ʈűƈťƅűįě ŬŦƫ: ľĬĕĶĹēĢķĺҌˮĦĵēŚ! 

 ōĩ 2.7 ╜ĽŹƵƙƮűƈťƅű↑š ὌĦ ŬŦƫ:  ὂ∆ŬŦƫ: יּ 

ƶũƭƮ ěŹƵƙƮűƈťƅűĚ ĚšϯĚŐŚĢķĺĨŚ!ŹƵƙƮűƈťƅ

ű↑ľ ƑơƭƊƵ ỦĽδ 

 ●
ὶ
ὴ    (ḽ 2.5.3 )  

š 

 ♣
Ὑ
ὖ

   

ĺ∆ᾈ иĨŚķĜĺ  

 ἔἙἔ Ἑ   (3.7.1) ( =ḽ 2.5.14 )  
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ě→ ĨŚĢķšᵈĕ!ĮįĦ Jľ xĚŘ XŇĽ иĽƦŵƕᶺ Ķ  

 ἔḳ
ὀ

  ( 3.7.2) (= ḽ 2.5.8)  

Mľ 

 
Ἑ

π ρ
ρ π

   ( 3.7.3 )  (=ḽ 2.5.5H 

Ķ ҞĤśŚ∆ ᶺ ĶđŚGp,  r , P, Rě 1ỗᴽĽῺḀH! 

 Ĥĵ ŪƏƭŰ:Ľ NVE- MDĽ t ĚŘ t +hŇĽỖѕ┤ Σ ľ ƑơƭƊƵשĶđ

ŚĚŘ ∆ᾈ и ĳōřŹƵƙƮűƈťƅűĶđŚľĩ!įě Ỗѕ┤ ŤƭŶƬ

żƢĺŗĲĵľ Ĭśš ĮĤĹē!ĬĢĶ ĺŗĲĵ ŬŦƫ:  ὂ∆ŬŦƫ

: יּ  ƶũƭƮ Ĭśĭśĺĳēĵ ŹƵƙƮűƈťƅű↑š ňĵŎŚ! 

 

[ 1] ŬŦƫ:  

 Ủ( 3.3.3 ab)ľ ˀͮĽїגĺĹŚ!ĮįĦ f ( t )ľ ỖḈ t Ľḹ r Ľї₲įĚ

Ř f ( r )ĶđŚĢķĺ ˋ! 

 
Ὑ ὶ Ὤ ὖ ὴ ὪὶὬ    

Ĭśĭśš pķ r Ķ ĨŚķ Ʀŵƕᶺ Jľ  

 ἔ
ρ ὬȾά

Ὢ ὶὬ ρ
   (3. 7.4 )  

ĺĹŚĽĶ  

 ἔἙἔ
ρ Ὢ ὶὬ
ὬȾά ρ

π ρ
ρ π

ρ ὬȾά

Ὢ ὶὬ ρ
   

π ρ Ὢ ὶὬȾά

ρ Ὢ ὶὬȾά π
Ἑ  

ķēĕŞĠĶ їג( 1)š ĮĤĹē!ŗĲĵ ŬŦƫ: ľŹƵƙƮűƈťƅűĶľ

Ĺē! 

 

[ 2] ὂ∆ŬŦƫ:  

 Ủ (3. 3.3ab)ŗř ˀͮĽїגĺĹŚ!f ( t +h)ľ f ( R)ĶđŚĢķĺ ˋ! 

 
Ὑ ὶ Ὤ    

 
ὖ ὴ ὪὙὬ    

ĨŚķ Ʀŵƕᶺ Jľ  

 ἔ
ρ ὬȾά

Ὢ ὙὬ ρ Ὢ ὙὬȾά
 (3. 7.5 )  

ĺĹŚ! 
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 ἔἙἔ
ρ Ὢ ὙὬ

ὬȾά ρ Ὢ ὙὬȾά
π ρ
ρ π

ρ ὬȾά

Ὢ ὙὬ ρ Ὢ ὙὬȾά
   

π ρ
ρ π

Ἑ  

ķĹĲĵ їג( 1)š ĮĨĽĶ ὂ∆ŬŦƫ: ľŹƵƙƮűƈťƅűĶđŚ! 

 

[ יּ [3 ƶũƭƮ  

יּ  ƶũƭƮ ĽŹƵƙƮűƈťƅű↑ľ İŖĲķᴁẐě įě ὂ∆ŬŦƫ

: ķ☺Ğ ħŗĕĺῥ ĶĜŚ!Ủ(3. 4.4ab)ĚŘ O( h3)ĽᵵḰĽ š ēĵᾙĜ

ėŚķ ˀͮĽїגĺĹŚ! 

 
Ὑ ὶ Ὤ Ὤ    

 
ὖ ὴ Ὤ    

Ģśš p, r Ķ ĨŚķ Ʀŵƕᶺ Jľ  

 ἔ
ρ

Ὢ ὶ Ὢ Ὑ ρ ρ
 

      (3. 7.6 )  

ĶđŚ!Ģśő İōİōᴁẐĨśĿ їג( 1)š ĮĨĢ

ķěŞĚŚĽĶGΊĳŅĦĺęỆĦđśH ּי ƶũƭƮ

ľŹƵƙƮűƈťƅűĶđŚ! 

 ˀῲ ŬŦƫ: ľŹƵƙƮűƈťƅűĶľĹĞ ὂ∆

ŬŦƫ: ķּי ƶũƭƮ ľŹƵƙƮűƈťƅűĶđŚ

ĢķšỞĦĮ!ŹƵƙƮűƈťƅűĹỖѕ┤ š ꞋῘ

ķĦĵ ŹƵƙƮűƈťƅű┤ GSymplectic 

integrator HķᵎŅ! 

 Ĺī ŹƵƙƮűƈťƅű┤ ľʸ ĹĽĚ' Ḿᾑ

ĺ šᾙēĵĦōęĕ!ŹƵƙƮűƈťƅű┤ ĺ

ľ S̚ĽƑơƭƊƍŤƵ(Shadow Hamiltonian ˀͮ H *ķ Ҋ)TķᵎĿśŚ ěּק

ṖĦ Ĭśľ ╕řᵵḰěđĲĵő 100p ĨŚ!̚ĽƑơƭƊƍŤƵקּ H *ķ

ĽƑơƭƊƍŤƵ H ĳōřŪƏƭŰ:ķĽѕĺľ hĽňĜῶĽḰĦĚĹē!ŗĲ

ĵ ☺ŪƏƭŰ:ľ ŘēĶő̚ĽƑơƭƊƍŤƵĚŘ ĜĞĩśĹēĮŐ ʸ

ĹĽĶđŚ(ₑ 1)!ῧĦĞľ 3.10 ╜Ķʭĕ! 

 

3. 7.1  ᷿ḻḟḴ

᷄Ḏᶸḋ᷄ ᶆᶎᴲ

ᶎ HƎ*ᶇᵣᵥᵆ ᵧ

ᶉᵣ ᶊbᶃᵪᶝ

ᶂᶅ┌ ᵶᶅᵣᶪᶧ

ᵥᶉᶡᶍᶆᵡᶪᴳ
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3.8. ᶊᶧᶪ ᶍ  

 

 ◗╜ōĶľ ƈŦƫ: ϋĺѯĴēĵ ŬŦƫ:  ὂ∆ŬŦƫ: יּ  ƶũƭ

Ʈ ĽẅĳĽỖѕ┤ š ὶĦ ĬśŘĽᵵḰķ Ϲ ↑ỷGỖѕ Ῐ↑ķ

ŹƵƙƮűƈťƅű↑Hšҡ ĦĮ!įě Ỗѕ Ῠ↑ķŹƵƙƮűƈťƅű↑

Ľ š ĮĨ┤ š ᶺĜ ĮřĿĲĮřĶľĹĞ ♠Ĳĵṥ→ĨŚĺľĸĕĦ

ĮŘēēĽĚ!Ģśľ ƈŦƫ: ϋšѯ♦ĺ ēĮ ĶľĶĜĹēě ╜Ķ╝

ĨŚẰ₲╘ ϋGƊƯƅƁ: ϋHšẠėĿ; ĺĹŚ!ĤŘĺ Ằ₲╘ ϋ

Ķ ֿפὫỖѕḈŎ ő ὶĶĜŚĦG3.11 ╜H ōĮ 7ĹŤƵŷƵƘƭĽ ὶ

ő; ĺĹŚG 10ῙH! 

 ╜Ķľ Ằ₲╘ ϋš ēĵ ◗╜ōĶĽҡ š♯Ŏ ĵĹęĨ!ҡ Ľѯ♦

ľ 2ῙĽᵍ Ϲ ĺ 2.5- 2.7 ╜Ľδ┘ Ϲĺ Ğ! 

 ˀͮ Ủ( 2.5.3) ĽƑơƭƊƵ Ủš 1ỗᴽĺĦĵҡ ĨŚ! 

ὀὸ
ὴὸ

ήὸ
   (3. 8.1 )  

xĽỖѕ ľ Ủ( 2.5.11)  Ķ F=xķęĜ ōĮ Ỗѕ ̽ẐẪľ G( h)=exp( hDH)

įĚŘ  

ὀὸ Ὤ ὩὼὴὬἎ ὀὸ  (3. 8.2 )  

ķ ҊĶĜŚ! ╜Ķľ ĢĽỦ( 2)š┤ ĨŚěἧ ĶđŚ!įě Ủ( 2)ľĬĽō

ōĶľ┤ ĶĜĹēĽĶ ̽ẐẪ exp( hDH)š ┤ ĶĜŚ̽ẐẪĽ┤ĺ δĦĮē!

ĬĽĮŐĽᾈ šᶺĕ! 

 ōĩľ Ằ₲╘ ϋķ ї ĨŚ₲Ϲ Ĺ ҞœᶀỦš ňĵęĞ!Ủ( 2)Ķľ

ĺ╝ ĹĞ exp( hDH)ķᾙēĮě ̽ẐẪĽẰ₲ї₲šĜİŢķ ҞĦŗĕ!Aš̽Ẑ

ẪķĨŚķ ĬĽẰ₲ї₲š  

 ὩὼὴἋ ḳВ
Ἃ

Ȧ
   (3. 8.3 )  

ķ ҞĨŚ!ĢĽ̽ẐẪĺĳēĵ ˀͮ(4a- e)ĽᶀỦě→ř ĳ!ĮįĦ yľ ˋ

Ľ ₲ aķ bľ ₲ c( y)ķ f ( y)ľ yĽ ˋĽї₲ĶđŚGῥ ľ 3A2H!Ģ

ĽᶀỦὝľ ֥ ĺ MDĽỖѕ┤ ŤƭŶƬżƢšṥŚķĜĺő ĶđŚ! 

 Ὡὼὴὦ ὥ ὥ    (3. 8.4a)  

 Ὡὼὴὦ ὧώ ὧώ ὦ   (3. 8.4b)  

 Ὡὼὴὦ ώ ὧ ὧώ ὦ  (3.8.4c)   
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 Ὡὼὴὦ Ὢώ Ὢὧ ὧώ ὦ  (3.8.4d)   

 Ὡὼὴὥώ ώ ώ Ὡὼὴὥ   (3.8.4e)  

 Ĥĵ A, Bšˢ ĺľ ;иĹ̽ẐẪķĦ xš ₲ķĨŚķ ˀͮĽᶀỦě→

ř ĳ!Ģśš Ằ₲╘ ϋķᵎŅ! 

 ὩὼὴὼἋ Ἄ Б ὩὼὴὧὼἋὩὼὴὨὼἌ ὕὼ   (3. 8.5 )  

ᶀỦ( 5)ľ ᵵḰě n+1ỗįĚŘ nỗĽ∙ Ľ ϋĶđŚ!ci ķ di ľ ϋג₲!k

ķ nĽїגľỡ ĶľĹē!( 5)ĚŘ ÓỗĽ∙ ĽᶀỦ( 6)œ 2ỗĽ∙ ĽᶀỦ( 7)

š ĞĢķěĶĜŚ! Ĝ ľ 3A3šẇῐ! ĺG7Hľ S2ỗĽ Ῐ δT

ķᵎĿśŚ! 

 ὩὼὴὼἋ Ἄ ὩὼὴὼἋὩὼὴὼἌ ὕὼ     (3. 8.6 )  

 ὩὼὴὼἋ Ἄ ὩὼὴἋ ὩὼὴὼἌὩὼὴἋ ὕὼ   (3. 8.7 )  

 Ủ ( 2)Ľ DHľ ◗ῙĶ ҞĤśĮƬŨƶťƭ̽ẐẪĶđŚě  

Ἆ ḳВ    (ḽ 2.5.8 )  

Ģśš ̓ ŪƏƭŰ: DKķƟƈƵŹƥƭŪƏƭŰ: DUĺ δĨŚ!DHš 

ῙĶʭĲĵēŚ Ỗѕĺ˃ּקĦĹēƟƈƵŹƥƭͮĶĽ 1ỗᴽ̓ ĽƑơƭƊƍŤ

Ƶ 

 Ὄὴȟή Ὗὶ  (3. 8.8 )  

ĺĳēĵᾙĜͮĨķˀͮ  

 Ἆ Ὢὶ   (3. 8.9 )  

ĮįĦ f ( r )=-½U ½r ĳōř ĶđŚ!( 9)Ľ˺ Ľ Ó᷆ 2᷆š 7ĺ Ҟ

ĨŚ! 

 Ἆ    (3. 8.10)  

Ἆ Ὢὶ    (3. 8.11)  

DK DUĺŗŚỖѕ ̽ẐẪ GK( h), GU( h)ľ ķőĺŹƵƙƮűƈťƅűĶđŚĢķš

šỞĨ!3.7 ╜ķ Ľҡ Ķ ᶀỦ( 4)( 5)šẠĕķ GK( h)ĺŗŚỖѕ ľ  

 
Ὑ
ὖ

ἑ Ὤ
ὶ
ὴ ὩὼὴὬἎ  

ὶ
ὴ ὩὼὴὬ  

ὶ
ὴ

ὶ Ὤὴάϳ
ὴ

 

ĶđŚě ĢĽ иĽƦŵƕᶺ JG3.7.5 Hľ 
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 ἔ
ρ ὸάϳ
π ρ

 

Ķ Ģśľ (3.7.2 )š ĮĨĽĶ ŹƵƙƮűƈťƅűĶđŚ! ĺ GU( h)ĺŗ

ŚỖѕ ľ  

 
Ὑ
ὖ

Ὃ Ὤ
ὶ
ὴ ὩὼὴὬἎ  

ὶ
ὴ ὩὼὴὬὶ  

ὶ
ὴ

ὶ
ὴ ὬὪὶ  

ĹĽĶ   

 ἔ
ρ π

ὬὪ ὶ ρ
 

Ķ ĢśőŹƵƙƮűƈťƅű ᴙš ĮĨ!Ĺę ◗ῙĽỦ( 2.7.13HĽ ř ˢ

ĺ ŹƵƙƮűƈťƅűĹ иšֽř ĦĵőŹƵƙƮűƈťƅűĺĹŚ!įĚŘ 

DKķ DUš♯ŎḀŞĪĵẠĲĮỖѕ ̽ẐőŹƵƙƮűƈťƅűĺĹŚ!Ģśěˀͮ

Ľҡ ĽэĶđŚ!Ủ( 5)ĺ x=h  A=DK B=DUš śŚķ Ỗѕ ̽ẐẪľ  

 ἑὬ ὩὼὴὬἎ Б ὩὼὴὧὬἎ ὩὼὴὨὬἎ ὕ Ὤă  (3. 8.12)  

ķᾙĞĢķěĶĜŚ!ḯ Ó᷆š G*( h)ķ Ğķ 

 ἑz Ὤ Б ὩὼὴὧὬἎ ὩὼὴὨὬἎ     (3. 8.13)  

Ģśě nỗĽŹƵƙƮűƈťƅű┤ Ľˢ ỦĺĹŚ! 

 ķ ᾈ ěὊŞĲĮķĢŜĶ  

ὀὸ Ὤ ὩὼὴὬἎ ὀὸ  (ḽ 3.8.2 )  

šδēĵ MDĽŹƵƙƮűƈťƅűĹỖѕ┤ ŤƭŶƬżƢš ὶĨŚ!ōĩľ ᶀỦ

( 7)šẠē Ỗѕ Ῐ↑ľᵭεĦĶ ŹƵƙƮűƈťƅű↑įĠšҡ ĨŚ!Ủ

( 2)ĽỖѕ ̽ẐẪš Ủ( 7)šẠĲĵ δĨŚķ  

ἑὬḳὩὼὴὬἎ ὩὼὴὬἎ Ἆ ὩὼὴὬἎ ὩὼὴὬἎ ὕὬ  (3.8.14)  

ĢĽỦĽ O( h2)š ểĦĮ̽ẐẪ 

ἑz ὬḳὩὼὴὬἎ ὩὼὴὬἎ  (3 .8.15 )  

ľ DUķ DHĺŗŚỖѕ š♯ŎḀŞĪĮőĽįĚŘŹƵƙƮűƈťƅűĶ 1ỗĽ

∙ šổĳ!Ỗѕ ̽ẐẪ( 15)šẠėĿ ỖḈ t¦t +hŇĽỖѕ ľ 

 

 exp( hDK)Ķḹ šᶟr :‫  + hp/ m ¦ r  

 ‫Ħē r ĺ Ħĵ f ( r )šᴁẐ 

 exp( hDU)Ķ̓ šᶟp + hf :‫ ( r ¦ p 

 

ķēĕŤƭŶƬżƢĶᴁẐĤśŚ!Ģśľ ŵ:Ƌ 3. 3. 2Ľὂ∆ŬŦƫ: ĬĽőĽ

ĶđŚ!ˢ  DUķ DHšҲĺĦĮ̽ẐẪ 

ἑz ὬḳὩὼὴὬἎ ὩὼὴὬἎ   
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šẠĲĮŤƭŶƬżƢ 

 

 exp( hDU)Ķ̓ šᶟp + hf :‫ ( r ¦ p 

exp( hDK)Ķḹ šᶟr :‫  + hp/ m ¦ r  

 ‫Ħē r ĺ Ħĵ f ( r )šᴁẐ 

 

ő ŹƵƙƮűƈťƅűĶ ὂ∆ŬŦƫ: ķ ĺʸ ĶđŚ!İŖĲķᶳėś

Ŀ ĸĲİőœĲĵŚĢķľ☺Ğ ħįķ ŞĚŚįŜĕ! 

 Ĥĵ ĢĽŗĕĺŹƵƙƮűƈťƅű↑š ĮĨ┤ ľỦG6HšẠėĿṥśŚĽ

ĶđŚě ŹƵƙƮűƈťƅű↑ĺͽėĵ Ỗѕ Ῐ↑ő ĮĨ┤ ľỦ( 7)šẠĲ

ĵṥ→ĨŚ!Ủ( 2)ĽỖѕ ̽ẐẪšỦ( 7)Ķ δĨśĿ  

ἑὬḳὩὼὴὬἎ ὩὼὴὬἎ Ἆ  

Ὡὼὴ
ý

Ô
Ἆ ὩὼὴὬἎ Ὡὼὴ

ý

Ô
Ἆ ὕὬ  (3.8.16)  

ĶđŚĽĶ ᷈ỗĽᵵḰ O( h3)š ểĦĮ G*( h)ľ  

ἑᶻὬḳὩὼὴ
ý

Ô
Ἆ ὩὼὴὬἎ Ὡὼὴ

ý

Ô
Ἆ   (3. 8.17)  

hĽÔỗĽ∙ šổİ ŹƵƙƮűƈťƅűĶ Ěĳ ̽ẐẪěḯ˺ Ῐĺ ŢĶē

ŚĽĶ Ỗѕ Ῐ↑ő ĮĦĵēŚ!̽ẐẪ ( 17)šẠĲĮ┤ ŤƭŶƬżƢľ  

 

 exp( h/ 2 DU)Ķ̓ šᶟ/p + h :‫ 2 f ( r ¦ p 

exp( hDK)Ķḹ šᶟr :‫  + hp/ m ¦ r  

 ‫Ħē r ĺ Ħĵ f ( r )šᴁẐ 

 exp( h/ 2 DU)Ķ̓ šᶟ/p + h :‫ 2 f ( r ¦ p 

 

ĺĹř Ģśľ ŵ:Ƌ 3.4.1 Ľּי ƶũƭƮ ĬĽőĽĶđŚ! 

 ˀῲ Ằ₲╘ ϋš ēśĿ ŹƵƙƮűƈťƅű↑ķỖѕ Ῐ↑š ĮĨỖѕ

┤ š ש ĺṥ→ĶĜŚĢķšỞĦĮ!ὂ∆ŬŦƫ: ľ 1ỗĽŹƵƙƮűƈ

ťƅű GỖѕ ῘĶľĹēH ּי ƶũƭƮ ľ 2ỗĽŹƵƙƮűƈťƅűĚĳỖ

ѕ ῘĹ┤ ĶđŚĢķě ◗╜ōĶĽƈŦƫ: ϋš ēĮ ķ˙Ĳĵ ᴳ

Ħ Ğҡ ĶĜŚĢķě ĚĲĮ!Ằ₲╘ ϋšẠėĿ 4ỗˀῲĽŹƵƙƮűƈ

ťƅűĚĳỖѕ ῘĹ┤ šṥ→ĨŚĢķő; ĶđŚGMcLachlan & Atena, 

1992; ҥ , 1995; , 2000 ĹĸH! 

 ỗ╜ˀ᷅Ķľ ĤŘĺẰ₲╘ ϋš ēĵ MDĽỖѕ┤ Ľ 7Ľ ĺĳēĵ 

ҡ š⁮ŐŚ! 
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3.9. ᶊᶧᶪ ᶇ ╓ ᶍ  

 

 ᾶĦ İặōĲĵ Ằ₲╘ ϋš ēĵ MDĽỖѕ┤ Ľ☺ šת ὌĦĵęĢ

ĕ!֥ ĺľ 3. 2╜Ķҡ ĦĮ ԄᾒᵵḰķ ˞ᵵḰšҾŐ ĦĵŎŚ! 

 ὌĨŚķ MD  ŗř∆ϯĺľ ŪƏƭŰ:GơűƯŭƐƍŭƭHMD ķľ Ỗ

ḈÒĽ˂ꞈš ǣōĶ┤ ĨŚĢķ ĳōř Ủ( 1)š┤ ĨŚĢķĶđŚ! 

ὀὸ ὩὼὴὸἎ ὀπ  (3. 9.1 )  

 MDĶľ ỖѕǣĽ┤ šᶺĕĮŐĺ Ỗ

ѕš ēỖѕḈŎ h ĺ ЅĦĵ┤ ĨŚ!

Ѕ₲ MľM=ǣ/h ĶđŚGₑ 1H!MDľỦ( 1)Ľ

Ỗѕ ̽ẐẪš 

ὩὼὴὸἎ ὩὼὴἎ  

    (3. 9.2 )  

ķ иĨŚĢķĺ ͒ĨŚ(Ủ( 2)ľᶗ ỦH!˺ Ľ ͻĺľ Ủ(3. 8. 6)ķ(3. 8.7 )

Ľ  כ

 ὩὼὴὼἋ Ἄ ὩὼὴἋ ὩὼὴἌ ὕ    (3. 9.3 )  

 ὩὼὴὼἋ Ἄ Ὡὼὴ Ἃ ὩὼὴἌ Ὡὼὴ Ἃ ὕ  (3. 9.4 )  

šẠĕG(2)šẠėĿщ ĺ ĠŚH! 

 Ủ(3 )(4 )ĺ A=DU, B=DK, x=ǣ, x/M=hš ĨŚķ  

 Ὡὼὴ†Ἆ Ἆ ὩὼὴὬἎ ὩὼὴὬἎ ὕ†Ὤ   (3. 9.5 )  

 Ὡὼὴ†Ἆ Ἆ ὩὼὴἎ ὩὼὴὬἎ ὩὼὴἎ ὕ†Ὤ  (3. 9.6 )  

Ủ( 5)Ľ˺ š ŎͮĨķ exp( hDU) exp( hDK)ľ ὂ∆ŬŦƫ: (3. 8.14)ĽỖѕ

̽ẐẪįĚŘ MDĽŹơƧƮ:ŹƩƵỖѕǣěˢ ĽῺḀľ  

Sὂ∆ŬŦƫ: ĶŻƈƅƙš MεὫļĵŹơƧƮ:ŹƩƵĨŚķ ḹ ķּי Ľᵵ

Ḱľ O( h)T 

ĺĹŚ! ĺ Ủ( 4) ľ exp( h/2DU) exp( hDK) exp( h/2DU)ľּי ƶũƭƮ

G3. 8.15HįĚŘ  

Sּי ƶũƭƮ ĶŻƈƅƙš MεὫļĵŹơƧƮ:ŹƩƵĨŚķ ḹ ķּי Ľᵵ

Ḱľ O( h2)T 

ĶđŚ! 

 ĢĽᴕΌľ 1ŻƈƅƙđĮřĽԄᾒᵵḰě Ĭśĭś O( h2)ķ O( h3)Ķ ˢ  MD

3. 9.1 ᶍ
 



 3Ῑ Ỗѕ┤  

70 

 

ĽŻƈƅƙšὫļĮᴕΌĽ ˞ᵵḰľ Ŭ:Ƃ:ě 1ĳ İĵ O( h)ķ O( h2)ĺĹŚĢ

ķšỞĦĵēŚ!ĳōř 3. 2╜ĽᴕΌķˢ ĨŚ!3. 2╜Ľ Ĺҡ ĺ ňŚķ 

Ằ₲╘ ϋšẠėĿ ᴳ ĦěŗĞĹŚĢķěŞĚŚįŜĕ5! 

 

3.10. ᷿ḻḟḴ᷄Ḏᶸḋ᷄ ᶍ☼ᶍḗḧḳḐḓᶷḻ 

 

 3.7 ╜Ķ ŹƵƙƮűƈťƅű┤ ěʸ Ĺ ľ ̚ĽƑơƭƊƍŤƵķēĕ

ĽěּקṖĨŚĚŘį ķēĕĢķĺİŖĲķįĠ‖śĵęēĮ! ╜Ķľ Ằ₲╘

ϋšẠĲĵ ĢĽᴙšֳřͮġŚ!ēĞĳĚĽỉ šẇᶳĺĦĮě Ķő ˶Ẉ

(2014)ě ĚřœĨĚĲĮĽĶ ╜ĽҊὸľ Ģśĺ ĲĵēŚ! 

 3.7 ╜Ķľ ̚ĽƑơƭƊƍŤƵ H*ľ İ╕řᵵḰěđĲĵő 100p ĨŚ ķקּ

ᾙēĮ!ĢśšỦĶ ĦĵŎŚ!Ủ(3. 8.14)Ľ nỗĽŹƵƙƮűƈťƅű┤ Ľ

Ỗѕ ̽ẐẪ G*( h)ľ Ľ G( h)ĺ Ħĵ ỗỦĽŗĕĺ O( hn+1)ĽᵵḰšổ

ĳ! 

 ἑὬ ἑz Ὤ ὕ Ὤă   

įĚŘ G*( h)šẠĲĵ MDᴁẐšĦĵő ƑơƭƊƍŤƵ Hľ 100% ĨŚŞĠĶľקּ

Ĺē!ĦĚĦ ŹƵƙƮűƈťƅű┤ ĺĳēĵľ ỗĽỦ( 1)š ĮĨ ̚ĽƑơ

ƭƊƍŤƵ H *ĽּקṖěđŚĢķěŞĚĲĵēŚ!ĢĢĶ DH*ľ H *ĺ ͒ĨŚƬŨƶ

ťƭ̽ẐẪĶđŚ!  

 ἑz ὬḳὩὼὴ ὬἎ ᶻ Б ὩὼὴὧὬἎ ὩὼὴὨὬἎ  (3. 10.1)  

Ủ( 1)ľ ֕ỏỦĶľĹĞ ᴿ ĹỦĶđŚĽĺ ˋ!G*( h)šẠĲĵ MDšᶺėĿ H*

ľ Hķ˙Ĳĵ 100p  !ĨŚľĩĶđŚקּ

 H *ĽּקṖě ῥĤśĵēŚ ōĶľēēĽįě H *ľĸŢĹכšĦĵēŚĽĚ H *

ķ HĽїגľ' ˢ ľᴾ ĺ ĪĵGMcLachlan & Atela, 1992 H ╜Ķ

ľ 1ỗĽὂ∆ŬŦƫ: ĺĳēĵĽŎ H *šҾŐĵ еħšĳĚŏįĠĶ ġŚĢ

ķĺĨŚ! 

 ˀͮĶľ Baker- Campbell- Housedorff Ῐ BCHᶀỦšẠĕ!ˢ ĺľᵺи ;

Ĺ̽ẐẪ X, Yĺĳēĵ ỗĽỦ( 2)š ĮĨ̽ẐẪ Zľ  

 ὩὼὴἦὩὼὴἧ ὩὼὴἨ     (3. 10.2)  

Ủ(3)Ķ ėŘśŚ6! 

 

5 ĹŢĵ ľẰ₲╘ ϋĺжśĵĹēķᵈėĹēŢįĠĸ! ἐĹĸ ĢĽ Ľ₲Ϲ

ĺжśĵĹēőŢĶ ĸĢĚĶ ķĦᴔĺ İĬĕĶŁœŁœĦĵēŚ! 

6 BCHᶀỦỡ ľđİĢİĺṅ ĤśĵēŚĽĶ ῥ !ᴾ ľ 1900 ◗ᵭĺὶ ĤśĮŗ

ĕį!Wikipedia ̥ᵴ őẇῐ! ̽ẐẪĺő∆ ᶺ ĺő ĺ→ř ĳ! 
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 Ἠ ἦ ἧ ἦȟἧ ἦ ἧȟἦȟἧ  ἧȟἦȟἦȟἧ Ễ (3. 10.3)  

ĮįĦ  

 ἦȟἧḳἦἧ ἧἦ 

 1ỗĽŹƵƙƮűƈťƅű ĶđŚὂ∆ŬŦƫ: ĽỖѕ ̽ẐẪľ  

ἑz ὬḳὩὼὴὬἎ ὩὼὴὬἎ ὩὼὴὬἎ ᶻ  (ḽ 3.8.14H 

ĢĽķĜ BCHᶀỦĶ A=hDK,  Y=hDU, Z=hDH*ķ ĠĿ  

 ὬἎ ᶻ ὬἎ ὬἎ ὬἎ ȟὬἎ ὬἎ ὬἎ ȟὬἎ ȟὬἎ  

 ὬἎ ȟὬἎ ȟὬ╓ ȟὬἎ Ễ  

  hšϑĺὶĦ DK+DU=DHšẠĲĵ ↔ ĨŚķ  

ὬἎ
Ὤ

ς
Ἆ ȟἎ

Ὤ

ρς
Ἆ Ἆ ȟἎ ȟἎ

Ὤ

ςτ
 Ἆ ȟἎ ȟἎ ȟἎ Ễ 

ĶđŚ!ĳōř ̚ĽƑơƭƊƍŤƵ H*ĽƬŨƶťƭ̽ẐẪľ  

 Ἆ ᶻ Ἆ Ἆ ȟἎ Ἆ Ἆ ȟἎ ȟἎ  Ἆ ȟἎ ȟἎ ȟἎ Ễ 

      (3. 10.4)  

ĽכšĦĵēŚ!ĢĽ DH*ĚŘ H *šˀͮĽŗĕĺĦĵ ҾŐŚ! 

 ḚōĶľ ƬŨƶťƭ̽ẐẪš Dã ( HľƑơƭƊƍŤƵšỞĨ ėỒ)ķҊὸĦĵĜ

Įě ĢĽ╜ĶįĠ ỗĽŗĕĺ ᾶĦҊ š ėŚĢķĺĨŚG₲Ϲ  ѐ ĺ

ŞĚřœĨĞĨŚĮŐįĠH!˂ꞈ( p, r )Ľї₲ f ķ yĺĳēĵ ƟŤſƵŭƅŵỦ

MNšẠĲĵ ̽ẐẪ Dš ҞĨŚ! 

 ἎὪὫḳ ὫȟὪ   (3. 10.5)  

 ( 5)ľ őİŜŢ f =HĺĨśĿ ḚōĶĽ Ҟ( 2.5.8 )ķˢ ĨŚ!ỗĽ ĳĽᶀỦ

ě→ř ĳG ὶľῒ  ( 6)ľщ  ( 7)ľİŖķŐŢĸēH! 

 ἎὪ Ὣώ ἎὪώ ἎὫώ  (3. 10.6)  

 ἎὪȟἎὫ Ἆ  ὫȟὪ    (3. 10.7)  

ĤŘĺ щ ĺĨŚĮŐĺ ỗĽ ҊšẠĕ! 

 ‌ḳ Ὗȟὑ     (3. 10.8)  

 Ĥĵ  ( 4)š( 5)ĽҊ ĺ Ħ  

ἎὌz ἎὌ
Ὤ

ς
ἎὑȟἎὟ

Ὤ

ρς
Ἆὑ ἎὟȟἎὑȟἎὟ  

 ἎὟȟἎὑȟἎὑȟἎὟ Ễ  
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ˀͮ ( 8)š Җ Ħ ( 6)(7 )šẠĲĵ  ĨŚķכ

ἎὌ Ἆ‌ Ἆὑ ὟȟἎ‌  ἎὟȟἎὑȟἎ‌ Ễ  

 ἎὌ Ἆ‌ Ἆ ‌ȟὑ Ὗ  Ἆ ‌ȟὑȟὟ Ễ 

 Ἆ Ὄ ‌ ‌ȟὑ Ὗ ‌ȟὑȟὟ Ễ   (3. 10.9)  

ķēĕŞĠĶ Ủ( 9)Ľ() ě̚ĽƑơƭƊƍŤƵ H *ĶđŚĢķ  

 Ὄz Ὄ ‌ ‌ȟὟ ὑ ὕὬ   (3. 10.10)  

ě ĠĮŞĠ!H *ľ MDšᶺĲĵő İ╕řᵵḰĽ̚Ӽš☺ĞἵĠĩ 100p קּ

ĤśŚ!ˢ  ĽƑơƭƊƍŤƵ Hľ İ╕řᵵḰĽ̚ӼšἵĠŚőĽĽ H *

ķľýĽŬ:Ƃ:ĽᵵḰĦĚĹē!ĢĽᵵḰľ ┤ĦĹēĽĶ MDĽŻƈƅƙě⁮Ţ

Ķő Hľˢ Ľ GH *HĽἾřš ŘğįĠĶ ĜĞĩśľĦĹēĽĶđŚ! 

 ˀῲ ÓỗĽŹƵƙƮűƈťƅű Ľὂ∆ŬŦƫ: ĺĳēĵ ̚ĽƑơƭƊƍŤ

ƵšҾŐĵŎĮ!nỗĽῺḀő H *ľּקṖĦ Hķ H *ĽḰľ ᷈7 hnĽŬ:Ƃ:Ķđ

ŚĢķěŞĚĲĵēŚ7!Ằ₲╘ šẠėĿ ĢŢĹҡ őĶĜŚŞĠį! 

 

3.11 . ᶞ  

 

 Ḿᵭĺ ֿפὫỖѕḈŎ GMultiple time step/scale method  ꞋῘĦĵMTSHķ

ēĕ Ὣ Ĺ š῝βĦĵ ĢĽῙš ŐĞĞŚĢķĺĨŚ!ĢĢĶőẰ₲╘

ϋšẠĕ!MTS ķľ ĽἯ ĺ͒ħĵ ỖѕĽḈŎ hš ėĵ ּ᷈ͯיĨŚ

ĶđŚ! 

 ᾙĶʭĲĵēŚ− Ẫœ Ѿ ẪשĶľ ͵Ἧ őĽ šᴁẐĨŚ ěđŚ

G 5ῙH!ĬĽῺḀ hľ ḾּיĽ̓ ĺḀŞĤĹĠśĿēĠĹē!֥ ĺľ 

ḾּיĽ̓ ľ₣♬ᴾẪĽ‛ὲ‪ Ķ ĬĽἾѻľ 10- 20 fs ğŘēĶđŚ!įĚŘ h

ľ 2ᴏͮĽ 0.1- 0.5 fs ĺĨŚ ěđŚ!ˢ  ≥ œ Lennard- Jones ĹĸĽ

ӡ ᴕḀ ľőĲķŕĲĞř ͯĨŚĚŘ 1- 2 fs ĽỖѕḈŎ Ķőὣ !ĤŘ

ĺ Ӕ Ľ≥ GŪƱƭƋ Ľ ₲֩ѕœ ֿפὫԆẪ ϋĽ͇ ĽѲ ĹĸHľ 4 

fs Ķő ľĹē!ęōĠĺ ӡ ᴕḀ ľ MDĶḾőᴁẐỖѕěϾĚŚƝƅ

ƊŻƟƅƊįĲĮřĨŚ!ĳōŚķĢŜ ˢ ĺ h=0.1- 0.5 fs šẠĕĽľ Ṉת

Ķ 7ĽἯ Ľ ĺľ ĬśĺḀĲĮ hšẠēĮē!ĢĕĦĵ ₲ĽỖѕḈŎ h

šẠĕ MTS ěᶳėὶĤśĮ!ĦĚĦ 1980 ōĶĺ ʼĤśĮ MTS ľ Ỗѕ

 

7 ′Ħ Ĺēě ἐỡ⁬ĶϯĚŐĮŞĠĶľĹē!ʣĦĚŘĩ! 
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Ῐ↑ě ĮĤśĹēĹĸĽ ěđř ʸ įĲĮ8! 

 įě ᶒēĹĢķĺ 1990 ḙ TuckermanŘŗĲĵ ᾭĤśĮ Reference 

System Propagator Algorithm (RESPA)ĺŗř Ỗѕ ῘĶŹƵƙƮűƈťƅű

Ĺ ʸ ↑Ľ᷈ē MTSŤƭŶƬżƢšṥŚĢķěĶĜŚŗĕĺĹĲĮ!TuckermanĮ

İľ RESPAĺїĨŚ š ŤƭŶƬżƢœᴁẐ Ῠš ėĵ ͵ őὶĦĵēŚ

ě ˀͮĶľ ˢ Ỹ ↑ě᷈ē reversible RESPA (rRESPA, Tuckerman et al., 

1992) 9ĺᶰĲĵ῝βĨŚ! 

 rRESPAĺŗŚMTS Ľ ὶľ ōĩ f š f f f sGfast, slow HĽ Ἧ ĺ ĠŚ

ĢķĚŘầŐŚG ῲľ͵Ἧ ĺ ĠĵőᶣŞĹēě Ỹ ῲľ Ἧ ĚẅἯ

ěֿפēH! ěּיē ē ķēĕĽľ ĨŚĺ Ľ ͯěּיēĚ ēĚšỞĦĵ

ēŚ! ě ᶫē ὦŘĚē ķᵈēиėĵőēēįŜĕ! 

 Ὢ Ὢ Ὢ    

Ĭśĭśĺ Ħĵ hf hĈĽỖѕḈŎš ėŚ!ĮįĦ Lš↔₲ķĦĵ  

 Ὤ ὒὬ  

ĳōř ē f sĺĳēĵľ hsĽ ēỖѕḈŎ šẠĕě ꜙē f fĺľ ĬĽ

1/ LĽ ēḈŎ hfķẠĕ ķēĕĢķ!ĢśŘšẠĕķ MTS ĽƬŨƶťƭ̽Ẑ

Ẫľ 

Ἆ Ὢ Ὢ ḳἎ Ἆ Ἆ   (3. 11.1)    

ķĹŚ!ḚōĶĽ DUš Df +Dsĺ ĜиėĮŞĠ!ĢĽ DHĽőķĺ Ῠ Ẫשš hs

Gĳōř ēŊĕĽỖѕḈŎ HỖѕ ĤĪŚ̽ẐẪľ  

ἑὬ ὩὼὴὬἎ ὩὼὴὬ Ἆ Ἆ Ἆ ὩὼὴὬἎ Ὤ Ἆ Ἆ   

Ủ(3. 8.7 )šẠėĿ  

Ὡὼὴ
Ὤ

ς
Ἆ ὩὼὴὬ Ἆ Ἆ Ὡὼὴ

Ὤ

ς
Ἆ ὕὬ   

‴Ţ Ľ̽ẐẪ exp( hs( Df +DK)) ĺ Ủ(3. 9.4)š Ħ  

hf =LhfšẠĕķ 

ὩὼὴἎ ὩὼὴἎ ὩὼὴὬἎ ὩὼὴἎ ὕ ὩὼὴἎ ὕὬ   

 

8 Ỹľ ἐỡ⁬ő ĜŞŐĵᴾầ Ĺ MTSŤƭŶƬżƢš ĺĦĮĢķěđŚ( Komeiji et 

al., 1991) !ḚķĹĲĵľ đŢōřͻ ľĹēĠĸ! 

9 Ḿ֕ľ Verlet - I/rRESPAķᵎĿśŚĢķěֿפē!Ĭśľ Grubmỗller Ř (1991)ěϋ ĦĮ

Verlet - I/II ő ּי verlet š MTS ĺϩ ĦĮ įĚŘ ͻ ķēĕ ŘĦē!Įį

Ħ Ằ₲╘ ᶀỦšẠĲĵ ש ĺŤƭŶƬżƢšṥ→ĶĜŚĽľ rRESPAĽ ỦĶđŚ! 



 3Ῑ Ỗѕ┤  

74 

 

 ὩὼὴἎ Ὡὼὴ Ἆ ὩὼὴὬἎ ὩὼὴἎ ὩὼὴἎ ὕὬ   

 ķēĕŞĠĶ rRESPAĺŗŚMTSŤƭŶƬżƢĽỖѕ ̽ẐẪ G*( hs)ľ  

ἑᶻὬ  

 ὩὼὴἎ Ὡὼὴ Ἆ ὩὼὴὬἎ ὩὼὴἎ ὩὼὴἎ   (3. 11.2)  

ĺĹŚ!ĢĽŤƭŶƬżƢš MDƙƯŲƫƢĺĨŚķˀͮĺĹŚ!Ĺę hsšMŻƈƅ

ƙįĠᶺĲĵēŚ! 

 

ŵ:Ƌ 3.10.1  rRESPA 

DO i  = 1, M 

 p = p + h s/2 * f s 

 DO j  = 1, L  

  p = p + hf /2 *  f f  

  r = r + h f  * p  

  CALL calfor  ( f f ) ēיּ !  ĽᴁẐ 

  p = p + hf /2 *  f f   

 END DO 

 CALL calfor  ( f s)  ( ē ĽᴁẐ 

 p = p + h s/2 * f s 

END DO 

 

 ĢĽŵ:ƋĽ DOƭ:ƙšᴳśĿŞĚŚŗĕĺ ē f sľÓŻƈƅƙĺ 1εį

Ġ ּיē f hľ Lεᶟ‫ĦĵēŚ!ĢĽ ĺŗř ˢ hhš ėŚῺḀĺ ňĵ 

ᴁẐ∙ šĤŊĸқ∑ĺĪĩĺ ᴁẐּי š₲ ĺĶĜŚ!ōĮ Ģśőŵ:ƋĚŘ

ŘĚĹŗĕĺ L=1Gĳōř hf  = hsHķęĠĿ Ľּי ƶũƭƮ ĺĹŚ!

rRESPAěּי ƶũƭƮ Ľϩ ķᵈŞśŚᾒˀĶđŚ! 

 ỖѕḈŎ hhķ hĈľ ᴁẐ Ῠœ ῺƓƫƣ:Ɓ:ĺŗř Şř ŚĽĶ ƈŻƊ

ᴁẐšĦĵ╚ ĨŚ!Ĺę 3A4ĺ ĬĽŗĕĹ MTSĽ ᴙ╚ Ľˢ šӐġ

ĵęēĮ! 

 

3 ᶍᶝᶇ  f

 

 MDĺęēĵ ẪĽỖѕ šŹơƧƮ:ŹƩƵĨŚĮŐĽỖѕ┤ ŤƭŶƬżƢ

ĺĳēĵδ╝ĦĮ! 

 ◗ Ķľ ƑơƭƊƵכỦĽ̓ Ủĺ ƈŦƫ: ϋš ēĵ Ỗѕ┤ Ťƭ
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ŶƬżƢšēĞĳĚ ὶĦ ᵵḰœ ↑ỷĺїĦĵҡ ĦĮ!ĬĦĵ 2ỗĽ∙

ĽỖѕ┤ ŤƭŶƬżƢĶđŚ ּי ƶũƭƮ ě Ỗѕ Ῐ↑ķŹƵƙƮű

ƈťƅű↑š ĮĨ ʸ Ĺ ĶđŚĢķšỞĦĮ! 

 ᵭ ĶľẰ₲╘ ϋš Ħĵ Ỗѕ┤ ĽᵵḰœ ↑ỷĺĳēĵ ŗřᴳ

Ħ Ğҡ šᶺē ĺ Ỗѕ Ῐ↑ķŹƵƙƮűƈťƅű↑Ľ š ĮĨ

┤ ŤƭŶƬżƢĽש ṥ→ š῝βĦĮ!ּי ƶũƭƮ ő Ằ₲╘ ϋĶ

ὶ; ĶđŚ!Ḿᵭĺ ּי ƶũƭƮ šֿפὫỖѕḈŎ ĺϩ ĨŚ  

rRESPAš῝βĦĮ! 

 ῙĶľ ᵑ ĽơűƯŭƐƍŭƭGש ŪƏƭŰ:HMDĺęĠŚ Ỗѕ┤ š

ħĮ!ĢĢĶĽҡ ľ ͫœ ʫ MDĽ ṥ→Ľѯ♦ķĹŚG 10ῙH! 

 

3A 1. ḼᶼḳḴ ᶍ  

     

יּ  ƶũƭƮ ľ MD ĶᶓĞẠŞśĵēŚỖѕ┤ Ķ ỸאŤƭŶƬżƢĺľē

ĞĳĚ ě ŘśĵēŚ!įě ᴕԄ 3.4 ╜Ķ῝βĦĮŹƵƙƭĹŤƭŶƬżƢ

ě ƛŻƊĽ◑ ĶđŚĢķšỞĨ! 

 ˀͮ Ḛε ňĮ 3Ἧ ĽŤƭŶƬżƢš῝βĨŚ!ŤƭŶƬżƢ 1¦2¦3ķ ƙ

ƯŲƫƢěįŢįŢ ṽĺĹĲĵēĞ!įě ĸśő₲Ϲ ĺ ͻĶđř ₲ ᵵḰ

ĤėĹĠśĿ☺Ğ ħᴕΌš ėŚľĩĶđŚ! 

 

[1] ŤƭŶƬżƢ 1  

 ĢĽŤƭŶƬżƢľ ƙƯŲƫƢěḾőŹƵƙƭĶ ĚřœĨē!Żƈƅƙ N- 1ķ

Żƈƅƙ NĽѕĺ Żƈƅƙ N- 1/2 Ľּי vN- 1/2šᴁẐĨŚĽěŎĬ!Ģśľ Ỹľ 

RESPAĽ Ķ ĨŢĹř ĠŚŤƭŶƬżƢĶőđŚ! 

 ˀͮ i š ˋĽŻƈƅƙ₲ĽŦƵƉƅűŻķĦĵ r i ,  vi ,  f i ľ Ĭśĭś i Ż

ƈƅƙĽḹ יּ   šỞĨ! 

 ὺ ὺ Ὢ  

 ὶ ὶ Ὤὺ  

 ὺ ὺ Ὢ

  (3A1.1)

 

 

 ҙỏŵ:Ƌľˀͮ!ĮįĦ calfor (r,f) ľ ḹ r š Ħĵ f š ĨŷƘƭ:

ƃƵ! 
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ŵ:Ƌ 3A1.1 ּי ƶũƭƮ ŤƭŶƬżƢÓ 

r =r 0   

v=v0 

CALL calfor (r,f)  

DO i  = 1, Nstep  

 v= v + f/(2m)*h  

 r = r  + v*h 

 CALL calfor (r,f)   

 v= v + f/(2m)*h   

END DO  

 

[2] ŤƭŶƬżƢ 2 

 Swope & Andersen (1982) Ľּי ƶũƭƮ Ľᴾ ĽŤƭŶƬżƢ!ƈŦƫ: ϋ

šỡ◦ĺ ēŚķ ĢĽŤƭŶƬżƢĺĹŚ! 

 ὶ ὶ Ὤὺ Ὢ  

 ὺ ὺ Ὢ Ὢ

  (3A1.2)

 

ŵ:Ƌľˀͮ! ₲ĺ f _old G◗ŻƈƅƙĽ HěͽŞŚ! 

 

ŵ:Ƌ 3A1.2 ּי ƶũƭƮ ŤƭŶƬżƢ 2 

r =r 0   

v=v0 

CALL calfor (r,f)  

DO i  = 1, Nstep  

 r = r + h*v + f/(2m)*h**2  

 f_old = f  

 CALL calfor (r,f)   

 v= v + (f+f_old)/(2m)*h   

END DO  

 

[3] ŤƭŶƬżƢ 3 

 ĢĽŤƭŶƬżƢľ ēĞĳĚĽӰΉᾙĺṅ ĤśĵēŚěG‹ Ř 2009 ͞

ṡ$ҥ˜ 2011H ěầŐĮĽĚľ ẙ ĹěŘ Ḛε ňĮᵊřĶľ ĦĹĚ

ĲĮ! 

 Ủ(2)Ķľ hķ h2ěϾŚ᷆Ľ Ľ ĜĤě˙ēΣĝŚĮŐ ᴏ İěҌĢřœĨ
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ē!ĬĢĶ f ķּי vš 7ĺּטĦḀŞĪĵēŚ!ĢĽķĜ NŻƈƅƙĽּי

ķḹ ľˀͮĽỦĶᴁẐĶĜŚ! 

 ὶ ὶ ὬВ ὺ В Ὢ  

 ὺ ὺ В Ὢ Ὢ ὺ В Ὢ

 (3A1.3)

 

ĢĽỦĶ┤ ĨŚƙƯŲƫƢĶľ ϧŻƈƅƙĽ vķ f šּטĦḀŞĪĮ ₲ v_sumķ

f_sumě ĺĹŚ! 

 

ŵ:Ƌ 3A1.3 ּי ƶũƭƮ ŤƭŶƬżƢ 3 

r =r 0   

v=v0 

CALL calfor (r,f)  

v_sum = v0 

f_sum = f0  

DO i  = 1, Nstep  

 r = r0 + h*v_sum + f_sum/(2m)*h**2  

 CALL calfor (r,f)   

 v= v0 + h/m*((f - f0)/2 + f_sum)  

 v_sum = v_sum + v 

 f_sum = f_sum + f   

END DO  

 

 ῲҊĽŤƭŶƬżƢ 1- 3š ˀͮĽἾѻ T=1Ľ ‪ ĺ Ħĵ Ħ ∙ šỆᴻ

ĦĮ! 

Ὗ ″ ȟ″ Ѝς“ (3A1.4)  

 ŹơƧƮ:ŹƩƵỖѕ 100Tš ỖѕḈŎš h=10- 5 TĚŘ 0.1Tĺ‪Ĳĵ MDšᶺē 

☺ŪƏƭŰ:Ľᾑѻ ĚŘĽĩś RMSD( Etot )G3.5.1 Hķ hĽїגš ňĮ!Fortran

ĽƙƯŲƫƢš ēĮě Ỹ₲š ∙ G15ᴏHęŗł ∙ (7 ᴏ)ķĶᴁẐĦ

ϴĦĮ! 

 ĬĽᴕΌ ∙ ᴁẐĶľ ẅĳĽŤƭŶƬżƢľ ☺Ğ ħĺ Ủ(3)š ĮĨᴕ

Όš ėĮGₑ 1H!ĳōř ĢĽשš ∙ ĶᴁẐĨŚᵊř ĸĽŤƭŶƬżƢĶ

ő ☺Ğ ħ∙ ķēĕĢķ! 
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 Ḛ  MDĹĸĽ₲ ᴁẐľ ∙ ĚĬśˀῲĶᶺĕĽě ᾈĹĽĶ SĸśẠĲ

ĵő ħTķēĕᴕ

ĶὊŞřĺĦĵĦōĲ

ĵőᶣŞĹēĽĶľđ

Ś!įě ŤƭŶƬż

Ƣỡ⁬Ľᴑ šŗřᴿ

Ħē ᴙĶ▐ēὶĦĵ

ęĞĢķő Ķđ

Ś! 

 ĬĢĶ ∙ Ľķ

Ĝķ☺Ğ ħƙƯŲƫ

Ƣš Ỹ₲ ₲š☺ĵ

∙ ĺ ėĵ ħ

ỆᴻšĦĵŎĮ!ĬĽ

ᴕΌ ∙ ᴁẐĶ

ľ ĸĽŤƭŶƬżƢ

Ķő∙ ľ ∙ ĺ ňĵʣͯĦ ōĮ ẅĳĽѕĶḰěὶĮ(ₑ 2)! 

 ẅĳķő h=0.01ˀῲĽῺḀľ řĽ∙ šỞĦĵēŚ!įě ĬśˀͮĶ

ľ ₲ ᵵḰěᴳėĵ

ĞŚ!őĲķő ỸṔ

Ľ MDĶľ Ḿ Ķőӡ

ᴕḀἾѻĽ 1/100

ĽỖѕḈŎšẠē 

ĬśˀͮķēĕĢķľ

ĺĹēŞĠĶ Ỹפֿ

ĺľĤĦĵ ĺ

ľĹŘĹē!ķľᵈ

ė ķőĚĞő ∙

ᴁẐĶľ ₲ ᵵḰ

ěᴳėĵĞŚ!ẅĳš

ϴĨśĿ ŤƭŶƬ

żƢ 1ķ 3ľŊŋ ħ

‪Ś ēĶ ŤƭŶƬ

żƢ 2ě ˋĺ∙ ěʣē ķēĕᴕΌĶđĲĮ!ŤƭŶƬżƢÕľ ŤƭŶƬżƢ

ÔĽ∙ ěʣēĽšπ ĨŚĮŐĽᶏ ĶđŚĚŘ ◦ĶľđŚ!Ķľ ŤƭŶƬ

żƢÔšİŖĲķ ėĮįĠĽŤƭŶƬżƢÓě ŤƭŶƬżƢÕķ Ľ∙ šổ

3A1. 1 h -RMSD( Etot )ḟḵḋḐ  

3A1. 2  h -RMSD(Etot) ḟḵḋḐ  
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ĳĽľ ęĬŘĞ Ủ(1)Ľ ĺ h2ĺ ĨŚᶬěĹēĮŐįŜĕ! 

 ∙ ᴁẐĽᴕΌĚŘ ĨŚķ ŤƭŶƬżƢÔľ ˋĺʣēě ŤƭŶƬżƢ

ÓķÕľ ĶđŚ!ŤƭŶƬżƢÓķÕĽѕĽ ľ ∙ ĚŘľᴒŐŘśĹ

ē!įě ƙƯŲƫƢĽ ᾋĤ ŞĚřœĨĤĚŘᵈėĿ ŤƭŶƬżƢÓěƛŻƊ

Ľ◑ ĶđŚ!Simple is best ķēĕĢķŘĦē! 

 

3A2. ⱳ ᶍ ᶊ ᵸᶪ  

 

 ỗỦĶ ҞĤśŚ̽ẐẪĽẰ₲ї₲ĺїĦĵ  

 ὩὼὴἋ ḳВ
Ἃ

Ȧ
   (ḽ 3.8.3)  

ˀͮĽ 5ĳĽᶀỦšῥ ĨŚ! 

 Ὡὼὴὦ ὥ ὥ    (ḽ 3.8.4a)  

 Ὡὼὴὦ ὧώ ὧώ ὦ   (ḽ 3.8.4b)  

 Ὡὼὴὦ ώ ὧ ὧώ ὦ  (ḽ 3.8.4c)   

 Ὡὼὴὦ Ὢώ Ὢὧ ὧώ ὦ  (ḽ 3.8.4d)   

 

 Ὡὼὴὥώ ώ ώ Ὡὼὴὥ   (ḽ 3.8.4e)  

 

ᶀỦ(3. 8.4 a)ľᶀỦ( 3.8.4b )Ķ c( x)=aķęĠĿ ĠŚĽĶῒ Ħĵ Ủ( 3.8.4b )šῥ

ĨŚ!˺ š yĽἾřĺƈŦƫ: ϋĨŚķ 

 ὧώ ὦ ὧώ
Ȧ Ȧ

 
Ȧ
 Ễ 

ρ
Ȧ Ȧ Ȧ

Ễ ὧώ Ὡὼὴὦ ὧώ (3. 8.4b)  

ķĹĲĵ ḯ ĺĹŚĽĶ ῥ ὊŞř! 

 ᶀỦ (c) ľ( d)Ķ f ( y)=yķęēĮ Ἤ ĹĽĶ ( d)šῥ ĨŚ!c( y)=zķ Ğ

ķ y=c- 1( z)ĺĹŚĽĶ  

 Ὡὼὴὦ Ὢώ Ὡὼὴὦ Ὢὧ ᾀ  z

ᶀỦ(b )Ľ yĺ z c( y)ĺ f ( c- 1( z)) š ĨŚķ 

 Ὢὧ ᾀ ὦ Ὢὧ ὧώ ὦ      (3.8.4c)  
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ěῥ ĤśĮ! 

 Ḿᵭĺ ᶀỦ( e)! 

 Ὡὼὴὥώ ώ В
Ȧ
ὥώ ώḳὪώ Ὢώ Ὢώ ȣ Ὢώ Ễ  

ķ Ğķ n=0Ķľ 

 Ὢώ
Ȧ
ὥώ ώ ώ 

Ķđř ōĮ n>1Ķľ 

Ὢώ
Ȧ
 ώ

Ȧ
  ώ  

Ȧ
 ώ

 
Ὢ ώ  

Ľ◙ͯỦě→ř ĳĽĶ  

 Ὢώ  Ὢώ ὥώ ώ ὥώ  

 Ὢώ  Ὢώ  ὥώ
Ͻ
ώ  

 

 Ὢώ  Ὢώ  
Ͻ
ώ

ϽϽ
ώ 

 . ..  

 Ὢώ Ễ
Ȧ
ώ 

 ŗĲĵ  

 Ὡὼὴὥώ ώ В
Ȧ
ώ ώ Ὡὼὴὥ  (3.8.4 e)  

ěῥ ĤśĮ! 

 

3A3 . 2 ᶍ  

 

 ĢĢĶľ Ằ₲╘ ϋĽĕİ ּי ƶũƭƮ š ĞĮŐĽ ÔỗĽ Ῐ δᶀ

Ủ( 3.8.7) š ὶĨŚ! 

 ὩὼὴὼἋ Ἄ ὩὼὴἋ ὩὼὴὼἌὩὼὴἋ ὕὼ  (ḽ 3. 8.7)  

œᴁẐΉϹĶƊƯƅƁ: ϋķĚẰ₲╘ ϋķĚᵎĿśŚᶀỦľ ēŜ

ēŜĹכěđř ◗őēŜēŜĶ ĸśěѯ♦ĶĬśšĸĕ  ĨśĿĸĕĹŚכ

ķĚ ě Ħē!ĢĢĶľ ĺ Tuckerman (2010) ῲ (2003) ҥ  

(1995)  (2000)Ĺĸšẇᶳĺ ἐỡ⁬ěˢ ŞĚřœĨēķắėŚ Ķҡ
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š ϋĦĵŎĮ! 

ōĩ ĽỦ(3. 8.5 )ľ (2000)ĶẰ₲╘ ϋķᵎŢĶēŚĽĶ Ĭśĺὤ

ĲĮ! 

 ὩὼὴὼἋ Ἄ Б ὩὼὴὧὼἋὩὼὴὨὼἌ ὕὼ  (ḽ 3. 8.5)  

ĢĽỦĽ šƈŦƫ: ϋĦĵ ᷆š ϴĦĵ ˺ Ľ ci , di Ľג₲šҾŐ

Ś! 

ōĩľ n=1Ľ ÓỗĽ ϋỦšṥ→ĨŚ!G3. 8.5HĽḯ š Ҟ řĺ 2ỗōĶ

ϋĨŚķ  

 ὩὼὴὼἋ Ἄ ρ ὼἋ Ἄ Ἃ Ἄ ὕὼ  

 ρ ὼἋ Ἄ Ἃ ἋἌ ἌἋ Ἄ ὕὼ  (3A3.1)  

ĶđŚ!ōĮ ˺ š k=1ĶᾙĜͮĨķ  

  Б ὩὼὴὧὼἋὩὼὴὨὼἌ ὩὼὴὧὼἋὩὼὴὨὼἌ  

 ρ ὧὼἋ ὕὼ ρ ὨὼἌ ὕὼ  

 ρ ὼὧἋ ὨἌ ὕὼ    (3A3.2)   

Ủ( 1)ķ( 2)Ķ xAķ xBĽג₲šᴳ ňśĿ  

 c1=1, d1=1      (3A3.3)    

Ľ♯ěҾōŚ!ĳōř nĽÓỗĽ ϋľ  

 ὩὼὴὼἋ Ἄ ὩὼὴὼἋὩὼὴὼἌ ὕὼ   Gḽ 3. 8.6)  

Ķ ỦG3. 8.6Hě ŘśĮ!Ĺę A, Bľ Ľ̽ẐẪĶ Ěĳ ˢ ĺľᵺи ;

įĚŘ Aķ BšҲĺĦĮ  

 ὩὼὴὼἋ Ἄ ὩὼὴὼἌὩὼὴὼἋ ὕὼ    

ľ ( 3.8.6 )ķľ Ľ ÓỗĽ ϋĺĹŚ! 

ỗĺ nĽÔỗĽ ϋšҾŐŚĮŐ ˺ š k=2ĶᾙĜͮĨķ  

  Б ὩὼὴὧὼἋὩὼὴὨὼἌ ὩὼὴὧὼἋὩὼὴὨὼἌ ὩὼὴὧὼἋὩὼὴὨὼἌ   

 ρ ὧὼἋ ὧὼἋ ὕὼ ρ ὨὼἌ ὨὼἌ ὕὼ   

 ρ ὧὼἋ ὧὼἋ ὕὼ ρ ὨὼἌ ὨὼἌ ὕὼ   

 ρ ὼὧἋ ὨἌ ὧ Ἃ ςὧὨἋἌ Ὠ Ἄ ὕὼ   

 ρ ὼὧἋ ὨἌ ὧ Ἃ ςὧὨἋἌ Ὠ Ἄ ὕὼ   

 ρ ὼ ὧ ὧ Ἃ Ὠ Ὠ Ἄ  
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ὼ

ς
ὧ ὧ Ἃ ςὧὨ ὧὨ ὧὨ ἋἌ ςὧὨἌἋ Ὠ Ὠ Ἄ ὕὼ  

      (3A3.4)  

(1)ķ(4)Ľג₲šᴳ ňĵ Ὣ šᾤĞķ ỗĽấĳĽỦě ŘśŚ! 

 c1+c2 = 1 

 d1+d2 = 1 

 ὧὨ ὧὨ ὧὨ
ρ

ς
 

 ὧὨ    (3A3.5)  

(5)ľ ₲ěÖĳ ỦěÖĳĹĽįě ĶĹēỦěˢĳđŚĽĶ δľˢˋ

ĺľᴒōŘĹē!ˢ šӐġŚķ  ( c1, c2, d1, d2 ) = (1/3, 2/3, 3/4, 1/4) ő nĽ

2ỗĽ∙ šổĳ!įě Ỗѕ ̽ẐẪĽĮŐĽᶀỦšṥŚ ķēĕ ěđŚĽ

Ķ Ỗѕ Ῐ↑š ĮĨĮŐĺ ḯ˺ ῘĺĦĮē!ĬĢĶ d2=0ĺĦĵĦōėĿ 

exp( d2xB)=1Ķᶗ ̽ẐẪĺĹŚ!ẙřľ c1=c2=1/2 d1=1ĺĹŚĚŘ  

 ὩὼὴὼἋ Ἄ ὩὼὴἋ ὩὼὴὼἌὩὼὴἋ ὕὼ  (ḽ 3. 8.7)  

ķĹř SÔỗĽ Ῐ δTě ŘśŚ! 

 ŗř᷈ỗĽ nĺĳēĵĽᶀỦő ŘśĵēŚě ĢĢĶľῒ ĨŚ!ῧĦĞľ ҥ

(1995)Ĺĸšẇῐ! 

 Ĺę ῲҊĽҡ ĶŞĚŚŗĕĺ nĽ 1ỗ 2ỗ A Ľ ϋľ ˢˋĺľ ōŘ

Ĺē!ג₲ĺїĨŚ Ủĺľ ₲ĽδěּקṖĨŚĚŘį!ŗĲĵ Ằ₲╘ ϋ

šẠĲĵSnỗĽŹƵƙƮűƈťƅű┤ TšṥŚῺḀ Ľ nĺᵊĲĵő 

₲ĽŤƭŶƬżƢěּקṖĨŚĢķĺĹŚ! 

 

3A4. ᶞ ᶍ  

 

 ĢĢĶľ ẇᶳōĶĺ ֿפὫỖѕḈŎ Ľ

Ỹ šˢĳӐġŎŚĢķĺĨŚ! Ῠľ ₑ 1

Ľ DNA:ƁƵƓűỷš Ľ₣ĺי śĮőĽĶđ

Ś!ōĮ MTSŤƭŶƬżƢķĦĵ double 

reversible RESPA ( drRESPA)šẠĲĮ! Ľ

r RESPAĶľ šÔἯ ĺ ĠĮě drRESPAĶ

ľÕἯ ĺ ĠŚ!֥ ĺľ š Ľ

f fķ f sĺͽėĵ ĤŘĺĬĽ ѕĽ f Ăĺ

Ħ 7ĽỖѕŻƈƅƙš ėŚ! 

3A4. 1  
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 ₑ 1Ľ ẪƤƉƭľ ░― SSO7D/SAC7DƁƵƓűỷķ DNA Ḁ !PDB ID 1C8C 

(Su et al., 2000) Ľᴕῄᶣַאšѯĺ PEACH_8.5ĶƤƉƬƵŲĦ Chimera_1.1Ķ

ΪĦĮőĽĶđŚ!6ĳđŚ Na+ŦŬƵľ ӂĶ Ở!ˢ ÉĽ Ľ₣ƤƉƭšי

Ạē ☺ᴾẪ₲ 13,666ᵌĶđŚ! 

 

3A4. 1 ᶍ  

ĽּיĤ ĽἯ  ỖѕḈŎ 

f f  ӡ ᴕḀ ᴕḀϲ ļħśϲ hf  

f m LJ ŪƱƭƋỸ֩ѕ hm 

f s ŪƱƭƋ ₲֩ѕ hs 

 

 ĢĽשĺ Ğ š 1Ľŗĕĺ ĦĮG Ľ Ҟľ 5ῙẇῐH!ỖѕḈŎĽ

ĕİ hfľˢ ē₣♬Ľ‛ὲĺḀŞĪĵ Ḛεľיּ 0.25 fs ĺᵏ ĦĮ!hmķ hsľ

š Җ‪ř ᶻͯĤĪĮᶣַאĺ Ħĵ ḀᴁØἯ Ľ MDᴁẐGMD1- MD6Hš 1 ps 

Ħĵ ŪƏƭŰ:Ľĩś RMSD( E)ķ 1 fs đĮřĽᴁẐỖѕšᴁּזĦĮ!ĬĽᴕΌ

ě 2ĶđŚ! 

 

3A4. 2  RESPA ᶍ  וֹ

źƩƘ  ỖѕḈŎ( fs)  RMSD( E)  

kcal/mol  

ᴁẐỖѕs 

 s/fs  hf  hm hs 

MD1 (ѯᾈ )  0.25 0.25 0.25 0.83 7.1 

MD2 0.25 0.50 0.50 0.36 3.6 

MD3 0.25 1.00 1.00 12 1.8 

MD4 0.25 2.00 2.00 9.5 0.94 

MD5 0.25 2.00 4.00 10 0.89 

MD6 0.25 2.00 10.0 1.4 x 10 3 0.84 

s ᴁẐĶľĹĞ ỗᴁẐ!ſƗƊľ PEACH ver. 8.5 šẠ ! 

 

 MD1ľĨňĵˢ ĺ 0.25 fs ĶỖѕ┤ ĦĮᴕΌĶ Ģśěѯᾈ Gr eferenceHĶ

đŚ!MD2- 4ľ f mķ f sš ħĺĦĵ ỖѕḈŎšᾶĦĩĳῲġĮᴕΌįě ęőĦ

ŜēĢķĺ 0.5 fs ĽķĜľ ѯᾈ ŗřᾶĦ∙ ěŗĞĹĲĵēŚ!ĢĕēĕĽľ 

ĽἯ ĺŗŚќŐᵵḰě˙ĕĹĸĽ̚ӼĹĸĶ ĦĿĦĿҌĢŚ!1 fs ĺĹŚķĤ

Ĩěĺ ∙ ľÓᴏͮěŚě 2 fs ĺĦĵő Ħĵ ŞŘĹē!MD5ķ MD6ľ hm=2 
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fs ĺᵏ Ħĵ hsš ėĵᴁּזĦĮőĽ!4 fs ĹŘ∙ ľ įě 10 fs ĺĨŚ

ķ ᴁẐě ĦĵĦōĕ! 

 ĢĽ ĺӐġĮĽľŊŢĽˢ Ķ ᴁẐ∙ őᴁẐỖѕő ῺƓƫƣ:Ɓœ

Ῠ ẪœשĽ ĜĤœᴁẐŤƭŶƬżƢĺŗřᴕΌľ ŞŚ! ĺ ᴁẐỖѕľ Ģ

ĢĶľ ỗᴁẐĽƉ:ƁšὶĦĮě ᴁẐĶľōĮ˙ĲĮĞŚ!įě − Ẫ

œ Ѿ Ẫשš ῨĺĨŚῺḀ ľ MD5ĺӐġĮ Ľ ᴙšẠĲĵ ᴁẐּי

š₲ ῲġŚĢķěֿפē! 
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4  ᶍᵾᶠᶍḪḏḲḻ  ᷅

 

 ῙĶľ MDĽᴁẐ Ῠ ẪĽƤƉƬƵŲ

š╝ ĨŚ!ĳōř MDᴁẐĶʭĕ ẪƤƉ

ƭ  Өφ ᴙĹĸšʭĕ!֥ ĺľ 

ᾑѻᶣַאĽṥř š╝ ĨŚĢķĺĹŚ! 

ĢĢĶľ ☺ᴾẪᵍ MD GMM- MDHĽĮŐĽ

ƤƉƬƵŲ š╝ ĨŚ!įě ĚĹřĽ

ľ FPMDœ ẪMDĺő͒ ě ĞľĩĶđ

Ś!Ĺę ˢᶅĺSᶣַאTķᵈĲĵēŚě Ģ

ĢĶᵈĕᶣַאķľ SᴁẐ Ῠ ẪĽ☺ᶣ→ᴾ

ẪĽẅỗᴽḹ ĽƉ:ƁTšẰĨ! 

2"3Ῑľ Ĺ ĺὊầĦĮě ĢĽ 4Ῑľ ᵅỸĽ Ẫĺ ͒ĦĮ Ὅ

ē ěֿפē!ỸṔ MDšầŐŚķĜĺˢ ӌě᷈ēĽľ ęĬŘĞᾑѻᶣַאĽƤ

ƉƬƵŲįŜĕ! 

 

4Ῑ Ẫ ϹᴁẐĽĮŐĽƤƉƬƵŲ      86 

4.1. ẪƤƉƭ ................................ .........................  86 

4.2. ᾑѻᶣַא ................................ ...........................  92 

4.3. ᴑּתᴾẪĽ − ................................ .....................  93 

4.4. Өφ ᴙķ  ................................ .....................  95 

Ľש .4.5 ΚĽ  ................................ ....................  102 

4.6. − ẪĽƤƉƬƵŲĽỸṔ ................................ ........  103 

4ῙĽōķŐ ................................ .........................  104 

4A1. ₣ӂĽּו ƟƈƵŹƥƭĽ  ...............................  105 

4ῙĽẇᶳ ᴭ ................................ .......................  106 

 

4 .1. Ḫḏḳ 

 

 ╜Ķľ − ẪĽ MDĶ ēŚ ẪƤƉƭĽϖ š╝ ĨŚ! ÓῙĶὸňĮŗ

ĕĺ ᵍ MDG☺ᴾẪMDő♥ểͯ MDőHĶľ ẪšS ΚšổĲĮӂ ĨĹ

ŞİᴾẪě ƒƏĶĳĹěĲĮTőĽĶđŚ ķēĕŗĕĺƤƉƭͯĦĵᴁẐĨŚ
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Gₑ 1ḯH!ˢ   ᴾẪѕĽᴕḀ šᶚּ1וĦĵ MDšᶺėĿGₑ 1˺H ᴾẪě ᵏ

ē ĶĳĹěĲĮőĽķĦĵ ᴁẐĨŚĢķ

őĶĜŚ!ƒƏěēēĽĚ ěēēĽĚ щ

ĺ ḎľĳĠŘśĹēG 5ῙĽ 5A1

šẇῐH! 

ˀͮĶľ ẪƤƉƭš ſƗƊŨũŤ

AMBERĶ ᾈ ĺẠŞśĵēŚ ῺGf orce 

field, FF Hš ĺķĲĵ╝ ĨŚ!֥ ĺ

ľ ƟƬƜƙƃƋGƁƵƓűỷHķϬẕľ FF14SBGMaier et al., 2015 H ỷľ

Glycam06GKirschner et al., 2008 H ềỷľ Lipid14 GDickson et al., 2014 HĽ

ϧ Ὼš῝βĦ Ĭśĺͽėĵ₣œŦŬƵĺĳēĵő FF14SBĶẠŞśĵēŚőĽš

•ĺēĞĳĚ῝βĨŚ!Ĺę S ẪƤƉƭTķS ĽᴁẐ Tķľ ˢ ĹĽ

Ķ 5ῙS ķƟƈƵŹƥƭĽᴁẐG◗Hѯ♦TőẇῐĦĵŊĦē! 

 

[ 1] ƟƬƜƙƃƋGƁƵƓűỷH 

ƟƬƜƙƃƋ

(polypeptide) ķ

ľ ŤơƐẕěƜ

ƙƃƋᴕḀĺŗř

ὫḀĦĵĶĜĮ

ѾͯḀ ĽꞋῘĶ

đŚ!ƟƬƜƙƃ

ƋĽ Ķ −

ĽőĽšƁƵƓ

űỷ( ỷ 

protein) ķᵎŅ!

AMBERĽ FF14SB

ῺĶĽ ƁƵƓű

ỷķϬẕĽ ẪƤ

Ɖƭľ ᵅᶺ AMBER ῺĽᴾיĽ FF94 (Cornell et al., 1995)  Ķṅ ĤśĮőĽĶ

 

1 ᾙĶľ ᶚּוGconstraint Hķּו (restraint) Ľ ĳĽ ᵴš Leach (2001) ĺ Ĳ

ĵ ỗĽŗĕĺẠē ĠŚ!SᶚּוTľ Я☺ĺ Ĥšᵏ ĦĵĦōĕĢķšᵈĕ!ˢ  

Sּו Tľ ėĿƒƏĽŗĕĺ Ԍ ĺľđŚ ĤĺĹŚŗĕĺĨŚě ᵏ ľĪĩ Ř

ĝĽ šẙĨĢķšᵈĕ!ᶚּוĽ₲įĠשĽỡ ěᵂŚě ּו Ħĵőỡ ľᵂŘĹē

GῧṐľ 9Ῑ ᶚּוķּו  šẇῐH! 

4. 1.1  ḪḏḳֹḘḕvs  

4.1. 2 ḇḻḙ᷄ ᶍḪḏḳ 
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đŚ!AMBER ῺĽ ĽƓƫƣ:Ɓ:ỡ ľĬĽᵭπ ěͽėŘśĵēŚě ƤƉƭ

Ľḕϫỡ ľ ĜĞľ ᶟĤśĩĺẙĲĵēŚ! 

ƟƬƜƙƃƋľ ₑ 2ĽŗĕĹƤƉƭĶʭŞśŚ! ľᴾẪѕĽӡ ᴕḀšỞĨ!

Ĺę ˢὫ Ὣ ẅὫᴕḀľ Ҋῲľ֜ ĦĵēĹē!C, CA, CH3Ĺĸľ ♬ᴾ

Ẫ  H, HH33Ĺĸľ₣♬ᴾẪĶđŚ!Ģśľ ẪῲĽ˂ ĺŗĲĵ ħᴾẪĶő

◗š ėĵ֜ ĦĵēŚ ķēĕĢķĶđŚ!ōĮ xĶ˅Ţį Rľ ŤơƐẕẙѯ

Gamino acid r esidueHĽּאḶĶđŚĽĶ Gly, Ala, Ser, Glu Ĺĸ Ἧ ĺ͒ħĵ

ŞŚ!ĤŘĺ ּאḶĽΚ   ĺ͒ħĵ Ĭśĭś ĽƤƉƭě ˋĤśĵēŚ!

ĮķėĿ AMBER ῺĽῺḀ ŲƭƁơƵẕĶľ ּאḶδ ƤƉƭľFGLUF δי

ƤƉƭľFGLHFķēĕ ĳěי ĶĜŚ! 

ŤơƐ (é )ķŭƭƞůŹ

(C )ő Ἧ ◑ŅĢķěĶĜ

Ś!Łķĳľ δ ĦĮ ↑ŦŬƵ

Gₑי 2AH őĕŁķĳľůƥƅƙ

Ħĵ ↑ĺĦĵĦōĲĮיGₑ 2BH

ĶđŚ!AMBERῺĶľ ₑ 2BĽŗ

ĕĺ N ľŤŽƃƭѯ C ľ N

ƣƃƭѯĶůƥƅƙĦĵēŚ!ֿכĽ

ĶůƥƅƙĦĮēῺḀľ ỡ

Ķ ẪƤƉƭķ ῺƓƫƣ:Ɓ:š

ṥ→ĨŚĢķě ĺĹŚ! 

δ ƤƉƭľ ẪšđŘי

ŞĺἨř śĵƟƬƜƙƃƋĽ MD

ᴁẐšᶺĕῺḀĺẠĕĢķěֿפē!

ˢ  ůƥƅƙיƤƉƭľ ‴֩

ĶĽᴁẐĺẠĕĢķěֿפēě 

ķˢᾗĺ ēŚĢķőĶĜŚ! 

 

[2] ƟƬƎűƮŬƃƋGϬẕH 

ƟƬƎűƮŬƃƋ

(polynucleotide)  ķľ ƎűƮŬ

ƃƋěὫḀĦĵĶĜĮ ѾͯḀ Ķ

đŚ!ƎűƮŬƃƋľ ƬƵẕ Ɯ

ƵƊ:Ż ͊ѯĚŘĹŚ!Ϭẕ

(nucleic acid) ľ ƟƬƎűƮŬƃƋĽˢἯĶ ˚ ỷĽƉŬůŹƬƞϬẕ(DNA)ķ

ƬƞϬẕ(RNA)ĽꞋῘĶđŚ!Ģśˀ᷅ľ ƟƬƎűƮŬƃƋĶľĹĞ ϬẕķᵎŅĢ

4. 1.3  ᶍḪḏḳᴳᵲᵲᶆᶎDƎNA

ᶍḪḏḳᶱ ᵱᶅᵣᶪ RGNA ᶍ HƎ2 ᴽ

2 ᶍ ᶮᶩᶊ -Ǝ O2 -Ȣ HO 2Ȣ ᵫ ᶪ  G

P

O5'

C5'H5'2
H5'1

C4'

C3'

O3'

O4'
C1'

H1'

C2'

H2'2

H4'

H3'

BASE

O1PO2P

H2'1

P

O5'

C5'H5'2
H5'1

C4'

C3'

O3'

O4'
C1'

H1'

C2'

H2'2

H4'

H3'

BASE

O1PO2P

H2'1

H5T

O5'

C5'
H5'1

C4'

C3'

O3'

O4'
C1'

H1'

C2'

H2'2

H4'

H3'

BASE

H2'1

H5'2

H5T

O5'

C5'
H5'1

C4'

C3'

O3'

O4'
C1'

H1'

C2'

H2'2

H4'

H3'

BASE

H2'1

H5'2

P

O5'

C5'
H5'1

C4'

C3'

O3'

O4'
C1'

H1'

C2'

H2'2

H4'

H3'

BASE

O1PO2P

H3T

H2'1

H5'2

Nucleotide

1

2

N
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ķĺĨŚ!ƁƵƓűỷķ  AMBER FF14SBĽƤƉƭš῝βĨŚ! 

 Ϭẕľₑ 3ĽŗĕĹƤƉƭĶ ŞĤśŚ!ƟƬƜƙƃƋĽŤơƐẕẙѯĺ ͒ĨŚ

Ľě ƎűƮŬƃƋ ˂ĺĹŚ!xĶ˅Ţį Baseĺľ ATGC (RNAĹŘ AUGC)Ľ͊ѯ

ĽĸśĚě Ś!Ϭẕľ Ľ Κš łĵēŚě Ĭśš ĦĮƤƉƭľ ᾶĹĞ

ķőᵅṖĽ AMBER FF14SBĺľĹē!☺ᴾẪƤƉƭĹŘ Explicit water Ķ˅Ŏ 

ĨŚįĠĽ ĽŦŬƵš śĵ MDšᶺĕĽě￼ ĶđŚ! 

 Ϭẕšʸ ĺ MDŹơƧƮ:ŹƩƵĨŚĽľ ˢ ĺľ ƁƵƓűỷŗř Ħēķ

ᵈŞśĵēŚ!ῲὸĽŗĕĺӪĞ ĺ ĦĵēŚĮŐįŜĕ!AMBER ῺĶľ

FF14SBˀ ϑĺ DNA ĺ OL15GGalindo- Murillo  et al., 2016 H RNA ĺ OL3 Ὼ

GZgarbova et al., 2011, Bergonzo et al., 2015 HĹĸě ĶĜŚ!ĢśŘĽ

őể ĺ śŚķ ēįŜĕ! 

 

[ 3]  

ĺľ ỷGsugarH ḶGglycanH ₣ͯ GcarbohydrateH ֿפ

Gpoly - saccharide, oligo - saccharideHĹĸ ēŜēŜĹᵎł ěđř Ĭśĭśƍ

ƧŤƵŻě˙ĕŗĕį!ĢĢĶľ Gmono- saccharideHěŲƬŵŹƋᴕḀĶὫḀ

ĦĵĶĜĮͯḀ ĽꞋῘšS ḶT đŚēľ ᾋĺS TķᵎŅĢķĺĨŚ! 

 ľ ả ĺľ ƁƵƓűỷœϬẕŊĸľ MDĽ ῨĺĹĲĵ ĹĚĲĮ!

ľ ľŪƏƭŰ: שּׁ ỷķĦĵĽ Ѕě ĜĞ đōřĬĽѾ ĺӸ ěổĮś

ĹĚĲĮĢķěđŚ!ōĮ Ḷľ šḽᵅĶĜśĿאĹĽĶ ĸŢĹᶣַכ MDě→

ᶁĦĮķᵈėŚĽĚ ě ĦēĢķőđŚĚő śĹē2! 

 įě ŪƏƭŰ: ˀϑĺőשּׁ

Ľ 7Ĺ− Ϲ Ѿ ě ŘĚ

ĺĹĲĵĜĮ!ỸṔ ‴Ϭ− Ľ

ƁƵƓűỷĽŊķŢĸľ Ḷĺ

ŗŚὂ‍šἵĠĵęř ōĮ Ĭ

śěƁƵƓűỷĽѾ ĺὫ Ĺ

ЅšΌĮĦĵēŚ!Ĭśĺ ē 

Ľ MDᴁẐŇĽἻ ő᷈ōĲĵ

ĜĵēŚ! ᴊĹ ḶĽ Ὼ 

Glycam06Ľ ĽᾠĶľ Ľ

ЅšỗĽŗĕĺ῝βĦĵēŚ

 

2 2023 ĺ Ľ ẪŹơƧƮ:ŹƩƵϹγĽἣἪ͵⁵ĚĺS Ľ MDķĚĸĕ'Tķ ē

ĵŎĮŘ ˑᶅ ͭĺSēœđ ľƤƉƬƵŲĽƑ:Ƌƭě᷈Ğĵ ĹĚĹĚἪěὶĪĹē

ĶĨTŎĮēĹ ě Ĳĵ Į!ϯĚĺ ĽƤƉƬƵŲľ ĬĕĶđŚ! 

4. 1.4  ᶍ ֩᷅ḳ᷈ᴻḁᶍʁ᷅ḳ᷈Ḝ

ḱḖᴻḁ ∞  ֪
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GKirschner, 2008 H%S ₣ͯ ľỪṮĽ→ œת ṮĺęĠŚ ủ ᴖ̩Ԁᵏ

ĽⱢϓ Ṑ ѕ ủ ᶙᴾᶙ ͒ Ṑ ϑƠƊƬƅűŻĽᶣַאˮẪ ƟƬƜƙƃƋ

Ľ ᵭōĮľ Ľὂ‍ Ĺĸ ₲ֿפĞĽ− Ϲ Ѕš ĲĵēŚ!T 

 Glycam06 ῺĶľ ėĿ ŽƭƯ:ŻĹŘĿ ₑ 4ĽŗĕĹ ẪƤƉƭšĳĹġ

ĵẠĲĵēŚGMaurer and Sax, 2012  ĶᴁẐĤśĮőĽH!ĢśšᴳĮįĠĶŞĚ

Śŗĕĺ ˢĳĽ ˂ĺő ֿפĞĽ ϲGļħśϲHěּקṖĨŚ!Glycam06Ķľ 

ĞĽפֿ₲ ĽƤƉƭͯḀ ĺ Ħĵ ẪͯϹᴁẐšᶺē ĬĽᴕΌĺƗťƅƊĦ

ĵ ῺƓƫƣ:Ɓ:šṥĲĵēŚ! 

 ḶĽ ῺľֿכĺőēĞĳĚὶĵēŚ! ḶĽ ῺķƊƟƯź:ṥ→Ľ GUIľ Park 

et al. (2019) ĺ῝βĤśĵēŚĽĶ ẇῐĽĢķ! 

 

[ 4] ềỷ 

− ẪĽ MDĽԃφĶSềỷTķᵈėĿ 

ľ ƬƵềỷšẰĨ!ƬƵềỷľ Ṑ šכṥ

Ś ềỷ Ὣ Ľἧ ᶣ→ ẪĶđř ƁƵƓű

ỷķϬẕĺỗēĶ ᵍĞĚŘ MDĺŗŚᴮӃ Ῠ

ĺĹĲĵĜĮ!20ⅎ҇Ľѕľ ềỷ Ὣ įĠĽ

MDᴁẐěֿפĚĲĮőĽĽ 21ⅎ҇ĺĹĲĵĚ

Ř ềỷ Ὣ ĺ ŐḗōśĮ ƁƵƓűỷĽѾ

$ᶣַאδ┘ĽᴁẐő+ė Ĭśĺ͒ħĵềỷĽ

ῺĽὫ ↑ő᷈ōĲĵēŚ! 

 ĢĢĶľ AMBER Lipid14 Ὼš῝βĨŚ

GDickson et al., 2014 H!Lipid14 ľ Lipid11

Ὼ ( Skjevik  et al., 2011 HĽπ ĶđŚ!

ĢĽŹƬ:żĽ Ὼľ ƬƵềỷš ĶƤ

źƧ:ƭG HͯĦĵ♯ŎḀŞĪŚĢķĶ ֿפ

Ĺ ẪἯĺ ͒ĦĵēŚ!ŗř֥ ĺľ Ƭ

Ƶềỷ Ẫľ ĳĽƈ:ƭGtail group Hķˢ

ĳĽƚƅƋGhead group) ĽẅĳĽẙѯGr esidue) 3ĚŘĹŚGₑ 5H!ĢĽẅĳš

ķĦĵ ♯ŎđŞĪĵ 7Ĺềỷ ẪšṥŚŞĠĶđŚ! 

ƬƵềỷš ňĵ− Ľ 3ỗᴽḹ šṥŚĺľ ēĞĳĚƤƉƬƵŲſƗƊœ

Web site ěđŚě ĬĽ ĶḾőẠŞśĵēŚĽľ CHARMM GUI membrane builderĶ

đŜĕ! 

 

3 ĢĢĶƬƵềỷ Ẫš ĠĮőĽšSẙѯGr esidue)TķᵎŅĽľ −ͯϹ ĺľ∆ĦĞľ

Ĺēķắĕ!ęĬŘĞ ŤơƐẕẙѯšSẙѯTķᵎŅĽĺḀŞĪĮįĠĹĽįŜĕ! 

4. 1.5 Ḳḻ ᶍ  טּ
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 http://charmm - gui.org  

ĢĽŷŦƊĶľ ềỷ š−→ĨŚįĠĶĹĞ ƁƵƓűỷš ŐḗŢįř ₣œ

ŦŬƵš −ĦĮřĶĜŚ!Ģśĺŗř ƬŤƬŻƈťƅűĹ − Ľᾑѻᶣַאš

−→ĶĜŚ!ōĮ ſƗƊ CHARMMįĠĶĹĞ NAMD AMBER GROMACSĹĸ ֿכĽſ

ƗƊŨũŤĽ ƗţŦƭőṥ→ĶĜŚ! 

 

[ 5] ₣ 

− ẪŹơƧƮ:ŹƩƵĶľ ´ 

ķĦĵ₣ Ẫš ēŚĢķěֿפē!ᵅṖẠŞś

ĵēŚ ẪŹơƧƮ:ŹƩƵƓƅų:źĶľ ē

ĞĳĚĽ₣ ẪĽƤƉƭĚŘ ƨ:Ÿ:ě◑ŢĶ

ẠĕŗĕĺĹĲĵēŚ!ōĮ ƨ:Ÿ:ỡ⁬ě

ẪƤƉƭš♯ŢĶ ĨŚĢķő; ĶđŚ! 

 

4.1 .1 . ᶉ Ḫḏḳᶍ ᶍḙḱḩᴻḇ  ᴻ

 SPC TIP3P * Flex SPC Flex TIPS 

ROH (É)  1.000 0.9572 1.000 0.96 

RHH (É)  1.633 1.5136 1.633 1.518 

ǘHOH (degree)  109.47 104.52 109.5 104.5 

KHH (kcal/mol/ É2)  -  -  39.90 38.25 

KOH (kcal/mol/ É2)  -  -  527.1 529.6 

Kǘ(kcal/mol/radian 2)  -  -  37.95 34.05 

QO (e)  - 0.820 - 0.834 - 0.820 - 0.800 

QH (e)  0.410 0.417 0.410 0.400 

RO (É)  1.7766 1.7683 1.7766 1.7825 

eO (kcal/mol)  0.1554 0.1570 0.1554 0.1521 

RH (É)  0 0 0 0 

eH (kcal/mol)  0 0 0 0 

* Jorgensen et al. (1987)  ĽŬƬźƌƭĽƓƫƣ:Ɓ:ĶľĹĞ AMBERῺĺ

ĲĵēŚƓƫƣ:Ɓ:šṓĪĮ! 

 

− ẪĽ ķĦĵĽ₣ ẪĽƤƉƭĺľ ₣♬ᴾẪÔĳķẕ♬ᴾẪÓĳĽῲĺ

Κš Ğ 3 ƤƉƭGₑ 6HěẠŞśŚĢķěֿפē! 1ĺ 3 ƤƉƭĽ ķ

Ħĵ SPC (Berendsen et al., 1981)  TIP3P (Jorgensen et al., 1987)  Flex 

4. 1.6  ᶍ 3 Ḫḏḳ  G
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TIPS, Flex SPC (Dang & Pettitt, 1987) ĽƓƫƣ:Ɓ:šōķŐĵęēĮ! 

 ₑ 6Ķ ҞĦĵēĹēƓƫƣ:Ɓ:š ҞĦĵęĞķ KOHķ KHHľᴕḀ Ľ ĽƓ

ƫƣ:Ɓ: KǘľᴕḀϲĽƓƫƣ:Ɓ: QOķ QHľ Κ ROķ RHľ Lennard-

Jones (LJ) ǕOķǕHľ ל  LJ Ľ˜ᵕĽ‰ĤĶđŚ!SPCķ TIP3Pĺľ K*ĽƓƫ

ƣ:Ɓ:ěĹēě ľĢśŘĽ ĳĽƤƉƭľᴕḀ šᶚּוĦĵẠĕĢķě◗

ĺĹĲĵēŚĚŘĶđŚ!ˢ  Flex SPCķ Flex TIPS ľ ◗Ľ řὦŘĚēƤƉ

ƭįĚŘ ᴕḀ ěƒƏĽŗĕĺ‛ὲĨŚ!ĬĦĵ ƊƬƅů:įě ӡ ᴕḀěĹ

ē H- HѕĺőᴕḀš╚ ĦĵēŚ!ōĮ ĢĢĶẠĲĮĨňĵĽƤƉƭĶ ₣♬ᴾẪ

ľ LJ ěל 0ĶđŚĽĺő ˋĦĵ Ħē! 

₣ ẪƤƉƭľ ōĩľ ĬĽ ῺĽƉƗūƭƊšẠėĿēē!AMBERœ CHARMM

Ὼľ TIP3PĶđŚGĮįĦ CHARMMῺĽ TIP3Pľ ᴾ ķľ˙ē ₣♬ᴾẪľ LJ

 !šổĲĵēŚHל

 

[ 6] ŦŬƵ 

Ľ− ẪĽ MDĶľ Κš Ħ ͽėĵƤ

ƉƭĺƬŤƬƈťšőĮĪŚĮŐ ּ֖כŦŬƵšѝŐŚĢ

ķěֿפē!ĢĽŗĕĹŦŬƵķĦĵľ ∆ ΚĹŘ Na+ 

ΚĹŘ Cl-ěŗĞ ĤśŚ! ĺŗĲĵľ  

K+ Ca2+ Mg2+Ĺĸő ĤśŚ! 

´ ᵍ MM- MDĶľ ᴾẪŦŬƵľ ₑ 7Ľŗĕ

ĺ +1 ķĚ- 1ķĚĽ↔₲ Κš łĮӂķĦĵʭŞś

Ś!ĢĽŦŬƵƤƉƭľ Ἶ˅Ľ ẪķĽѕĽ Κ˒

š ểĦĵēŚĽě ĶđŚě ᵍ MDĶ Κ˒ š

ʭĕĽľ Ħē!įĚŘ ᵍ MDĶĽŦŬƵľ Κš

ĨŚĮŐĺ śŚįĠĶ ŦŬƵķ ỷœ ẪķĽꞈᵧṥ œ ể ᶣַאĽ

ῧṐĹδ┘ĺľᶆĚĹē!ŦŬƵķֿכĽ ẪķĽꞈᵧṥ ľ 21ⅎ҇ĽḚ Ķľ ᵍ

MM- MDĶľĹĞ ẪͯϹ Ĺ FPMDĽἩ ˅ĶđŚ! 

 

[ 7] ĬśˀϑĽ Ẫ 

ˀῲĶ῝βĦĮ Ẫľ ƤƉƭķ Ὼě ˋĤśĵēŚĽĶ ƭ:ƃƵ ĺ MDĽᴁ

Ẑ ῨĺĹŚ!įě ĢśŘĺѝōśĹē ẪšʭēĮĠśĿ ĮķėĿ General 

AMBER Force Field (GAFF, Wang et al., 2004) šẠĕĢķěֿפē! 

 

4 .2.  

 

− ẪĽ MD ĽᾑѻᶣַאķĦĵľ X▬ᴕῄε╙ ֿפỗᴽ NMR ↑Ẫε╙ ű

4. 1.7 ᶊ ᵪᶲᵿ

Na +ᶹᶿḻ 
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ƫŦŬ Ẫᴺ ӻĹĸĽỸᴻ ĺŗřҾŐŘśĮ ƁƵƓűỷœϬẕĽẅỗᴽḹ

š ēŚĢķěֿפē!ĢśŘĽḹ Ɖ:Ɓľ Protein Data Bank GPDBHĺ Ĥ

śĵēĵ ŦƵƁ:ƏƅƊῲĽỗĽŤƋƮŻŗř ἪĨŚĢķěĶĜŚ! 

 

 http://www.rcsb.org/  ŬƬźƌƭŷŦƊGᵈᵴ%̥H 

 http://pdbj.org/  Ľơƫ:ŷŦƊGᵈᵴ% љ ̥H 

 

PDBĚŘ Įḹ šĬĽōō MDĽ ķĨŚĢķľđōřĹĞ ´ľƤƉƬƵŲ

šᶺĲĵĚŘ MDšľħŐŚ!ķēĕĽľ PDBĽᶣַאƉ:Ɓľ ᴕᶣĹ₲ĽᴾẪĽḹ

Ɖ:ƁěᴑĠĵēŚĢķěֿפĞ ĹŢŘĚĽ ĺŗř ĢśŘĽḹ š ĕ

ěđŚĚŘĶđŚ!ĮķėĿ X▬ᶣַאδ┘ĽƉ:Ɓĺľ ´₣♬ᴾẪĽḹ ľѝō

śĵēĹēĦ ĬśˀϑĽᴾẪĶőḹ ěᴒ ĶĜĹĚĲĮῺḀľƗţŦƭĚŘḹ

ě ĠĵēŚ! δ ě ēƉ:ƁĶľ ŤơƐẕẙѯ ˂Ķḹ Ɖ:ƁěᴑĠĵē

ŚĢķěֿפē!ōĮ Ḿ֕+ėĵ ĮűƫŦŬ ᴺĺŗŚᶣַאƉ:Ɓľ ᵅỖ Ķľ

X▬ĺ ňĵ δ ě ēĢķěֿפĞ ĬĽĮŐᴑּתĦĵēŚḹ ěֿפē!ŗĲĵ 

ỗ╜Ķ╝ ĨŚŗĕĺᴑּתᴾẪĽḹ ĽƤƉƬƵŲѾ ľ ;ᴑĶđŚ! 

ķĢŜĶ PDBĺ ĤśĵēĹē ĳōřỸᴻ Ĺ 3ỗᴽᶣַאěҾŐŘśĵēĹ

ē ẪĽ MDᴁẐšĦĮĠśĿ ᾑѻᶣַאšĸĕĨňĜĚ!ὤ ľ ƝƤƯź:ƤƉƬ

ƵŲĹĸšẠĲĵēĮě ĬĽῺḀ ĸĕĦĵő SƤƉƬƵŲįĠĶṥĲĮᾑѻᶣ

Ĳĵ ĸĽאַ “ ĶĜŚĽ'Tķēĕųƃě ēĵĦōĕ!įě 1ῙĶ῝β

ĦĮ ѾσϹὌšẠĲĮ ᷈∙ ƤƉƬƵŲſƗƊ AlphaFold2GJumper et al., 

2021HĽ ῺĶ һּיĺỎ ě ŞřĳĳđŚ!ỸṔ AlphaFold2Ķ −ĤĪĮƁƵ

ƓűỷĽᾑѻᶣַאšѯĺĦĮ MDĽ ő ῺĦĵēŚGOkamoto & Ando, 2024Ĺ

ĸH! 

 

4 .3 . ᶍ  

 

ĮēĵēĽ MDĽƓƅų:źſƗƊľ ₣♬ᴾẪĹĸĽ Ỹᴻ ĺ ŘśĵēĹēᴾ

ẪĽḹ š −ĨŚѾ šổĲĵēŚ!ĬĽῺḀ ´ đŘĚħŐƉ:Ɓƛ:Żͯ

ĦĵęēĮ ķ ĤśĮἾ˅ĽѺאĽᶣַי ĽᴾẪḹ š ēĵ ĲĵēŚ!

įě ּנĨŚŤơƐẕẙѯěģĲĬř ĠĵēŚῺḀĹĸľ ̓ĽƁƵƓűỷĽ

ḹ šẠĲĵƝƤƯź:ƤƉƬƵŲĦĮřĨŚĢķő ĺĹŚ! 

őİŜŢ ſƗƊěỡ −ĤĪĮḹ Ɖ:Ɓľ☺ ĺ“ ĶĜŚŞĠĶľĹ

ē! ĲĮᴾẪěֿפĠśĿֿפēŊĸ ᴾẪ ẦěὫĹĲĮř ỡ◦ĹŵƵƗū:ƣ

:ŹƩƵšἨŚϯ ě᷈ĞĹŚ!ĦĮěĲĵ MDĽ ᴁẐĺ╣ Ĳĵ ĲĮᴾẪĽ

ĽŪƏƭŰ:ԆᾴͯᴁẐG 7ῙHšᶺĲĵ ŎšᾤēĮŊĕěŗē! 
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ĢĢĶľ PEACHĽỡ −Ѿ š ŲƬŹƵẙѯš ĺĦĵ ╝ ĨŚ!ʹĺ 

ŲƬŹƵẙѯĽ HA2P ẪĽḹ š −ĤĪĮēķĦŗĕGₑ 1H!ᴾẪĽ ◗ľ 

AMBERῺĺὤĲĮ( Cornell et al., 1995 H!ĢĽῺḀ HA2P ẪĽ◗ĺ ŢĶēŚ

ẅĳĽᴾẪ C, N, CA ĽѺ

Ľḹ šẠĕ!ₑ 1˺Ľŗ

ĕĺ ḹ Ɖ:Ɓƛ:Żĺ

ľ HA2P ẪĺĳēĵđŘ

ĚħŐˀͮĽƉ:Ɓě

ĲĵēŚ!Ӕ CA- HAě

r ϲ N- CA- HA2ěǘ 

ļħśϲ C- N- CA- HA2ě

ǥ!ĢĽ( r ǘ ǥ)Ľ♯

šS ḹ TķᵎŅ!ₑ 1Ķ ѐ ĺŞĚŚŗĕĺ ḹ ěđśĿ C N CA

ĽẅᴾẪĽḹ š ēĵ HA2Ľḹ šˢˋ ĺᴒ ĶĜŚ!֥ Ĺ₲Ủľ ṽ

ĺĹŚĽĶῒ ĨŚ! 

ˀῲĽ įĠĶľ ╣ ֕ĽᴾẪš −ĤĪŚĢķěĶĜĹē ķēĕ

ěđŚ!◗ ĺḾ ẅĳľḹ Ѻ ĽᴾẪěĹĠśĿ ‫ĮĺᴾẪš −ĤĪŚĢķ

ěĶĜĹēĚŘĶđŚ! ėĿ ƁƵƓűỷœƜƙƃƋĽῺḀľ ₑ 2ĽxĶ˅Ţ

į N ֕ĽấĳĽ₣♬ľ −ĤĪŚĢķěĶĜĹē!őİŜŢ N ĽŤơƐ

ẕẙѯěᴑĠĵēĮῺḀľ ĬĽẙѯĽᴾẪḹ š −ĤĪŚĢķő ; ĶđŚ!

ĦĚő βĹĢķĺ ╣ ֕Ľẙѯľ Řĝě ĜĞ˂ ᴒ ě ĦēĮŐ ᴕ

ῄᶣַאƉ:ƁĚŘ ĠĵēŚĢķěֿפē! 

ĦĚĦ ˀͮĽŤƭŶƬżƢš ēśĿ ╣ ֕ĽᴾẪĶőỡ −ĶĜŚ!ō

ĩ ◗ὸĽŗĕĺ╣ ĚŘᾏ ĺᵭŜōĶ

GƁƵƓűỷĹŘ N ĚŘ C ōĶ Ϭẕ

ĹŘ 5D ĚŘ 3D ōĶH ּטřĹē

ᴾẪš ĲĵēĞ!ỗĺ Ḛ ľᵭŜĚŘ

╣ ĺᶆĲĵ ẙĲĮᴾẪš −ĤĪĵē

Ğ!ĢĽῺḀľ ╣ ĚŘ −ĤĪŚķĜ

ķ˙Ĳĵ Ɖ:Ɓƛ:Ż ĺľᴕḀĦĵē

ŚẅᴾẪķ ḹ ( r ǘ ǥ)ĽƉ:Ɓě

Ĺē!ĬĢĶ đŘĚħŐṥĲĵđŚ ẪƉ:ƁšẇῐĦĵ −ĤĪĮēᴾẪķļ

ħśϲšכ→ĦĵēŚ ḹ Ѻ ĽᴾẪšẅĳ◑Ņ!ĤŘĺ ĬĽẅᴾẪķĽ ḹ

ľ SЯ☺ĺ‛łĜĲĮῺḀTĽ Ẫᶣַאĺ Ħĵ ĬĽῺĶᴁẐĦĵҾŐŚ!Ḿ

ᵭĺ ẅᴾẪĽẅỗᴽḹ ķҾŐĮ ḹ š Ħĵ ´Ľ Ķ ḹ šҾŐ

Ś!ĢĽS◗ĚŘᵭŜōĶTķSᵭŜĚŘ◗ōĶTĽŷŦűƭš ֽř ĨĢķĺŗ

N

H1

CA C

O

HA

R

H2

H3

N

H1

CA C

O

HA

R

H2

H3

4. 3.2  ᶍ  

r

C

N CA

HA2

N

H

CA C

O

HA2

HA3

C

O

N

H

CA C

O

HA2

HA3

C

O

GLY

4. 3.1 ᷅Ḳ᷿ḻᶍḪḏḳ A֩MBER   ֪

ᶇ ᶩᶉᵣ ᶍ  
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ř ŊķŢĸĽ ᴾẪĽḹטּ š−→ĨŚĢķěĶĜŚ!ĦĚĦ ėĿẅᴾẪĚŘ

ĹŚ₣ ẪĶ ẕ♬ᴾẪĽḹ ěѺ Ķő ĳĽ₣♬ᴾẪĽḹ š −ĤĪŚĢķ

ěĶĜĹē!ĬĽῺḀľ đŘĚħŐƉ:Ɓƛ:Żĺ śĵęēĮ₣♬ᴾẪĽḹ

š ẕ♬ᴾẪĺḀŞĪĵ ᶺ˒ ĨŚĢķĶ −ĤĪŚ!ˀῲĽἪּנĜĺŗř ּט

řĹēᴾẪľ ĚĹřỡ −ĶĜŚ! 

įě ĽŤơƐẕẙѯěĨĲŌř ĠĵēŚŗĕĹῺḀľ ῲҊ ĽѾ Ķ

ľ ᾐĶĜĹē!ĬĽῺḀľ ᷈ ĹƤƉƬƵŲſƗƊšẠĲĵ ėĿƝƤƯź:

ƤƉƬƵŲĹĸšᶺĲĵ ĕ ěđŚ!Ḛᵭľ ◗ὸĽŗĕĺ ѾσϹὌšẠĲĮ

ḹ −→ěἧ ĺĹŚįŜĕ! 

 

4.4 . ᶇ  

 

ĢĢĶľ MDĶ ĤśŚ Өφ ᴙGboundary condition Hķ Gsolvent H

ĺĳēĵ ╝ ĨŚ! 

Өφ ᴙĺľ ĨŚķ ἾѻӨφķἾѻӨφĽ ĳěđŚ! ἾѻӨφGᵑ

Өφ Non- periodic/Free boundary Hķľ Ῠ Ẫשě‴֩ ĺᵑ ĦĵēŚ

Ě ōĮľ נּ Ľ ĺ ēĵēŚŗĕĹ ᴙĶđŚ!ˢ  ἾѻӨφGPeriodic 

boundaryHľ Ῠ ẪשĽӒתGƮƙƬŭ replica /i mageHě ᵊĺᶓěĲĵēŚ

 ᴙĶđŚ! 

− ẪĽ MDĶľ  ķĦĵľ₣ě ĤśŚ! ╜ĶᵈĕS ƤƉ

ƭTķľ 4.1 ╜ĶʭĲĮ ẪƤƉƭĶľĹĞ ₣ĹĸĽ Ẫš ĸĕēĕכĶ

ĨŚĚ ķēĕĢķšĤĨ!

ƤƉƭľ Өφ ᴙĺŗĲĵĤō

ĥōĹőĽěẠŞśŚ! 

ˀͮĶľ ἾѻӨφķἾѻӨφĬ

śĭśĺĳēĵ ĸĽŗĕĹ ƤƉ

ƭě ĤśĵēŚĚ╝ Ħ Ḿᵭ

ĺ ĬśĭśĽ ϴšᶺĕ! 

 

[ 1] ἾѻGᵑ HӨφ ᴙ 

ἾѻӨφ ᴙĶľ Ῠ Ẫש

ľ ‴֩ōĮľ נּ Ľ ĺᵑ Ħĵ

ĚŢį  ĶᴁẐĤśŚ!ₑ 1ĺ ấĳŊĸ ƤƉƭĽ šӐġĮ!Ģśˀϑ

ĺ יĽƤƉƭőẠĕĢķő; ĶľđŚě ĢİŘľ ´ ἾѻӨφ ᴙĶẠĕ

Gỗ╜ẇῐH! 

щ ĹĽľ ₑ 1AĽŗĕĺ Ẫš ĺṅř śĩ ỷ ẪGƁƵƓűỷĹ

(A) 

(B) (Shell)

(C) (Cap)

(D) (Droplet)

4. 4.1 ᶆᶍ Ḫḏḳᶍ  
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ĸHšᵑ ĤĪĵʭĕĢķĶđŚ!ĢĽῺḀ š נּ ֕ỏĨŚĢķěֿפē!Ģ

Ľ Ĺ ƤƉƭš I mplicit solvent ķᵎŅ! 

ĢśˀϑĽ ƤƉƭľ 4.1 [ 5]Ľŗĕĺ ₣ Ẫš ĺ ĨŚ!Ģśš 

Explicit solvent ķᵎŅ! 

ₑ 1Bľ ShellGŹũƭ ϭHķᵎĿśĵēĵ ỷ Ẫš ẪĽϭĶ Ŏḗ

ŏƤƉƭĶđŚ!Źũƭľ Ľ Ẫ₲ěᾶĹēЅĺľ ʣĞľĹēᴕΌě Řś

ŚGGuenot & Kollman, 1992 ĹĸH!įě Ḛ ẠŞśŚĢķľᾶĹē! 

ₑ 1Cľ Cap waterGůƥƅƙ ӂ ĽĢķHķᵎĿśŚ!Ằ ĦĮᴾẪGōĮ

ľ ỷĽὫ•ĹĸHš •ĺĦĵӂ ĺ š −ĤĪŚ! Ẫľ ᴄēּו

G ´ľ ƟƈƵŹƥƭHĺĶӂĽ

ĺּו ĤśŚ!ůƥƅƙľ 1990 ◗

ğŘēōĶľ ᷀♬Ľ ͒ ˂įĠš MD

ŹơƧƮ:ŹƩƵĦĮŘ ѯỷķᴕḀ ˂

Ľỡ ŪƏƭŰ:ᴁẐšᶺĲĮřĨŚῺḀ

ĺ ŗĞẠŞśĮ!įě ŗř Ĝē

ƤƉƭě; ķĹĲĮᵅṖĶľ ŊķŢĸ

Ạ ĤśĹē! 

ₑ 1Dľ ̩ GDropletHķᵎĿś Ģ

ĽƤƉƭĶľ − Ẫľ ӂĶŻƅƟƬķęęŞśŚ!̩ ķůƥƅƙĽ˙ēľ 

ỷ ẪĽ☺ š ĕĚ ˢ įĠ ĕĚĶđŚ! Ẫľ ůƥƅƙķ ĺ 

ĹŢŘĚĽּו Ķ ӂ ĺ ħḗŐŘśŚ! Ľ̩ ƤƉƭľ Ḛ Ķő ͵Ě

Ľ ĶἾѻӨφěẠėĹēķĜĺľ ēŘśŚ! 

 Shell œ Droplet Ľי ƤƉƭĶ ẪĽ  š ŚĮŐĺ MDœ EMšᶺĕ

Ṕĺ ּו šϾĠŚĢķě ĺĹŚ! ėŚĹŘĿ SŶƢĶĶĜĮ TšṥĲ

ĵ ₣ěὶĵᶺĚĹēŗĕĺĦĵēŚŞĠį!ּו Ľ šₑ 2ĺỞĨ!Shell ĽῺ

Ḁľ ỷ ẪĽ 4ĚŘĽӔ ě ̩ (ůƥƅƙ)ĽῺḀľӂĽ •5ĚŘĽӔ ě R

Ľ˂ ĺ š ĞĢķĺĨŚ!ĢĢĶ Ẫě Ľϑ ĳōřₑ 2ĽŲƮ:ƀ

:Ƶĺ ĲĮῺḀ ּו šϾĠĵ šὦŘĚĞ͓Ħ ĨŗĕĺĦĵęĞ!Ģĕ

ĨśĿ ě  ĨŚĢķľĹē! 

ĢĢĶ ĤśŚ ẪĽּו ķĦĵ ėĿ יƟƈƵŹƥƭ(Harmonic 

 

4 Shell י ĽῺḀ ỷ ẪĽ ĚŘĽӔ ķľ S Ľ Ẫķ ĬśĺḾő֕

ē ỷ Ẫ ᴾẪĽѕĽӔ TķĦĵ ҞĨŚ! 

5 CapיGDroplet HĽי Ľ •Ľ◑ł ľ ĮķėĿ (1)  ỷ ẪĽ Ľ ĽᴾẪ

Ľ˂  (2) ֩ѕĺᵏ ĤśĮ Ľ xyzḹ  ĬĦĵ (3)  ỷ ẪĽὫ• ĹĸěđŚ!

Droplet ĽῺḀľ (3)  ỷ ẪĽὫ•š •ĺ◑ŅĽě ˢ ěĹē! 

RR

RR

A. Shell
B. Droplet

4. 4.2  ᶍ  
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restraint  ₑ 3AHœ Lennard- JonesGLJHיƟƈƵŹƥƭ(Lennard- Jones 

restraint  ₑ 3BHš ĨŚ!ōĩ יƟƈƵŹƥƭįě ẪĽᶣ→ᴾ

Ẫ i ĺˀͮĽƟƈƵŹƥƭšϾĠŚ!ĮįĦ Kľ Ľ ₲ r ic ľ ᴾẪ i ķּו

•GDroplet Ľ •œḾ֕╗ᴾẪHĽӔ  RľῲὸĽ ķּו •ѕĽӔ  

max[x, y]ľ xķ yĽĕİ Ĝē Ľ šἨŚї₲ĶđŚ! 

 Ὗ ὑάὥὼπȟὶ Ὑ    ( 4.4. 1)  

ˢ  LJיƟƈƵŹƥƭľ ỗỦĽכĶđŚ! 

 Ὗ ὧ‐ ς    (4.4. 2)  

ĮįĦ  

 ί Ὑ ὶ „ (4.4. 3)  

ǕķǢľ Ῠ ẪĽ ῺƓƫƣ

:Ɓ:GLJƟƈƵŹƥƭĽ˜ᵕĽ‰

Ĥķ 5Ῑ ל 5.3 ╜HšĬĽōō

ēŚ!cľ ĽӪĤšᴒŐŚ ˋ

₲!ĢĽƟƈƵŹƥƭľ ẪěӂĽ

ϑĺὶŗĕķĨŚķһᴍĺ͓Ħ ĨĽ

ĺ Ħ ĺēŚῺḀľ ŕŚĞϑּא

ĺᶆĠĵ˰Ĳ ŘśŚŗĕĺĹĲĵē

Ś!Ĺę ˀῲĽ ĳķ˙Ĳĵ ӂϑ

Ľ₣Ľ̚ӼšƟƈƵŹƥƭĺֽřḗŢ

ĶēŚƟƈƵŹƥƭőđŚ! ĹĽ

ľ Beglov & Roux (1994)  ĺŗĲĵ

ʼĤśĮ Spherical solvent boundary potential (SSBP) ĶđŜĕ!ῧṐľ ᴾ š

ẇῐĦĵ Ħē!ĢĽƟƈƵŹƥƭľ MDſƗƊŨũŤ CHARMMĺ ĤśĵēŚ! 

Ĥĵ ̩ šẠĕķ ẪG₣Hě • ֕ĺԀὝĦĵĦōĕ ķēĕ

ěđŚ!ₑ 4ĺ Ủ ĺỞĨŗĕĺ ᾑѻᶣַאĶ₣šӂ ĺ ĹĞ Ħĵęēĵ

ő MDšᶺĕķ ԀὝĦĵ řěĶĜĵĦōĕ!Ỗѕ ԌšἨŚķ ₣ě •ľ

᷈ ĺ ľ ĺ ĨŚ ķēĕᴕΌĺĹŚ!ĢĽᵅῨĺĳēĵľ ש

ĵĵδ┘ĦĮ ľ ἐě ňĮ ˅Ķľᴳ ĮŘĹĚĲĮě MDĽ╧ ·ĽѕĶ

ľ ̩ ĽŤ:ƃƗţűƊķĦĵ ĤĤœĚśĵēĮ!ᴾˮľ S₣šϑĚŘ˰Ĳ

Ś ěĹēĚŘTķᵈŞśĵēŚ! ĺ Ủ 1ĽƒƏיĽּו ƟƈƵŹƥƭĽῺḀĺ

ᴺ ĶđŚ!Ỹľ Ủ( 2)Ľ LJיƟƈƵŹƥƭľĢĽ šε ĨŚĮŐĺ Ħ

Į!LJיĹŘĿ Ľ₣☺ĵĺϑᶆĜĽ ěϾĚŚĚŘĶđŚ! ķי LJיĺ

ŗŚ₣ ẪĽ Ľ ϴįě ἐỡ⁬Ľ Ɖ:ƁķĦĵ ňĮĢķěđŚG

4A1H!ᴕ šᾙĞķ SLJיĽῺḀ Ủ(2)Ľג₲ cš 16ğŘēĺĨśĿ 

R

U

r

ricR

A. Harmonic restraint

B. Lennard-Jones restraint

4. 4.3 ḥḎḻ᷿ḫḳᶍ  
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ŇĽԀὝľъ ĤśŚ!įě ĢĽῺḀ ӂĽϑ ĺ᷈ē₣ ẪĽ ěĶĜŚķē

ĕ ĽŤ:ƃƗţűƊě−ĩ

ŚT!ĳōř ˢ ӋĲĵōĮ

ˢ  őğŘ ĜĶđŚ! 

ķēĕŞĠĶ Ĺ ěĹ

ēᵊř ἾѻӨφĶľĹĞ ỗ

ĽἾѻӨφš ĦĮŊĕěŗ

ē! 

  

[2] ἾѻӨφ ᴙ 

ἾѻӨφ ᴙĶľ 

Ῠ ẪשG ỷHšѯ

ƞƅűŻGỸתHĽ

ĺ ś ĬĽѯ ƞƅ

űŻĽ ∟GӒת 

imageHš ỸתĽἾ

˅ĺ Ἶѻ ĺ −Ĥ

ĪŚ!ĬĦĵ Ỹת

Ľ ỷĺ Ħĵ Ỹת

įĠĶĹĞ ӒתĚ

ŘĽ ĽѲ őᴁẐĨ

Ś!ĢĽ Ķľ ě‴֩ĺ ὶĦĹēĮŐ Bulk Ľ ̩ĽᶂΌšḽᵅĶĜŚ!

Ḛ Ľ MDᴁẐľ ᾈ ĺľ ἾѻӨφĶᶺŞśĵēŚ! 

 ₑ 5ĺἾѻӨφĺęĠŚ ƤƉƭšỞĦĮGₑľ 2ỗᴽįě ỸṔľ 3ỗᴽĶđ

ŚH!ĸśő ͏Ľѯ ƞƅűŻĺ ỷķ Ẫš śĵ ĬĽἾ˅Ľ ᵊᵌĽ

ӒתĚŘĽ ĽѲ šᴁẐĨŚ! ̩ Ľ MDĽῺḀľ (A)Ľ ěḾő ĺ

ēŘśŚ!(B)ĽἌ G ᶺ 6 Hľ ᵏ ᴕῄĽ MDĺľ įě ̩Ķľ

GĮįĦ ēĵʣēŞĠĶľĹēH!ĢśŘˀϑĺ ѯ ŽƭĽכ ķĦĵ 14

Gtruncated octahedron, Yang et al., 2001 ĹĸHœ 6ϲ Ghexagonal 

prism, Harte et al., 1992 ĹĸHě ẪĽ₲š╜ ĶĜŚĮŐ Ỗ7 ēŘ

śŚ!ōĮ 3ỗᴽשĺ ĨŚ 2ỗᴽἾѻӨφ ᴙĶĽ MDőϋ ĤśĵēŚGKawata 

et al., 2002,  Yoshii et al., 2020  ĹĸH! 

ĢĽŗĕĺ ἾѻӨφ ᴙķᵈĲĵőēŜēŜđŚĽįě ´ľ š ēŚ

ĽĶ ˀͮĶľ S Ľ ƤƉƭš ēĮῺḀĽ 3ỗᴽἾѻӨφ ᴙTšỞĨ

ĢķĺĨŚ! 

(A) 
(B) 

4. 4. 5   

4. 4.4  ᶍ ᶇ  ɭ
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ἾѻӨφ ᴙĶĽꞈᵧṥ ᴁẐľ Ḿ֕╗ Ẫ Gminimum/minimal image 

method/convention , Metropolis et al., 1953 H

ķᵎĿśŚ ĶᶺĕĢķěֿפē!ₑ 6Ľŗĕ

ĺ ѯ ƞƅűŻGỸתH ĽᴾẪ i ĺ Ħĵ 

ĽᴾẪ j ěҷŋĨ šᴁẐĨŚķĦŗĕ!Ḿ

֕╗ Ẫ◑ Ķľ Ẫ j ĽỸתķ 26ᵌĽӒ

ת j ' Gₑľ 2ỗᴽįě ỸṔľ 3ỗᴽHĽᴁ 27

ᵌĽ ĚŘ Ӕ ě i ĺˢ ֕ēőĽš◑ł

Gₑ 6Ķľ j 8DH ĬĽFḾ֕╗ ẪFķ i

ķĽꞈᵧṥ įĠšᴁẐĨŚ!ĢĽ ĽỸא

ľēĞĳőĽ ỦěᶳėŘśŚGAllen & 

Tildesley , 2017)!ĬĽ Ľˢ šˀͮĺӐġ

ĵęĞ! 

 

ŵ:Ƌ 4.4.1 : ἾѻӨφ ᴙĶĽḾ֕╗ Ẫ◑  

xij  = x i  -  xj  

xij  = x iÿ -  xbox * ANINT(x ij /xbox)  

 

 ₲ xboxľ ѯ ƞƅűŻĽ x ᶆ

Ľ Ľ ĤĶđŚ!ANINT( w)ľ

Fortran Ľ♯ŎḗŎї₲Ķ ˰₲ w

Ľᾴ₲ šấἊᵦ ĦĮ↔₲š

Ĩ!ŵ:Ƌ 1Ķľ x→ ĽŎš

ʭĲĵēŚě y→  z→ ĺĳ

ēĵő Ľꜘṥšᶺĕ! 

 Ĺę Ḿ֕╗ Ẫ◑ ľ ֕Ӕ

ĽᴁẐ ĶđŚ!ἾѻӨφ

ĶĽ͇Ӕ ĽᴁẐ ľ Ø

ῙĶῧĦĞ╝ ĨŚ! 

 ἾѻӨφĶ MDšדŘĪĵēŚѕ

ĺ S Ẫě ĽϑּאĺὶĵĦō

ĲĮTῺḀľ S ẪĽ╣ ᴾẪě šľŎὶĦĮŘ Ẫ☺ š ĽҲĺ˒ Ĥ

ĪŚTķēĕ Ķ ᾐĨŚGₑ 7H!ĢĽꜘṥš i magingGŦƣ:źƵŲHōĮľ

4 .4.7 ᶆᶍ ᶍ┌

֩ᶹḩᴻḀḻ֪᷅ 

4. 4.6 ᶍ

ᴳᵲᵲᶆᶎj 8 ᵫȢ  G
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wrappingGƫƅƖƵŲHķᵎŅ 6!ĬĽŗĕĹῺḀĶő ᴾẪ ĺḾ֕╗ Ẫš◑

Ħĵ šᴁẐĨśĿ ּנ ĺ MDšדŘĪŚĢķěĶĜŚ!ĮįĦ Ӕ G ĺ

≥ ꞈᵧṥ HĽῺḀľ ě ĺĹŚ ķēĕנּ ě−ĩŚ!ĢĽᴙĺĳēĵ

ĽῧĦēҡ ķ ᾐ ĺĳēĵľ 6ῙĶʭĕ!ōĮ ƊƫźũűƊƬ:Ľδ┘Ľ

Ṕĺ İŖĲķĦĮᶏ ě ĺĹŚĢķőđŚ!ĢİŘľ 11 12Ῑšẇῐ! 

Ĺę Ŧƣ:źƵŲĦĵő̓ G▬̓ Hľ ĨŚě ϲ̓קּ ľ ּקĦ

Ĺē!őĲķő Ŧƣ:źƵŲĦĹēķĜĶő ĬőĬőἾѻӨφĶľϲ̓ ľ

ĦĹē!ῧṐľ 6ῙĽקּ 6A2ẇῐĽĢķ! 

 

[ 3] Өφ ᴙķ ƤƉƭĽ MDĺҷŋĨ̚Ӽ 

 ˀῲ Өφ ᴙķ ƤƉƭĺĳēĵ ϖ╝ĦĮ!ĢĢĶľ ĢśŘĽ Ľ

š ϴĨŚ! 

Өφ ᴙĺїŞŘĩ Ẫš ĺṅř śĹēῺḀľ ᴁẐᴕΌĺ ěֿפē

GKomeiji et al. ,  1991, Saito ,  1992ĹĸH!ŗĲĵ S− ẪĽʸ ᶣַא ֕

ĽƬŤƭĹӐ šδ┘ĨŚTĮŐĽ all atom MDĶľ ḚĶľ ᶺŞśĹē!Įį

Ħ Ɨū:ƭƉťƵŲĽ MDš ỖѕᶺĕῺḀľ ᴁẐỖѕĽ╜ ĽĮŐ Ľ נּ

֕ỏěᶺŞśŚĢķőđŚ!ĮķėĿ Bursulaya & Karplus (2000) ľ ĺ₣

Ẫšṅř śĮῺḀķ ₣ ẪĹĦĶ Generalized Born ֕ỏķēĕ נּ ֕ỏšẠĲ

ĮῺḀĶĽ BetanovaƁƵƓűỷĽỡ ŪƏƭŰ:֩ѕš ϴĦ ŊĿ ĽᴕΌš

ĮĢķš ḉĦĵēŚ!ˢ  Zhou & Berne (2002), Zhou (2003) ľ ỏĮŗĕĹ

ᴁẐšǒƚŤƖƵĶᶺĲĵ ōĲĮĞ˙ĕᴕΌš ḉĦĵēŚ!ōĮ Nymeyer & 

Garcia(2003)ľ Generalized Born ֕ỏķ Ẫš ĺṅř śĮῺḀľ Ǒ-Ň

ƬƅűŻĽŵƵƗū:ƣ:ŹƩƵ ĺḰěĶŚĢķš ḉĦĵēŚ! Ľ נּ

֕ỏĺĳēĵľ Simonson (2001)  Feig & Brooks (2004) Ĺĸĺ 

ěֿפĞ῝βĤśĵēŚ!Ĺę All atom MD ĶľĹĞ ♥ểͯMDĶľ Ľ נּ ֕

ỏě ĞẠŞśŚ! Ľ נּ ֕ỏĽ ĺĳēĵľ  (2018) Ľ 3Ῑĺ 

ש ĶŞĚřœĨēδ╝ěṓĲĵēŚ! 

 ἾѻӨφĶ Ẫš ╗ṅř śŚῺḀľ ἐě Śᵊř ẅĳŊĸ

ěđŚ!ĬĽ 1% Ľ ě‴֩ĺ ὶĦĵĦōĕ (Rapaport, 1995; Frenkel & 

Smit, 1996) !ĢĽ ὶě ₣œ ỷĽᶣַאœ̓ ĺҷŋĨ̚Ӽĺĳēĵľ ἐ

Ľ Śᵊř ש Ĺ ḉľĹēŗĕĶđŚ!įě תᴻ ĺľ ἾѻӨφĺϴň

ĵ ỷ ẪĽ ŘĝěᾴĤĞĹŚדᶆĺđŚ!ĬĽ 2%ĨĶĺὸňĮŗĕĺ

ẪěԀὲĦĵĦōĕG 4A1ẇῐH!ĬĽÕ%FPMDĶ Ẫ  šᴁẐĨŚῺḀ 

 

6 AMBERĽƠƍƧŤƭĶľ wrapping šẠĲĵēŚ!Ģŋś İĮ Ẫš ŏ ŎĮēĹˋ į

Ŝĕ! 
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ķ Ķ₣Ľ Ẫ   ĮķėĿ ҁⱧԆẪĹĸě ŞĲĵĦōĕGKomeiji et 

al., 2007 H! 

ĬŢĹŞĠĶ ἾѻӨφĺľēŜēŜ ěđŚĽĶ ἾѻӨφĽŊĕě Eˢ

ĺľF ē ĶđŚķᵈėŚ! 

ĬĽˢ  ĬőĬőἾѻ ĺ ŢĶēĹē ẪšἾѻ ĺʭĕĢķĺŗŚ ő

đŚľĩĶđŚ!ĳōř ἾѻӨφľ Ẫě ĺ ὶĨŚĽš ĠŚĮŐĽ

ŎĺּקṖˋҞěđŚ!ᴕῄ ĹŘķőĚĞ Ľ ẪĽńŚōēš ňŚῺḀ 

Ἶѻ↑ľ ĹּקṖĶđŚ! 

ĬĽἾѻ↑Ľ ĺїĦĵľ ˀ◗ľ ě₲ֿפĞ ĤśĮ!Smith & Pettitt 

(1996) , Smith et al. (1997)  De Souza &  Ornstein  (1997), Villarreal & 

Montich (2005) Ĺĸľ ĹĤĬĕįķĦĵēŚ!ˢ  

(1999)ľ ἾѻӨφĽ š Ľ נּ ֕ỏš ēĵ ĺδ┘Ħ S

Ľ ě ēῺḀTS ỷĽ ĜĤěѯ Žƭĺ Ħĵ ểĶĜĹēῺḀTS ỷ

Ľ Κě 0ĶĹēῺḀTľ ἾѻӨφĽ ěὶĵĞŚ ķᴕ ĦĮ! ħŲƭ:ƙ

ĚŘĽּנ Ķľ(Weber et al., 2000)  Ẫš Şĺᶳ ĦĵǑ-ƚƬƅűŻĽʸ

↑š Ľ ĜĤš ėĵ ňĵęř S ěᾴĤĨĝŚķĜľ ⁵ᶏ ĹἾѻ↑Ľ

ĪēĶǑZƚƬƅűŻĽʸ ↑ě+ĦĵĦōĕTĢķšỞĦĮ! Řľ ĤŘĺ

Kastenholt z Ķ 7Ĺשĺĳēĵ ἾѻӨφĽ̚ӼšῧṐĺ

δ┘ĦĵēŚ!Higo et al. (1999) ľ Şĺ ẪšἨř śĵ Ľ ķƁ

ƵƓűỷķĽḾᾴӔ š 7ĺ ėĵἾѻӨφ ᴙĶƁƵƓűỷĽ MDšᶺē ᴕΌš

ϴĦĮ! Řľ ƁƵƓűỷ ĺ ĨŚĹŘĿ ḾᾴӔ ě 6É Ķő

ěĹēě ẪĽ ⁮ϩẋš ňŚĹŘ 10- 12Éě  ĤŘĺƁƵƓűỷĽ

ẪŇĽ Ӕ Ľ̚Ӽš ňŚĺľŗř ĜĹ ě  ķᴕ ĦĮ!ōĮ Mark 

& Nilsson (2002) ľ ₣ ẪĽ ל ї₲ķϩẋג₲ŇĽ Ľ ĜĤĽ̚Ӽš ň

ĮᴕΌ ◗ἐľđōřḯ˺ĤśĹēĽĺ Ħ ᵭἐľ˃ּק↑ěđŚĢķšỞĦĮ!Ĺ

ę ĽEכFĺŗŚᴕΌĽ ͯš ňĮ őđŚ(Wassenaar & Mark, 2005)! 

 ĢĽŗĕĺ ἾѻӨφ ᴙĺŗŚŤ:ƃƗţűƊľ ĸĽ ẪĽĸĕēĕ š

ᴁẐĨŚĚĺḯ˺ĤśŚ! ľ Sѯ ŽƭĽ ĜĤš ėĵ͵ řĚ MDᴁẐšᶺ

ēTS ῨķĨŚ ě ŞŘĹēĢķϯĚŐĵTᴕ šὶĨňĜĶđŚGőĲķ

ő ᵅỸĺľ ĬĢōĶᴁẐĨŚ ěĹēĢķěֿפĞ ἐőđōř‴ ĺᴩ

ĦĮĢķěĹēH! 

 ōķŐŚķ ƤƉƭķӨφ ᴙľ MDķ ķ Ῠĺŗř Ĭśĭś š

ėĵęř ĸśěŗēķ ḎĳĠŚĢķľĶĜĹē!ĦĚĦ ˢ šᵈĕķ ῲ

ҊĽᴩ ĽᴕΌ Ḛ Ķľ ẪGExplicit water Hš ĦĵἾѻӨφšẠĕ

Ľě ᾈ Ĺ◑ ĺĹĲĵēŚ! 
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4. 5 . ᶍ ᶍ  

 

 MDĽ ῨĽ ỷשľ ´ľ Κš ĨŚĮŐĺ 0ĺ╚ ĨŚ! ĺ 6

ῙĶῧĦĞ╝ ĨŚŗĕĺ ἾѻӨφ ᴙĶ≥ ꞈᵧṥ šŪƱƭƋ ĶᴁẐĨŚῺ

Ḁľ Κ ľ ₉ĶđŚG 6ῙH!ˢ  ἾѻӨφ ᴙĽῺḀľ ╟

ķēĕŞĠĶľĹēě œľř ĨŚĢķěֿפē!ˀͮĺ šēĞĳĚ῝β

ĨŚ! 

 

[ 1] ŦŬƵĽ − 

 ´ẠŞśŚ ľ ᴁẐ ῨĽ ỷ ẪĽ ΚšŦŬƵš −ĤĪŚĢķĶ

đŚ! ėĿ ỷĽƁƵƓűỷě+10Ľ Κš łĵēŚĹŘ 10ᵌĽZŦŬƵ 

ėĿ Cl -š −ĤĪŚ ķēĕĢķ! 

 ŦŬƵĽ − ľ ƙƯŲƫƢĺŗř˙ĕ! ėĿ ỷķ −ĤĪŚŦŬƵѕ

Ľ≥ ꞈᵧṥ ěḾᾴĺĹŚŗĕĹ˂ Ľ Ẫš◑ŢĶ ĬśķŦŬƵš иĦ

ĵ −ĤĪĮřĨŚGPEACHľĢĽ ỦH!ᴕΌķĦĵ Κ ŤơƐẕẙѯœƎűƮ

ŬƃƋĽ֕Ğĺ −ĨŚĢķěֿפē!đŚēľ ₲šẠĲĵ☺ĞƫƵƂƢĺ Ĩ

Ś ƉƒŦ^ƔƧƅųƭ ĺ̼Ĳĵ ĨŚ ĹĸĽ őđŚ! 

Ĺę ĸĽŗĕĺᾑѻ š ēĵő ỸṔĺ MDšᶺĕķ ŦŬƵľˢĚᾒĺľķ

ĸōŘĹē!ĮķėĿ ƁƵƓűỷĽἾ˅Ķľ Κ ẙѯĽ֕ĞĺŦŬƵě ōŚĢ

ķľ҆Ķ Ԍ ĺľ ỷš͇ЫĜĺἨřЫĞŗĕĹ ĺĹŚĢķěֿפē!ᴕԄ 

MDšὢ ēỖѕדŘĪśĿ ŦŬƵĽᾑѻ ĺḯ˺ĤśĹēᴕΌě ŘśŚľĩ

ĶđŚ! 

− ľēŜēŜđŚě ķőđś ŦŬƵšẠĕĽě ˢ Ĺ Ķđ

Ś! 

 

[2] ỷ ẪĽ ΚĽ ╜ 

 ʹĺ đŚƁƵƓűỷě ☺ Ķ+2Ľ Κš łĵēĮķĨŚ!ĬĽỖľ Ḁᴁ- 2

Ľ ΚšƁƵƓűỷĽĬśĭśĽ ΚĺԌ ĺͽėśĿ Κš 0ĺĨŚĢķě

ĶĜŚ!ƁƵƓűỷĽ Ẫ Ó ĺĳĜ ΚĽ╟ ě 1- 2 ōĶĹŘ ĢĽ

őẠėĹĞľĹēGKomeiji et al., 1994 H!įě ΚěĢśŗřő ĜĞĹŚ

ķᶣַאě śĮřĨŚĦ ĬőĬő ˋ Ĺ įĚŘ ₢ᾯĦĹē! ĺ Ľ

ˢĳķĦĵ῝βĦĮįĠĶ Ḛ Ķľ ĢĽ šẠĕĢķľ҆ĶđŚ! 

 

[ 3] ŤơƐẕĽΚ   Ľͽᵂ 

 ŤơƐẕĽ ĺľ ּאḶĽΚ   ě pHœуӨĺŗĲĵ ͯĨŚőĽěđŚGGlu, 

Asp, His ArgĹĸH!Ĭśš ĺēħĲĵ ĨŚĢķőĶĜŚ!őİŜŢ 
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ĢĽ ő ˋ įĚŘ đōř○ŐĹēě ķĜĺľ ĹĢķőđŚ!Ĺę Ť

ơƐẕּאḶĽƙƯƊƵͯ  š ‴ ĺʭĕῺḀľ ּאḶĽ pKa Ἶ˅Ľ≥  

 ̩Ľ pHšᶳ ĨŚĢķě ĺĹŚ!ĢĽᴙĺĳēĵľ  (2018) Ľ 3

ῙĹĸšẇῐĽĢķ! 

 

4 .6. ᶍḪḏḲḻ᷅ᶍ  

 

 ˀῲĽƈűš֢ẠĦĵ MDĽ ᶣַאšṥŚŞĠį

ě ĢĢĶľ all atom ĽMM- MDĽĮŐĽ ƁƵƓű

ỷœϬẕĹĸ− ẪĽƤƉƬƵŲĽ šӐġĵę

Ğ! 

 ₑÓľ − Ẫš‴֩  ōĮľ נּ Ľ ĺ

ēĮįĠĽőĽĶđŚ!1980 ľĢĽƤƉƭěἧ

įĲĮě Ḛ Ķľ Ĺ ˀϑĶľ All atom 

MM- MDĽ ῨĺĹŚĢķľ ŊķŢĸĹē! 

œěĵ Wong & McCammon ( 1986)Ĺĸš ╕řĺ 

ₑ 2Ľŗĕĺ − Ẫš explicit solvent ĺ ĨĢ

ķě ĺĹĲĵēĲĮ! ỷĽ− Ẫľ ᾑľ

ₑ 2AĽŗĕĹ ěֿפĚĲĮě ỗ ĺₑ 2BĽŗ

ĕĹ Ẫ Ḁ ěᴁẐ Ῠĺ

ĹĲĵēĲĮ!ĢśŘľ 

 ₲╤ĚŘ₲ ᴾẪğŘē

Ľ ĜĤĶđŚ! 

ⅎ҇ě˒ř ŞŚḙĺľ 

ƁƵƓűỷőᴁẐ ῨĺĹ

ĲĵēĲĮ! ķĦĵ Ťű

ŤƟƬƵ 1GAquaporin 1 Sui 

et al., 2001 )š 1-

palmitoyl - 2- oleoyl - sn-

glycero - 3-

phosphoethanolamineGPOPEH

Ľềỷ Ὣ ĺ ŐḗŎ ĤŘ

ĺ ₣ķŦŬƵšͽėĵṥ→

ĦĮƤƉƭᶣַאšӐġĵęĞ

Gₑ 3H!ĢĽŗĕĺ ƁƵƓűỷĽƤƉƬƵŲľ ₣ ↑ƁƵƓűỷĺ ňĵϫ

ĺ ṽįě ƤƉƬƵŲἪ œᴁẐѾĽ ĽęĚġĶ ŦŬƵƃƥƏƭGSuenaga 

4.6. 1 ᶍḇḻḙ

᷄ B֩PTI) PGDB ID: 

6 PT I ᶱᵼᶍᶝᶝᴲ

Chimera 1. 1 ᶆ  G

4.6. 2 ᶍ AG . ᶍ

BPTI P֩DB ID: 6 PTI ֪BG.  ᶍ

DNA/ ḇḻḙ᷄ ֩ 1ֹC8C ֪ᴳᶹᶿḻᶎ

ᶆ PGDB ḝᶶᶹḳᶱ ᶊ PƎEACH_8.5 ᶆḪ

ḏḲḻ᷅ᵶ CƎhimera 1.1 ᶆ  G
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et al., 1998  Jensen et al., 2010 H ƊƫƵŻƟ:Ɓ:GWatanabe et al., 

2010HĹĸĽ − š ħĵὫ Ĺ− Ѿ š ĕƁƵƓűỷő MDĽδ┘ Ῠĺ

ĹĲĮ!ōĮ SARS- CoV- 2ŨťƭŻě 2019ĚŘⅎѕšרěĪĵēŚě ĬĽŻƓŦ

űƁƵƓűỷĽ MDĶľ ŪƵƶũƯ:ƙGềỷ Ὣ Hĺ ḶĶὂ‍ĤśĮƁƵƓ

űỷšḰĦḗŢĶ ₣ķŦŬƵĶἨř˅ŏ ķēĕ ṽĹƤƉƬƵŲě ĺĹŚ

GBarros et al., 2020  ĹĸH! 

ĤŘĺ 2010 ˀ᷅ľ Ũťƭ

ŻœṐ ỷĹĸĽ Ӎ Ĺ Ẫḥ

ṽשĽ MDᴁẐőĹĤśŚŗĕĺĹ

ĲĮ!Andoh et al. (2014) ľ 

₣ ̩ ĽƟƬŬŨťƭŻĽŭƙ

ŹƋGϭHĽ 700 ĽMDšᶺש

ĲĮĦ Isseki et al. (2016)  

ľ Ṑ ỷĽ ĺ ƁƵƓűỷœ

Řѯỷ ẪœŘ 7Ĺ Ẫě

ĠĮ Ó╤ šש ῨķĦĵē

Ś!  

ĢĽŗĕĺ MDĽ Ῠě ĜĞ

ṽĺĹŚĺĳś ſƗƊĽƤƉ

ƬƵŲѾ ő᷈ ͯĦĳĳ Ḛ

ĺỂŚ!Ģśľ − ẪĽ MD

ě ĺᵌ7Ľ ẪĽ ↑œᶣַא

š ňŚƆ:ƭĚŘ ẪὝḀ ě–řĹĨ S− Ϲ ᵅῨTĽδ┘Ɔ:ƭŇķ 

⁮ͯĦĵ ĮĢķš ̛ĦĵēŚ! 

 

4 ᶍᶝᶇ  f

 

 ˀῲ 4ῙĶľ MDᴁẐĺầŐŚĮŐĽᾈ όĺĳēĵ╝ ĦĮ!ᵍ MDĶ

ľ Ẫš ΚšổĲĮӂGᴾẪHěƒƏĚ ĶױěĲĮőĽķĦĵ ƤƉƭͯĦ

ᴁẐĨŚ!ōĩ ᾑѻᶣַאš PDBĹĸĚŘ ἪĨŚě  ĬĽōōĶľ MDᴁẐš

ầŐŚĢķěĶĜĹē!ĬĽĮŐ ₣♬ᴾẪĹĸּטřĹēᴾẪœẙѯšƤƉƬƵŲĦ

ĵ −ĤĪŚ!ĤŘĺ œŦŬƵšͽėŚĢķőֿפē! 

 ˀῲĶ╝ ĦĮ ᶣַאĽƤƉƬƵŲľ MDĽˢ ĽṥԃĽ Ķő ĺƑ:Ƌ

ƭě᷈ē!Ҳĺ ĢĢšűƬŤĶĜśĿ đķĽṥԃľ ϴ ŻƢ:żĺ⁮ŏĢķ

ěֿפē! 

 

4.6. 3 ᶍ ḇḻḙ᷄ ᴳᶷ᷄ᶷ

ḥḲḻ1/ /ᶹᶿḻ/ PGDB  

1J4N ᶱ ᶊ VMD ᶆḪḏḲḻ᷅֩

ֹ ᴴ ♦ ֪  G
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4A1.  ᶍ ḥḎḻ᷿ḫḳᶍ  

 

ᵑ Ľ₣ӂšש ēĵ MDšᶺĕķ ӂ ĺ₣

ě Ԍ ĺ Īĩ ѲĲĵĦōĕĢķěֿפ

ē!ĬśěĸĽ ě ϯĚŐĵŎĮ!֥

ĺľ ₣š HarmonicĹּו ƟƈƵŹƥƭ

G4.4.1 Hķ LJ ĽőĽ( 4.4.2) Ľ ĳĶּו Ħ

ĵ ĬĽ š ňĮ! 

 HarmonicƟƈƵŹƥƭĽ Ľ ₲ Kľ ˋƓ

ƫƣ:Ɓ:ĶđŚě ĢĢĶľ 0.75 

kcal/mol/ É2ĺᵏ ĦĵēŚ!ˢ  LJ Ɵƈ

ƵŹƥƭĶ ǕķǢľ Ῠ ẪĽ ῺƓƫƣ:

Ɓ:GLJĽ˜ᵕĽ‰Ĥķ HšĬĽōōל ē

Ś!cľ ĽӪĤšᴒŐŚ ˋ ₲!Ḛεľ ĢĽ cĽ šēŜēŜĺ ėĵ Ẫ

Ľ š ňĵŎĮ!TIP3P₣Ľ₣ӂGₑ 1Hš Ῠĺ ᵍ MDšᶺē ₣Ľ š

ňĮ!TIP3PƤƉƭĶľ ₣♬ľ LJ šἵĠĹēGǕ ǢķőĺÒHĮŐ LJ וּ

ľ ẕ♬ᴾẪĽŎĺϾĚŚ! 

 MDľ PEACH7.8š ē 125ᵌĽ₣š ל Rc=10É ĺ ħḗŐ 50 ps Ľ῁ͫĽđ

ķ 300KĶ 1 ns ĺĹŚōĶᶺĲĮ! ͫŤƭŶƬżƢľ Nose- Hoover chainsG Ẫ

5ᵌH Ẫכ Ľᶚּוľ RATTLE ỖѕḈŎ ľ 1 fs š ēĮ! ŘśĮƊƫźũű

ƊƬ:Ľĕİ 50- 1000 psѕĽ 0.1 ps ĜĽᶣַאš ēĵGᴁ 9500ŷƵƙƭH ₣

ẪĽӂ Ľ šᴁẐĦĮ! 

 ᴕΌĽ Harmonic ƟƈƵŹƥƭĹŘłĺ LJƟƈƵŹƥƭ( c=1, 2, 4, 6, 8, 16) š
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ēĮķĜĺ ӂĽ •ĚŘĽ₣Ľ šỞĨGₑ 2H!ĢĽŲƫƗľ Ԍ

Ķ∆҉ͯĦĵđŚĽĶ 1ˀῲľ᷈  1ˀͮľ ķ ĤśŚ! 

 HarmonicƟƈƵŹƥƭĽᴕΌľḎĽאל▬įě ĢśĚŘ ӂĽ ĚŘ 2ÉōĶľ 

ˋĺ ě ēĽěŞĚŚ!ҲĺĬśŗř ľ ŞĩĚĺאּ ě᷈ĞĹĲĵē

Ś!ₑ 4.10 Ķ Ủ ĺỞĦĮ₣Ľ Ѳřě ĺỞĤśĮŞĠĶđŚ!ĮįĦ 

ᾶĹĞķőĢĽ Ķľ 8Éˀ Ľ₣ ľŊŋˢ Ķ Ľ̚ӼľᾶĹē! 

 ˢ  LJ ƟƈƵŹƥƭĶđŚě ŲƫƗĚŘŞĚŚŗĕĺ cĽ ě ĜĞĹŚ

ĺĳś Ľ 10ÉĺƖ:űěὶŚĽě ĚŚ!c=1- 6ōĶľ 9ÉˀͮĽ ĺ̚Ӽě

ĹĞ HarmonicĽῺḀķŊķŢĸ ħĶđŚ!įě cě 8ˀῲĺĹŚķ Ɩ:űě

᷈ĞĹř ᴕΌ 9É ֕ĺ ěĶĜŚ!c=16Ķľ Өφ ֕ĽᶣַאěĤŘĺ ĺאּ

̚ӼšҷŋĦ ÙÉ ֕ĺƖ:űěĶĜĵēŚ! 

 ĢĽŗĕĺ LJ ƟƈƵŹƥƭšẠĲĵő HarmonicƟƈƵŹƥƭĽῺḀķ₣

ě ĜĞ ŞŘĹēĢķ ōĮ cš ĜĞĦĵ LJƟƈƵŹƥƭšӪĞĨŚķ Ҳĺ

Өφ ֕ĺ₣Ľ ěĶĜĵ Ĭśě ĺ̚ӼšҷŋĦĵĦōĕĢķěאּ ĚĲĮ!ӂ

Ľכ ƤƉƭšẠĕῺḀľ ᶳ ĤśĮĦ! 

  

4 ᶍ  
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5  ᶇḥḎḻ᷿ḫḳᶍ ֩ ֪  

 

 5Ῑķ 6ῙĶľ ☺ᴾẪMDGᵍ MD MM- MDH

ĺẠ ĤśŚ ķƟƈƵŹƥƭĽᴁẐ š╝ Ĩ

Ś!ˀͮ ķƟƈƵŹƥƭšꞋῘĦĵ Sꞈᵧṥ

TōĮľ ĺS TķᵎŅĢķĺĨŚ!ĢĽ 5Ῑ

Ķľ Ẫ $ Ẫѕꞈᵧṥ Ľ ῺƓƫƣ:Ɓ:Ľ

ϖ š╝ ĨŚ!ỗĽ 6ῙĶľ ᴁẐ ĽỸא

š ĺ ӡ ᴕḀ G Ẫѕꞈᵧṥ Hš •ĺ῝

βĨŚĢķĺĨŚ! 
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5 .1.  

 

 ĨĶĺ͵ őὸňĮŗĕĺ MDœ EMĺęēĵľ ỖѕŻƈƅƙ ĺ ỷĽᶣ→

ᴾẪĺϾĚŚ šᴁẐĦĹĠśĿĹŘĹē! ĺ MM- MDĶľ š ẪᶣַאGᴾ

Ẫḹ HĽї₲ķĦĵ Ľ ₲G ῺƓƫƣ:Ɓ:Hš ēĵᴁẐĨŚ!ĬĽĮ

Ő ε Ẫ  šδēĵ šᴁẐĨŚ FPMDœ QMDĺ ňĵ ᴏ˙ēĺּ᷈יĶđŚ!

ĤśŚ Ľї₲כķƓƫƣ:Ɓ:ľ ᴁẐ Ῠ ĺŗř˙ēěđŚ! ĺ ƁƵ

ƓűỷœϬẕĹĸĽ− Ẫ ĺľ ᵍĞĚŘ͵Ἧ őĽƓƫƣ:Ɓ:ĽŽƅƊG
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Ẫ Ὼ,  Molecular mechanics force field   MM- FF đŚēľ ĺ Ὼ FFHěϋ

 π ĤśּנĠĵēŚ!S ῺTĺĳēĵĽꞋ╝ľ Ponder & Case (2005) 

Mackerell  (2004) Cieplak et al.(2009) Ĺĸšẇῐ! ῺƓƫƣ:Ɓ:ľ 4Ῑ

Ķ╝ ĦĮ ẪƤƉƭĺ ĦĵđĵľŐŘśŚ!ĳōř ėĿ SƁƵƓűỷĽ 

đŚŤơƐẕĽἧḶĽ NᴾẪĽ Κľ- 0.2 ķĨŚTŎĮēĺ ᴒōĲĵēŚ! 

 ῺĽї₲כķƓƫƣ:Ɓ:Ľ ľ Ἧ ĺŗĲĵˑĹŚě ᾙĶľ ÖῙķ

ĺ AMBERῺĽ Ľ 2019 Ỗ ĶĽḾ‫ FF14SBGMaier et al., 2015 Hš

ĺӐġĵ╝ ĨŚ! 

 AMBER ῺĶľ NᵌĽᴾẪĚŘĹŚ ỷĽƟƈƵŹƥƭ U( r 1, r 2 Ar N)š Ủ

(1)Ķ ŞĨ1 !ĢĽỦķỗ╜ˀ᷅Ľ╝ š Ϊ ĺ ᵅĦĮĽĶGₑ 1H ḀŞĪ

ĵẇῐĽĢķ!ĮįĦ Ủ( 1)őₑ 1ő Ủ Ľ Ľ ˅œ ėỒľĚĹřῒ Ħĵē

ŚĽĶ ∆ϯĹőĽľỗ╜ˀ᷅šᴳĵŊĦē!ōĮ Ủ( 1)Ľ ῺĶľ ᴾẪĽ Κľ

ͯĦĹē Sᵏ ΚTšẠĲĵēŚ!ˢ  ẪĽᶣַא ͯĺ͒ħĮ Κ

ͯœ ԆšἨř śĮ Ὼľ ꞋῘĶ S Ԇ ῺGPolarizable FF HTķᵎĿśŚ

ě Ĭśĺĳēĵľ 5.4 ╜ĶᴄĞ‖śŚĺķĸŐŚ! 

 U( r 1, r 2 Ar N)  

 = Вὑ ὶ ὶ   Ẫ %ᴕḀ bond 

 + Вὑ — —   Ẫ %ᴕḀϲ angle  

 + ВВ ὠ ρ ὧέίὲɲ ‎  Ẫ %ļħśϲ torsion  

 ( ϲ dihedral)  

 

1 ĢĽї₲כľ ѯ ĺľ AMBER FF94 (Cornell et al., 1995) š ὓĦĵēŚ!ĢĽ AMBER 

FF94ľ ĬĽᵭĽ AMBER ῺĽ ķĹĲĮ Ὣי Ĺ ῺĶđŚ! 

5. 1.1  M M ᶍ Ḫḏḳᶇ  
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+ В ‐ ς  Ẫѕ%Ʈƌ:Ƌ^źƩ:Ƶż ( LJ)   

 + В    Ẫѕ%≥  electrostatic   

       (5.1.1)  

 Ủ( 1)ĺὶĵĞŚ Kb r eq  Ka ǘeq qi Ĺĸľ ꞈᵧṥ G ķƟƈƵŹƥƭHĽ

ᴁẐỖĽ Ĺ ₲GƓƫƣ:Ɓ:HĶđŚě ĢĽ ₲Ľ♯GƓƫƣ:Ɓ:Žƅ

ƊHšS ῺTķᵎłĹŘŞĦĵēŚ!ᴾẪĺϾĚŚ ľ Ủ(1)ĽƟƈƵŹƥƭŪƏ

ƭŰ:šӔ ĦĵҾŐŚ! 

 Ἦ Ὗ  (5.1.2)  

 ῙĽẙřĶľ Ὼ( 1)ĽĬśĭśĺĳēĵ ₲Ủš ēĵ╝ ĨŚ!ĬĽṔĺᴾ

ẪĽᴕḀ˂ GᴕḀӔ Hšₑ 2Ķ ҞĨŚ!ѯᾈķĨŚᴾẪĽ˂ š 1ķ ҞĨ

Ś!1ķӡ ᴕḀĦĵēŚᴾẪľ 2Ľ˂  ĬĽ ľ 3Ľ˂  . .. ķēĕŗĕĺ ᷿

š‪Ś!ᴕḀ˂ šẠĲĵ ӡ ᴕḀᴾẪ GƜŤHľ 1- 2ᴾẪ  ѕĺ ĽᴾẪě

ˢĳ ĲĵēŚƜŤľ 1- 3 ᴾẪ  ĳ Ĳĵē

ŚƜŤľ 1- 4ᴾẪ  ˀ͇ĹŘĿ 1- 5ᴾẪ  ķ

ĨŚĢķěĶĜŚ! 

 ẪĽƟƈƵŹƥƭŪƏƭŰ:GỦ 1)Ľϧ᷆

Ľĕİ ᴕḀ  ᴕḀϲ ļħśϲľ ӡ ᴕ

Ḁї Ľꞈᵧṥ Ķ 1- 2- 3- 4ĽᴕḀ˂ Ľᴾ

ẪѕĽŎĺ ĤśŚ!ꞋῘĶ Sӡ ᴕḀ Gbonded interactions HTōĮľS

Ẫ ꞈᵧṥ ( intramolecular interactions) TķᵎŅ2!ӡ ᴕḀ ĽᴁẐŵŻƊ

ľ N ĽῺḀľש O( N)ĶđŚ! 

 ˢ  LJœ≥ ꞈᵧṥ ľ ӡ ᴕḀķľ ╗їגĹēĽĶ S ӡ ᴕḀ

Gnonbonded interactions HTōĮľS Ẫѕꞈᵧṥ Gi ntermolecular 

interactions HTķᵎĿśŚ!ӡ ᴕḀĦĵēĹē ẪĽᴾẪѕľőİŜŢ ħ

Ẫ Ķő 1- 5ˀῲĽӔ ĽᴾẪѕĺ ĤśŚ!ōĮ 1- 4Ľ˂ ĺđŚᴾẪѕĺĳ

ēĵő šᾴĤĞĦĮῲĶ ᴁẐĤśŚG1- 4 ӡ ᴕḀ  1- 4 nonbonded 

interaction H! ӡ ᴕḀ ľ ĺᶏ ĦĹēĶᴁẐĨŚķG  

implementationH O( N2)ĽỖѕěϾĚŚ! 

 ˀͮĶ ƟƈƵŹƥƭķ ĺїĨŚ₲Ủš╝ ĨŚĺđĮř ᾠĽ Ҋ 4ĚŘ ꞈ

 

2 ĢĢĶĽᵈ ĽẠē Ġĺľ ĺŗř ˋě !ӡ ᴕḀ ķēĕķ ĺSᴕḀ

TĽ‛ὲƟƈƵŹƥƭ(5 .2.1) šỞĨĢķőđŚ!ˢ  Ẫ ķēĕķ ӡ ᴕḀ įĠ

ĶĹĞ Ẫ Ľ LJœ≥ ōĶѝŢĶĦōĕĢķőđŚ! 

5. 1.2. ᶍ ∞  



 5Ῑ ķƟƈƵŹƥƭĽᴁẐG◗H ѯ♦ 

115 

 

ƛűƊƭķ ĺїĨŚ šḽסĦĵęĞ!ỷ GĢĽῺḀľᴾẪHi , j ѕĽꞈ

ƛűƊƭ r ij ľ ₑ 3ĽŗĕĺSj ĚŘ i ŇĽTƛű

ƊƭķĦĵ ҞĨŚ! 

 Ἲ Ἲ Ἲ ὼ ὼȟώ ώȟᾀ ᾀ   

ŦƁƬƅű ҊĽ r ij ľ i  j ѕĽӔ šỞĨ! 

 ὶ ȿἺȿ ὼ ώ ᾀ   

ő ĺ j ĚŘ i ĺ Ğ š f ij ķᾙĞ
3! 

 ˀͮ ĬśĭśĽꞈᵧṥ ĺĳēĵ Ủœ

╝Ĺĸšפ ĨŚ! 

 

5.2. ֩  ֪

 

[ 1] ᴕḀ  (bond) 

 1- 2Ľ˂ ĺđŚӡ ᴕḀᴾẪ i , j ѕĽƟƈƵŹƥƭľ 

֕ỏšĦĵ ᴕḀ šįēĮēˢ ĺ ĳ! ˂ᴕḀľ 

ӡ ᴕḀĺ֕ē↑ỷšổĳĮŐ ĺᴁẐĨŚĢķěֿפē!

ῺƓƫƣ:Ɓ:ľ ᶻϬѕӔ r eqķ ĽƒƏ ₲ KbĶđŚ!

ĢśŘĽƓƫƣ:Ɓ:ľ ỸᴻĶ ŘśĮ Ẫœ‪ ₲ĚŘҾ

ŐŚĚ ōĮľ ẪͯϹᴁẐĺƗťƅƊĦĵҾŐŚ! 

 Ὗ ὑ ὶ ὶ   ( 5.2 . 1)   

 Ἦ Ἦ ςὑ ὶ ὶ
Ἲ

 (5.2.2)  

ķđĲĤřᾙēĵĦōĲĮě ´ͫ ֕Ľ− Ẫœ Ѿ ẪĽӡ ᴕḀ ľƒƏĽ

ŗĕĺ ͯĨŚőĽĶľĹĞ ŊķŢĸľ ѯ   ĶđŚ!ĬĽĪēőđĲĵ ᴕ

Ḁ ľ Ủ( 1)ĽƟƈƵŹƥƭĶᴁẐĨŚĽĶľĹĞ 8ῙĶ῝βĨŚŤƭŶƬżƢš

ẠĲĵ ˢ r eqĺᶚּוĨŚŊĕě ĶđŚ!ĮįĦ ĬśĶ ĺēēĽĚ ķ

ᵈēὶĨķĹĚĹĚ Ħē!ῧṐľ 5A1šẇῐ! 

 

 
3 Ỹľ ἐĽ◗ S ẪŹŻƈƢĽᴁẐΉϹ 2ῙTĶľ ĳĽ Ҟ r ij =r i - r i ķ r ij =r ÿ- r i

š ĽἯ ĺŗĲĵģİŒōīĺĦĵĦōĲĮĢķš ᾙšᾙēĵēĵ ᾑŐĵҁě ē

Į!ΨĹěŘ ˋįĲĮ!ĬŢĹŞĠĶ ᾙĽ Ľ ỦĽēĞĳĚľ ◗ ķ ᷿ě

ŞĲĵēŚĽĶ ˋĦĵ Ħē! 

 

5.2. 1 

 

5. 1.3 ḡ᷄Ḑḳᶇ

ᶍ ᶍ  
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[ 2] ᴕḀϲGangle bendingH  

 1- 2- 3Ľ˂ ĺđŚẅĳĽᴾẪ i , j , kĽṥŚϲǘĺїĦĵľ ˀͮĽŗĕĺ ֕

ỏĽꞈᵧṥ šЅř ĵĵ ϲ š ˢ ĺ ĳ!ōĩ ĽᴕḀϲǘGƫźŤ

ƵHľ  

 ὧέί—
ἺϽἺ

      

šᴁẐĦĵĚŘ Ҳ ᵁї₲šẠĲĵ(Fortran Ķľ ACOSї

₲)  

 — ὃὶὧὧέίὧέί—     

ˀͮĽ ˅Ľἧ ķĦĵҾŐŚ! 

 π — “ 

ƟƈƵŹƥƭķ ľ ˀͮĶҾŐŚ! 

 Ὗ ὑ — —     (5.2.3)  

Ἦ ςὑ — —
Ἲ

ὧέί—
Ἲ

  (5. 2.4a)  

Ἦ ςὑ — —
Ἲ

ὧέί—
Ἲ

  (5. 2.4b)   

Ἦ Ἦ Ἦ     (5 .2.4 c)    

Ủ( 4ab)šᴳŚķ sinǘě 0 ֕ ĳōř ǘě 0ĚǠ ( 180h) ֕ľ ĽᴁẐě

₲ ĺ ʸ ĺĹŚĢķěŞĚŚ!Ĭśšε ĨŚĮŐĺ ƙƯŲƫƢĺ ϑᾐ

š╚ĠŚ ěđŚ!ĮįĦ ĢĽ ˑ Ľ šε ĨŚĮŐĽᶀỦěϋ Ĥśĵ

ēŚGSwope & Ferguson, 1992H! ἐľỸאĦĮĢķľĹēě ḚĚŘƙƯŲƫƢ

ϋ ĨŚ ľĢİŘšỆĦĵ Ħē! 

 

[ 3] ļħśϲG ϲH 

 1- 2- 3- 4Ľ˂ ĺđŚấĳĽᴾẪ

i, j, k, l ľSļħśϲGt orsion 

angleHTōĮľS ϲ Gdihedral 

angleHTšכ→ĨŚ ĢśĺŗŚꞈᵧ

ṥ ľ ỗĽŗĕĺᴁẐĨŚ! 

 ₑ 3ĺ ᴾẪ i, j, k, l ĺŗĲĵṥ

ŘśŚļħśϲǍĽ ҞšỞĨGĢĽ

ŗĕĺ ĳĽ ĽˏĨϲĹĽĶ ϲķőᵎĿśŚŞĠH!ĮįĦ -Ǡ`Ǎb

ǠG- 180h`Ǎb180hHķĨŚ!ĢĽₑĺὤē ᴾẪḹ r i r j r k r l ĚŘ ǥš

ᴁẐĨŚ!ōĩ r ji ķ r jk ķĺ₠ ĹƛűƊƭ a1ķ r jk ķ r lk ķĺ₠ ĹƛűƊƭ a2

5. 2.2  

5. 2.3 ᶌᵷᶫ  
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š ϑ┤GƛűƊƭ┤\HšẠĲĵҾŐŚ! 

 Ἡ Ἲ Ἲ  

Ἡ Ἲ Ἲ     

 a1ķ a2ľ Ĭśĭś ĳĽ Ľ ҉ϫͯĦĵēĹē ▬ƛűƊƭĶđŚ!ŗĲ

ĵ ǥľ a1ķ a2ĽĹĨϲįĚŘ  

 ὧέί‰
ἩϽἩ

    

ĶđŚě -Ǡ`ǥbǠĽ ᴙĶǥšҾŐŚķ  

 ‰ ίὭὫὲὃὶὧὧέίὧέί‰ȟἺ ϽἩ Ἡ     

ĮįĦ sign ( x, y) =( yĽ ᷿) | x|!Fortran Ľ♯ŎḗŎї₲ SIGNšĬĽōōẠėŚ! 

ļħśϲǥěҾōśĿ ƟƈƵŹƥƭľỗỦĶᴁẐĨŚ! 

 Ὗ В ὠ ρ ὧέίὲ‰ ‎    ( 5. 2.5)   

ỦšᴳŚķ ĢĽƟƈƵŹƥƭľ n=1,2,3,4 Ľ 4᷆ĽƗ:ƬŪӆ₲Ķ ĤśĵēŚ!

ĮįĦ FF14ĶľÖ᷆ěẠŞśĵēŚ ķēĕįĠĶ ╟ 4᷆ĶĹĠśĿĹŘĹ

ē ķēĕĢķĶľĹē!AMBER ῺĶᵈėĿ FF94, FF96, FF99ľ 1᷆Ě 2᷆Ķ

Ĥśĵēĵ 4᷆ĺĹĲĮĽľĬśˀ᷅ĶđŚ!Ḛᵭ+ᵂĨŚ; ↑őđŚ!Ǔnľ˂

ꞈGphase 0ĚǠHĶ Vnľ‪ Gamplitude ŪƏƭŰ: ˅Ľ 1/ 2HĶđŚ! 

 ƟƈƵŹƥƭ( 5)šӔ ĨśĿ ᴾẪ i , j , k, l ĺϾĚŚ ě ŘśŚ! 

 Ἦ Ὢ Ἦ Ἲ    (5. 2.6a) 

 Ἦ Ὢ Ἦ╬ Ἲ Ἦ Ἲ  (5. 2.6b)  

 Ἦ Ὢ Ἦ╫ Ἲ Ἦ Ἲ  (5. 2.6c)  

Ἦ Ὢ Ἦ╬ Ἲ    (5.2.6d)  

ĮįĦ  

 Ὢ ὲὠ   (5. 2.7a) 

 Ἦ
Ἡ
ὧέί‰

Ἡ
  (5. 2.7b)  

 Ἦ
Ἡ
ὧέί‰

Ἡ
  (5 .2.7c )  

 Ĥĵ Ủ(7a)šᴳŚķ sinǥÀ0 ֕ě ˑ ĺĹĲĵᴁẐĶĜĹē!ĢĽ

ľ ἐě PEACHšṥ→ĦĮķĜĺľ ˀͮĽŗĕĺε ĦĮ!AMBERęŗł OPLS

ῺĺїĦĵľ ĨňĵǓn= O or ǠĹĽĶ sinǓn=0ĶđŚ!Ĭśš Ħĵ ( 6)Ľ

f aľ n^Ó, 2,3,4 ĽῺḀ  

  ὧέί‎    Gn^ÓH 

   ςὧέί•ὧέί‎   Gn^ÔH 
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   τίὭὲ• σὧέί‎  Gn^ÕH  

   τὧέί•ςὧέί• ρὧέί‎ Gn^ÖH (5.2.8)  

šẠĲĵᴁẐĶĜŚ!ĨňĵĺὶĵĞŚ cosǓnľ Ǔn= O ĹŘÓ ǠĹŘ- 1Ķđ

Ś! 

 ķřđėĩ ĢśĶ ĹĞƙƯŲƫƢľ ēĵēŚ!įě đōřŪƮŮƵƊĶ

ľĹēĦ ͵ŗřő Ǔn=0,ǠˀϑĽῺḀľᴁẐĶĜĹē!ᶒēĹĢķĺ sinǥÀ0

֕Ľ ˑ š ĠŚ ě ʼĤśĵēŚGSwope & Ferguson, 1992; Blondel & 

Karplus, 1996 H! ἐỡ⁬ľỸאĦĮתᴻľĹēě ĢśŘšẠĕŊĕě ēĚő

śĹē! 

 ķĢŜĶ ĮķėĿₑ 4ḯĽŗĕĺ ijkl ěĢĽᾏᾠĺ ŢĶēĹēķĜĶő 

Ľ šϾĠŚĢķěđŚ!Ģśľ ϑϲGimproper torsion HķᵎĿśĵēŚě ´Ľ

ļħśϲķ ĺ Ủ( 6- 8)šẠĲĵᴁẐĨŚ! ϑϲľ ₑ 4˺Ľŗĕĺ ŁĲĞř

ĲĮẆěᴽĺ Ś ŎĮēĹᵅῨš ğĮŐĺẠĕ! 

 ļħśϲĽƓƫƣ:Ɓ:œї₲כľ ĺƁƵƓűỷĽƗū:ƭƉťƵŲĽ MDĺę

ēĵ ╗ᴕΌšḯ˺ĨŚ!ῧṐľ Sakae & Okamoto (2010, 2013)ęŗł˰ ᴭ

šẇῐ! 

 

 ˀῲ ӡ ᴕḀĺҌˮĨŚ

Ẫ šĥĲķ╝ ĦĮ!

ĢśŘĽ ľ ᴁẐ ľ 

O( N)ĹĽĶ ỗĽ Ẫѕꞈᵧ

ṥ ĺ ňĵᾶĹē!įě 

ƙƯŲƫƢľ ṽĶđŚ!

ĺ ͯšĨŚṔĺēŜēŜᶳėĹĠśĿēĠĹĞĹŚŗĕį4! 

 

5. 3.  ֩  ֪

 

 MDĶľ ӡ ᴕḀĦĵēĹēᴾẪĽѕĺ Ğ Ẫѕꞈᵧṥ ķĦĵ 

 

4 ͯķēĕķ ĸĽ ő→ᾙő Ẫѕ ĺїĨŚҊὸĿĚřĶ Ẫ šĸĕʭĕ

Ě ķēĕ šŊķŢĸᴳĚĠĹē!Ķő ͯĦœĨē Ẫѕ įĠĶĹĞ Ẫ ő

ͯĦĹēķ ֩ѕ ЅĺŗŚ ͯľ →ĶĜĹēľĩ!ⅎĽƙƯŲƫƢěĸĕœĲĵ

ēŚĽĚ řĮēőĽį!İĹŎĺ ἐỡ⁬ěṥ→ĦĮ PEACHľ Ẫ Ľ ͯľᶺĲ

ĵęŘĩ ĬĽᴕΌ ͯᶂ ěʣĞĵ ѾĶľỸ ĺĹŘĹē ẙ ! 

5. 2.4  I֩ mproper torsion  ֪
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Lennard=Jones ꞈᵧṥ  (LJ  interaction ) 5ķ≥ ꞈᵧṥ GElectrostatic 

interaction HšᴁẐĨŚĢķěֿפē!ĢśŘľ MDĶľˢ ᴁẐỖѕěϾĚŚĮ

Ő ỸאĶľ 7Ĺᶏ ěĹĤśŚ!įě ỸאĺĳēĵľỗĽ 6ῙĶῧĦĞ╝

ĨŚĢķĺĦĵ ˀͮĶľѯ Ĺї₲כķ ĬĽ įĠš῝βĨŚĢķĺפ

ĨŚ! 

 

[ 1] Lennard=Jonesꞈᵧṥ GLJH 

 LJľ ỗĽכĽƟƈƵŹƥƭķ šẰĨ! 

 Ὗ ‐ ς    (5.3.1)  

 Ἦ Ἦ ρς
Ἲ

  (5.3.2)   

Rij ķǕij ě ĽƓƫƣ:Ɓ:Ķ ₑ 1Ľ

ŗĕĺ Ĭśĭś LJ ‰ķ˜ᵕĽל

ĤšỞĨ!ĢĽƟƈƵŹƥƭĽͮĶ

ľ ĳĽᴾẪľ Ӕ ě Rij ˀ ĺ֕

ĴĞķӪē┐ Ķ Ħđĕě Ĭś

ŗř śŚķ ἥē˰ ě Ğ!Ɠƫ

ƣ:Ɓ:Ǖij ķ Rij ľ ᴾẪ i ķ j Ĭś

ĭśĽƓƫƣ:Ɓ:ĚŘ ˀͮĽƯ:

ƮƵƆ^ňƭƈƯּבGLorentzΈ

Berthelot combining rules HĶṥŘś

Ś6! 

 ‐ ‐‐ ( 5.3.3 )  

Ὑ Ὑ Ὑ (5. 3.4)  

 Ɠƫƣ:Ɓ:Ri ľᴾẪ i Ľ VDW ┐ķᵎĿś Ģśˀῲ֕ĴĞķ һᴍĺל ě

 

5 ᵍ ῺԃφĶľ LJ ĽĢķš Van der Waals (VDW) ķᵎŅĢķěֿפēě ᾙĶ

ľ ˢђĦĵ LJķᵎŅĢķĺĦĮ!ķēĕĽľ MDԃφķ ẪͯϹԃφĶľ VDWķēĕᵈ

ĽẠē ě˙ĕĚŘĶđŚ!ᵅṖ ẪͯϹĶ VDW ķēĕķ 5.4 ╜Ķ╝ ĨŚŗĕĺ r - 6

Ľ˃ּק↑šổĳ ᶆ  Ҍ  ẋ ĽẅĳĽ˰ šḀŞĪĵẰĨĽěˢ ĶđŚG

Ř 1983 10ῙH!ĬĽˢ Ķ VDW ľ ĬőĬő ≥ őѝŐĮ Ẫѕĺ Ğ

šẰĨᵈ įķēĕG  2015 ÓῙH!ēĩśĦĵő ᵍ ῺĶĽ VDWķľ˙ĕ!ŗ

Ĳĵ ḥ š ĠŚĮŐ ᾙĶľ LJķᵎŅĢķĺĦĮ! 

6 AMBER ῺšľħŐ ֿפĞĽ ῺĶ ĢĽ Ľœřכֿ!ĶṥĲĵēŚבּ őđŚě ĢĢĶ

ľῒ ĨŚ! 

5. 3.1  ḥḎḻ᷿ḫḳᶍ ( Ar -Ar)  
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Ğ! 

 LJľ ₑ 5.1.2 Ľ 1- 5ˀῲĽᴕḀ˂ ĺđŚᴾẪѕĺĳēĵįĠĶĹĞ 1- 4Ľᴕ

Ḁ˂ ĺđŚᴾẪѕĺő ĨŚ!ĮįĦ Ľג₲GAMBERĶľ scnbķēĕ

◗HĶЅĲĵ ᾶĦἥŐŚĽĶ ˀͮĽŗĕĹƟƈƵŹƥƭšᴁẐĨŚĢķĺĹŚ!

₲ג scnbĽƉƗūƭƊ ľ FF14ĽῺḀľ 2.0!ĢĽ ľ AMBER ῺĶő ƒ:

źƩƵĺŗř˙ĕ! 

Ὗ ς    (5.3.5)  

 

Ҋ%LJƟƈƵŹƥƭľ Ủ( 1)ĶľĹĞ ỗĽỦ( 6)šẠĲĵ ĨĢķőđŚ! 

 Ὗ τ‐    (5.3.6)  

Ɠƫƣ:Ɓ:Ǣi j ľ U=0ķĹŚӔ ĶGₑ 1H Rij ķľ  

„
Ѝ

     ( 5. 3.7 )  

ĽїגĺđŚ!LJš( 1)ķ( 6)ĽĸİŘĶỞĨĚľ ĺ ҔĽ įĚŘ Ϲ

ỷľ ŞŘĹē!įě œƙƯŲƫƢĽƠƍƧŤƭš ŏķĜĺľ ĸİŘš

ẠĲĵēŚĽĚ ˋĦĮŊĕěēē! 

 Ỹľ LJĽ Ľẩľ Ủ(1)ĶľĹĞ Ủ(6)ĶđŚ!ĬőĬő LJĽˢ Ủľ  

 Ὗ τ‐  

ĽכĶđŚ!Ủ(6)ľ ( p,q)=(6,12) Ľ Ἤ ĶđŚ!ĬśšӪ ĨŚķĜĺľ 

Lennard=JonesĽ 6- 12ƟƈƵŹƥƭ ķᵎŅ!ĮįĦ ᾙĶľ LJķᵎŅķĜľ 

ỡ ĺ 6- 12ƟƈƵŹƥƭšẰĨĢķĺĨŚ! 

 

[ 2] ≥ ꞈᵧṥ  

 LJĺͽėĵ Κ qi ķ qj š łĮᴾẪ i j ѕĶľ ≥ ꞈᵧṥ GElectrostatic 

interaction HšᴁẐĨŚ!ű:ƯƵꞈᵧṥ GCoulombic interaction HķᵎŢĶő

ḰĦằėľĹēě ᾙĶľ ű:ƯƵꞈᵧṥ Ľ 7ĹכĽĕİ ĺ ᵏ Κ

ĽѕĽꞈᵧṥ š≥ ꞈᵧṥ ķᵎŅĢķĺĨŚGῧṐľ 5.4 ╜H!≥ ꞈᵧṥ

ľ ₑ 2ĺỞĨŗĕĺ ∆ Ľ ΚѕĶľ˰ įě ∆∆œ Ľ ΚѕĶľ ┐

ķĹŚ!≥ ꞈᵧṥ ĽƟƈƵŹƥƭķ ľỗỦĽ řĶđŚG ľ₲גĺŗŚש˂

ῒ H! 

 Ὗ    (5.3.8)  
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 Ἦ Ἦ
Ἲ

  (5.3.9)   

ĢĽ≥ ꞈᵧṥ ľ MDĽᴁẐ ķ∙

ĺķĲĵ ḾὫ ĶđŚ!ₑ 3ĺϖ

šכ ēĮě Ӕ ě↑קּ˃ r - 1Ĺ

ĽĶ Κ ẦĽӔ ě śĵő 

Ἵּוě ē!ķēĕŗř ἽּוĦĹ

ē!ĬĽĮŐ ≥ š᷈∙ Ěĳ

ĨŚĺľĤōĥōĹᶏאĺỸיּ᷈

ě ĶđŚ!ĬĽᴾ ķỸאĺĳ

ēĵľ ỗῙĺῧὸĨŚ! 

 Ĺę LJķ ĺ ≥ ꞈᵧṥ

ľ ₑ 5.1.2 Ľ 1- 5ˀῲĽᴕḀ˂ ĺ

đŚᴾẪѕĺĳēĵįĠĶĹĞ 1- 4Ľ

˂ ĺđŚᴾẪѕĺő ĨŚ!

Ľג₲( AMBERῺĶľ sceeķēĕ ◗)

ĶЅĲĵ ᾶĦἥŐŚĽĶ ˀͮĽŗĕ

ĹƟƈƵŹƥƭšᴁẐĨŚĢķĺĹŚ!

₲ג sceeĽƉƗūƭƊ ľ FF14ĽῺ

Ḁľ 1.2 ĶđŚ! 

Ὗ  (5.3.10)  

 

5 .4. ᵪᶨ ᵾ  

 

 ˀῲ Ẫ ῺĽϖ š῝βĦĮ!ĢĢĶľ ĢśŘĽꞈᵧṥ Ľ ḣӏš 

Ẫ  ĚŘᶳṶĨŚĢķĺĨŚ! 

 5.2 ╜Ľ Ẫ ꞈᵧṥ ő 5.3 ╜Ľ Ẫѕꞈᵧṥ ő Ĩňĵ Ẫě˰ĜҌĢĦĵ

ęř ĬĦĵĬĽꞈᵧṥ Ľᵃľ ỸĽķĢŜ ű:ƯƵ ĶđŚ! ẪשšSMᵌ

ĽᴾẪϬG ėỒ A,BHš NᵌĽ ẪG ėỒ i ,j HěἨřЫēĵēŚTķĦĵ ĬĽ

ƑơƭƊƍŤƵ H7šᾙĜͮĪĿ  

 

7 ƑơƭƊƍŤƵľᵍ ϹĶľŻŭƫ:įě Ẫ ϹĶľ̽ẐẪĹĽĶ HĽŗĕĺאלỒ

ҊĨŚ!ὌķҊὸĨŚŊĕěˢ įě ĺŗĲĵ .š ĠŚĽě ĹĽĶœŐ

Į!ʣĦĚŘĩ! 

5. 3.3  ḥḎḻ᷿ḫḳ qG iᶇ q j

ᶍ ᵫ ᶍ ᶎᴲᵲᶍ ᶍᶧᵥ

ᶊᴲᶈᶲᶉr i jᶍ ᶆᶡᴲ ᵬᵫ ᶍᴲ

╥ ᶊᶉᶪ  G

5.3. 2 ᶍ ᶇ  



 5Ῑ ķƟƈƵŹƥƭĽᴁẐG◗H ѯ♦ 

122 

 

 ἒ В
ᶯ

В В В
ᶯ
В В В В  

        (5. 4.1 )  

ĶđŚGSzabo & Ostlund, 1996 H!ĮįĦ MA  ZA RAľᴾẪϬ AĽỷ  Κ ḹ

 ōĮ r i ľ Ẫ i Ľḹ !Ĺę ẪĽỷ ķ Κľ 1ķ- 1ĶđŚ!Ủ( 1)Ľ˺

1᷆ľᴾẪϬĽ̓ ŪƏƭŰ: 2᷆ľᴾẪϬѕű:ƯƵƟƈƵŹƥƭĶđ

Ś!͝―Ľ᷆ě ẪĺїŞŚőĽĶ 3

᷆ľ ẪĽ̓ ŪƏƭŰ: 4᷆ľ Ẫ

;ᴾẪϬѕĽ 5᷆ľ Ẫ; ẪѕĽ

ű:ƯƵƟƈƵŹƥƭĶđŚ!ĬĢĺ

ľ ӡ ᴕḀƟƈƵŹƥƭőᴕḀϲőļ

ħśϲő LJőὶĵ Ĺē!ĳōř Ῑ

Ķ╝ ĦĮᵍ Ĺ MM- MDĶẠĕ Ẫ

ķ ẪѕĽꞈᵧṥ G5.1.1Hľ Ẫ
8Ľ ῺĚŘľ Ĩňĵű:ƯƵ ěכš

ėĮőĽĺΣĝĹē! 

 ķĢŜĶ Ẫ ĶᴁẐĦĮ ẪͯϹ ŪƏƭŰ:ķ ᵍ ῺĶᴁẐĦĮ MMŪƏ

ƭŰ:ľ ѯᾈ ě˙ĕĮŐ ╟ Ľ ϴĺľ☺Ğˋ ěĹē!₣ Ẫ H2O š ĺ

ķĲĵŎŚGₑ 1H!ƑơƭƊƍŤƵ( 1)šẠĲĵŹƧƮ:ƉťƵŮ: Ủšδēĵ

ŘśŚŪƏƭŰ:ľ ₑ 1ḯĽŗĕĺ Ẫěᵧēĺ☺Ğꞈᵧṥ ĶĜĹēŊĸ

ᵊĺ śĵēŚ  ĚŘ ˺ĽŗĕĺὝōĲĵ ₣ Ẫšכ→ĨŚķĜĽŪƏƭŰ:

ĶđŚ!ĳōř ĢĽŪƏƭŰ:Uě ẪͯϹᴁẐG Ẫҍ œ ї₲ H

Ķ ŘśŚ ĶđŚ!ˢ  ᵍ ῺĽ MMƟƈƵŹƥƭĺľ ӡ ĦĮѯᾈ GU=0

ĺĹŚ HľĹē!ѯᾈ ľ ᴕḀ ľ ᶻϬѕӔ  ᴕḀϲľ ᶻϲĺĹŚ!ˢ

LJœ≥ ꞈᵧṥ ľ ẪᴁẐķ ħĞ ᵊ͇ěѯᾈĺĹŚ!ĳōř MMƟƈƵŹƥƭ

ŪƏƭŰ:ľ Ľ ẪᶣַאěѯᾈĺľĹŘĹē!ŗĲĵ ẪͯϹᴁẐķᵍ

ῺĶᴁẐĦĮŪƏƭŰ:Ľ š ╗ ϴľĶĜĹēĽĶ ˋě ĶđŚ! 

 ˀῲĽ Ẫ Ĺể šőķĺ ōĩľ Ẫѕꞈᵧṥ š ĺĦ Ĭśě ῲĶ╝

ĦĮᵍ ῺĽĸĽ᷆ĺ ͒ĨŚĚš ṽ ĺҊὸĦĵŎĮG 1H! 

 (1)  ≥ ľ ᵏ ΚĽѕĽű:ƯƵ ĬĽőĽĶđř r - 1ĽӔ šổ↑קּ˃

ĳ!Ģśľ ῺĽ≥ ĺ ͒ĨŚ! 

 (2)  ᶆ  G3H Ҍ  ( 4)  ẋ ľ ꞋῘĦĵ van der Waals GVDWHķᵎ

ĿśŚGῧṐľ Ř 1983 Ľ 10ῙšẇῐĽĢķH!ōĩ (2)Ľ ᶆ ľ 

 

8 ᾙĶľ Ẫ  ẪᴁẐ Ẫ Ϲ ẪͯϹšđōř֜ ĪĩĺẠĲĵēŚ!Ӫēĵ

ᵈĕķ Ẫš Ῠĺ ẪᴁẐšᶺĕĢķš ẪͯϹ ķᵎŅĢķĺĦĵēŚ! 

5.4. 1 ᶍ טּ ᶽḕḳ᷃  ᴻ
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̞ҴⱧԆẪ ĳōř ᵏ ΚĺŗĲĵṥŘśŚⱧԆẪě ħ̞ҴⱧԆẪ ōĮľ

Κ ᴾẪķ ŘĝĽőķĺꞈᵧṥ ĨŚĢķĶ−ħŚ ĶđŚ!ŗĲĵ ᵏ ᴾẪ

ΚĶ MDšĨśĿ ≥ ķĦĵỡ ĺᴁẐĤśŚĽĶ ᵍ ῺĽƟƈƵŹƥƭ

ї₲ĺ śŚ ľĹē!ˢ  (3)Ľ Ҍ ľ ᵏ ΚĚ̞ҴⱧԆẪĺŗĲĵֿכĽ

ẪĽⱧԆẪě ҌĤśĵꞈᵧṥ ĨŚĢķĶ−ħŚ ĶđŚ!ŗĲĵ Ủ(5.1) Ľᵏ

ΚĽŎĽ ῺĶľᴁẐĶĜĩ Ԇ ῺšẠŞĹēķᴁẐĶĜĹē!(4)Ľ ẋ

ľ ẪĽὼѕ Ĺ̓ ĺŗřᴾẪĺ ΚĽ ř ĳōř ҁⱧԆẪě ҌĤś Ĭ

śĺŗř ĽᴾẪĺő ҌⱧԆẪě−ħ ĬĽ ĳěꞈᵧṥ ĨŚĢķĶ−ħŚ!Ģ

Ľ ẋ ě ᵍ ῺĽ LJĽ r - 6Ľ˰ ᷆ĺ ͒ĨŚ! 

 

5 .4.1. ᶍ ᶍ טּ ᶇ ᶍ ꞌᴳ ᶨ 1֩983 ֪

ᶍ 10 ᵆ ᵩᶧᶒּט ꞌᵇᶇ (2015) ᶍ ᵆ

ᶍ ᶉbᶈᶱ ᶊ  G

Ἧ  ĞőĽ Ӕ AMBER ↑קּ˃ ῺĽ ͒ 

( 1) ≥  

 

Κ ᴾẪѕ r - 1 ≥  

(2) VDW(a) ᶆ  Κ ᴾẪ vs̞ҴⱧԆẪ 

̞ҴⱧԆẪѕ 

r - 3 

r - 6 

≥  

(3) VDW(b) Ҍ  Κ ᴾẪ vs ҌⱧԆẪ 

̞ҴⱧԆẪ vs ҌⱧԆ

Ẫ 

r - 3 

r - 6 

Ủ(5 .1) ĺľĹē!

įě Ԇ Ὼĺľ

͒᷆đřG ẇ

ῐH 

(4) VDW(c) ẋ  ҌⱧԆẪѕ r - 6 LJĽ r - 6᷆ 

( 5) ᵺи┐ (ᵺ

и )  

 

֕╗ᴾẪѕ e- br ōĮľ 

r - 9 ?r - 12 

LJĽ r - 12᷆ 

( 6) Κ˒  ֕╗ᴾẪѕ Ủͯ  ᵍ ῺĽ ͒᷆ľ

Ĺē 

  

 (5) ᵺи┐ ľ ᴾẪ Ầě╗֕ĨŚķ Ẫ̔ěὫĹĲĵ ĨŚ ĶđŚ!ĳ

ōř ₲ĽƗũƭơŬƵGĢĽῺḀ ẪHľ ˢĽ Ẫ  ĺ ŚĢķěĶĜĹ

ē ķēĕƓŨƬĽ ᴾכֿ ĺŗĲĵ−ĩŚ ĶđŚ!ᵺи┐ ľ e- brĺ Ħĵᵂ

₨ĨŚĽĶ ֕Ӕ ĶĦĚ ĚĹē!֕ỏķĦĵ r - 9 ĚŘ r - 12šẠĕĢķěֿפē!Ủ

(5.1.1)  Ķľ LJĽ r - 12᷆ěĢśĺ ͒ĨŚ!ĢĽ r - 12ĺľ ĺ Ĺˋ ěđ

ŚŞĠĶľĹēĽĶ ֿכĽ  ėĿ r - 9šẠĕĢķőđř đŚēľĬőĬőĽ e- br
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šẠĕĢķőđŚ!įě r - 12ľ r - 6ķ♯ŎḀŞĪŚķ ₲Ϲ ĺʭēœĨēĽĶ 

ᶓĞẠŞśĵēŚGLennard=JonesĽ 12- 6ƟƈƵŹƥƭě ōĤĺĢśĶđŚH! 

 (6) Κ˒ ľ ҍ ĽὫĹřš ħĵ Ẫě˒ ĨŚĢķĺŗŚ ĶđŚ!Ģ

śľ ͯϹᴕḀĽ−→$Ή ĺїŞŚ Ķ ᵏ ΚšẠĲĮᵍ ῺĶľ ᴾ

ĺľ ᵅĶĜĹē! 

 ỗĺ Ẫ ꞈᵧṥ ĶđŚě ῺĽᴕḀ ĺїĨŚ GỦ 5.2.1 Hľ Ẫͯ

Ϲ ĺľͯϹᴕḀ Gӡ ᴕḀ HķᵎĿśŚőĽ ͒ĨŚ!Ģśľ Ẫҍ Ľĕ

İᴕḀ↑ҍ ĺ Ẫě ĳ Ĳĵʸ ͯĨŚĢķĺ ĨŚ!Ĺī ʸ ͯĨŚĚķ

ēĕķ ѐ ĺľSYĺΚ ĦĵēŚ ĳĽᴾẪϬĽѕĺ ZĺΚ ĦĵēŚ Ẫ

̔ě ĲĵᵚĽ šΌĮĨG  2004HTĚŘ ķᶳėŚķŗē!ōĮ ῺĽᴕ

ḀϲG5.2.3 HķļħśϲG5.2.5 Hľ ẪͯϹ ĹͯϹᴕḀ  Κᵺи  ᵺи

┐ ě ŎḀĲĮőĽš֕ỏ ĺ ĦĵēŚ! 

 ˀῲ ẪͯϹ ĺᴳĮ ķ ᵏ ΚĽᵍ ῺGỦ 5.1.1 HĶʭĕ š ṽ

ĺ ͒ĤĪĵŎĮ! ṽ ķᾙēĮĽľ ĬőĬő ẪͯϹ Ĺ ľ Ģśľ͵ 

Ĭśľ͵ ķůƮŦĺ ЅĶĜŚŞĠĶľĹēĦ ōĮ ᵍ Ὼľ ēŞĿꞋḀ

ĺEĕōĞᶺĞŗĕĺFƓƫƣ:Ɓ:šṥĲĵēŚĽĶ ᴿ ĺ ẪͯϹ Ĺ ĺḀ

ŞĪĵēŚŞĠĶľĹēĚŘį!ĢĽEĕōĞᶺĞFķēĕ Ľ ʸľ ᴁẐ Ῠ

œ ĺ˃ּקĦĵ ŞŚ!ԀὲשĽ ↑ ěỸᴻĺḀĕŗĕĺƓƫƣ:Ɓ:šḀŞĨ

őđśĿ ƁƵƓűỷĽᶣַא ěĕōĞēĞŗĕĺƓƫƣ:Ɓ:šזּ ╜ĨŚῺ

ḀőđŚ! 

 ķľᵈĕőĽĽ Ủ( 5.1.1) ĽŗĕĹᵏ ΚĶľ ĪĹēĽě ėĿ 1(3)

Ľ Ҍ šľħŐķĨŚ Κ ԆĽᶂΌįŜĕ!ĬĢĶ Κ ԆšỦĺṅř ś

Į Ԇ Ὼě₲ֿפĞ ʼĤśĵēŚGHalgren & Damm, 2001; Wang et al., 2000; 

Kaminski et al., 2002; Patel & Brooks, 2004 !Hכֿ  Κ ԆĽđŚĹĦĶ Ɯƙ

ƃƋĽƗū:ƭƉťƵŲĺ˙ēěὶĮ ķēĕ ḉőđŚGSoto & Mark, 2002H!ō

Į ŦŬƵĽ₣ Ľỡ ŪƏƭŰ:ᴁẐĶľ Κ Ԇě ĶđŚĢķőỞĤśĵ

ēŚGGrossfield et al., 200 3H! Ԇ Ὼĺĳēĵľ Cieplak (2009 )ĽꞋ╝ěŗ

ĞōķōĲĵēŚĽĶ ẇῐĽĢķ! 

 Ủ(5.1.1) Ľ AMBERῺľ ᵍ ῺĽ Ķđř ͯϹי ͒šҊὸĨŚĢķľĶĜ

Ĺē!įě MM- MDĽ ˅ ĶͯϹ ͒šҊὸĨŚĮŐĽͯϹ ͒ Ὼőϋ Ĥśĵ

ēŚ!ĬĽ Ľ ReaxFFGVan Duin et al., 2001, Chenoweth et al., 2008 Hľ 

Ủ(5.1.1) ŗřőľŚĚĺ ṽĹƟƈƵŹƥƭ᷆šẠĲĵ ͯϹ ͒šḽᵅĶĜŚŗĕ

ĺĦĵđŚ!ReaxFFľ MDſƗƊ LAMMPSĺỸאĤśĵ ĺṗ ĽᴁẐĶᶓĞẠש

ŞśĵēŚ! 

 ĤŘĺ ᵅṖ ⁵ᶏ GAIH/ѾσϹὌGMLHšẠĲĵ Ὼšṥř Ĩ ķēĕ

ỆŎě⁮ŢĶēŚ!ĢĢĶľ Unke et al. (2021) ĽꞋ╝ķ G2023HĽӰΉᾙš
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ӐġŚĺ ŐŚě ểě Ĺ ĶđŚ! 

 Ԇ Ὼ ͯϹ ͒ Ὼ ML Ὼľ ṽ ĺľ FPMDĶĹĠśĿ ŘśĹē∙

$῾ š MM- MDšẠĲĵ ŚĢķš ẰĦĵēŚ!ĢśŘě− ẪŹơƧƮ:

ŹƩƵĶ ͯĨŚĽő ỖѕĽ įķắĕ!ĢĽᴙĺĳēĵľ 14ῙĶ őĕ

ᾶĦῧĦĞ‖śĵēŚĽĶ ẇῐĽĢķ! 

 

5 ᶍᶝᶇ  f

 

 MDœ EMĺẠĕ ꞈᵧṥ ĽᴁẐ šϖ╝ĦĮ!ᵍ MM- MDĽꞈᵧṥ ĽƓƫƣ:

Ɓ:ĽŽƅƊš ῘĶ ῺķᵎŅ!ꞈᵧṥ ľ ӡ ᴕḀĺ ╗їגĨŚ Ẫ ꞈ

ᵧṥ ķ ĬśˀϑĽ Ẫѕꞈᵧṥ ĺ ĶĜŚ! Ẫѕꞈᵧṥ ľ MM- MDĽᴁ

ẐĽƝƅƊŻƟƅƊĶđŚĽĶ ỗῙĶŗřῧĦĞδ╝ĨŚ! 

 

 

5 A1 . ᶍ ᶇ  

 

 ᴾẪϬšᵍ ĺʭĕᵍ MDĶľ ẪĽӡ

ᴕḀ ľ ´ ᵍ ĺ ‪ Ķ֕ỏĨŚĚ

G5.2 ╜H ĤőĹĞĿ SHAKE/RATTLEĽᶚּו

ŤƭŶƬżƢG 8ῙHĶЯ☺ĺˢ ĺᵏ Ĩ

Ś!įě  ᴾẪϬľ Ẫ ϹĶʭĕňĜőĽ

ĶđŚ!ĬĢĶ ᴾẪϬĽ ‪ š Ẫ Ϲš

∆δķĦĵ Ĭśšᵍ ֕ỏĨŚķĜĺ ᴕḀ Ľ

ᶚּוĽ ĺŗŚ̚Ӽš ĢĽ Ķҡ ĨŚ! 

 ֥ ĺľ ´ͫ ֕Ľᵍ MD(MM- MD)Ķ ỡ

MD9ķᶚּו MDĽ ĸİŘě Ẫ MDĺ֕ēĽĚ Ẫ

Ľӡ ᴕḀš ‪ Ẫ֕ỏĦĵδ┘ĨŚGₑ

1H!ỡ MDķᶚּוMDĽ˙ēľ ỡ MDľӡ ᴕ

Ḁšὦ ĹƒƏĶ֕ỏĦ ˢ  ᶚּו MDľ ӡ ᴕḀšᵏē Ķ֕ỏĦĵēŚŞĠĶ

đŚ!ĢĽ ĳĽ֕ỏĺ Ħĵ ☺ᴾẪš Ẫ ϹĶʭĕ Ẫ MDšѯᾈķĦ ĸİŘ

ě֕ỏķĦĵE Ϲ ĺ10FĨğśĵēŚĚš ħŚ!Ĺę ĢĢĶᵈĕ ᵍ

 

9 ╕Ĺᵈ ĶľĹēĚő śĹēě ĢĽ Ķľ ᴕḀ šᶚּוĦĹē MDšSỡ

MDTķᵎŅ! 

10 ỡ MDķᶚּו MDľ ὤ ľ ᴁẐּי ķʸ ↑ ĳōř physics ĶľĹĞ computation

 

5A1. 1 ᵲᶍ ᶍ  
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MD$ ẪMDķľ ᴾẪϬšᵍ ĶʭĕĚĶ ĠĵēŚ!ƟƈƵŹƥƭG Hšᵍ

ῺƓƫƣ:Ɓ:ĶᴁẐĨŚĚ Ẫ  ᴁẐĶҾŐŚĚľ ŞĹē11! 

 ᾑŐĺ ĲĵęĞě ĢĽ ĺľ ϯĹᴕ ěĹē!´ͫ ֕Ķľ ŊķŢĸ

ĽᴕḀľѯ   ĺđŚĢķ ĽᴁẐľęĬŘĞᶚּו MDě∆Ħēě ᶣַאĺї

Ħĵľỡ MDĽŊĕě ĤĬĕ ķēĕĢķěỞḭĤśĮįĠĶđŚ!įě ĺ

͒ħĮ MDƙƯƊŵ:ƭĽ╚ ĽẇᶳĺľĹŚĚő śĹē! 

 ĢĽ ľ ‹ᵕ ϹĽ → ӰἸķ ἐĽ MDĽѯ♦ĺїĨŚҡ Ľˢĳšō

ķŐĮőĽĶđŚ!ĢĢĶĽ ĹʭēĽŪƅŽƵŻľ Tanaka & Komeiji (2022)  

ķĦĵὶ ĦĮĽĶ ĬİŘőẇῐĦĵ Ħē! 

 ˀͮ [1] [ 2]Ķ ‪ ẪĺїĨŚӰΉᾙ ĹʭēšōķŐ ĬśĺѯĴēĵ [ 3]

Ķ Ẫ‪ ĽỸᴻ šδἡĦ Ḿᵭĺ [4] ĶMD ĽᴾẪѕӔ Ľʭēĺĳēĵҡ

ĨŚ! 

 

ˋ%ĢĽ Ķľ ƞƭƆƠƵ ₲ kB ͫ T Ҳͫ ǒ=1/( kBT) ‪ ₲ǝ ϲ

‪ ₲Ǩ=2Ǡǝ ƙƫƵű ₲ h Ɖťƫƅű ₲Ѐ=h/ ( 2Ǡ)š ĺ╝ ĹĞẠĕ!

Ĺę Tanaka & Komeiji (2022) Ľ Ľҡ ķ ỦĶľ ǒ Ѐ ǨĽŎšẠĲĵ

ęř ỉ Ķő Ľҡ ĶľĢśŘšẠĕĢķőđŚ!įě ͫ TĺęĠŚ

ǝĽỸᴻ ķ ╗ ϴĨŚĮŐ ḾὊ ĺľ T h ǝšẠĲĵ ỦĦĵēŚ!őİŜ

Ţ ĺ Ҋě˙ĕįĠĶ ĸİŘšẠĲĮķĢŜĶ ҡ Ľ ỷľ ŞŘĹē! 

 

[ 1] ᶍ ֩ḧ᷄ḵ᷀Ḗḓ᷀ḳ ֪ 

 

 ḰĦđĮĲĵ ơűƯŭƐƍŭƭὝḀĶĽ 1ỗᴽ ‪ ẪĽ ӰΉᾙ Ĺʭēš

ōķŐĵęĞGMessiah, 1967  ĹĸH!SơűƯŭƐƍŭƭὝḀTĹĽĶ ĢĽ

 

Ľ ĚŘ ҡ ĤśŚĢķěֿפĚĲĮ!ōĩ ᶚּו MDĶľỖѕŻƈƅƙš ĜĞἨśŚĚŘ 

ỡ MDĺ ňĵ ħᴁẐ Ķ ēỖѕš ĕĢķěĶĜŚ ķēĕĽě ᾑĽ ĶđĲ

Į!ˢ  ᶚּו MDľᴁẐě ĨŚĢķěֿפē ķēĕᴑ őẰ ĤśŚĢķěֿפĚĲĮ!į

ě ĢśŘĽ ľ 21ⅎ҇ĽḚ Ķľ đōřˋ ěĹĞĹĲĵēŚ!ķēĕĽľ ֿפὫỖѕ

ḈŎ Ľ ĶG3.11 ╜H ᶚּו MDĽỡ MDĺ ĨŚᴁẐᶂ Ľ ľ ŊŋΉ ĦĵĦ

ōĲĮĦ ˢ  ᶚּו MDĽŤƭŶƬżƢ$ƙƯŲƫƢĽʸ ↑ő+ĦĵēŚ!ĬőĬőᶚּו

MDě ĨŚĽľ Ľ ĺҌˮĨŚῺḀěŊķŢĸĶđŚĢķőתᴻ ĺ ŘśĵēŚ

G Ẫᶣַאěʣē ĹĸH!ĬŢĹŞĠĶ Ḛ Ķľ computation ŗřő physics Ľҡ Ľ

ŊĕěὫ ĶđŚ! 

11 ᴾẪϬĽ ẪͯěƣŦƵĽẚỎĽ⁵ľ ᴾẪϬš Ẫ ĺʭĕĚĸĕĚĶ Ẫ MDķᵍ

MDĽ ᵴšẠē ĠĵēŚŗĕĶđŚĽĶ ĢĽ Ķľ Ĭśĺ ĲĮ! 
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‪ Ẫľᵑ ĦĵϑķĽŪƏƭŰ:ĽœřἨřěĹē!ŗĲĵ ŪƏƭŰ:Eľˢ

ĶđŚ!ỷ š m Ľ ₲š kGƞƭƆƠƵ ₲ kBķḥ ĦĹēĢķH ḹ Ľ

˂š x ƟƈƵŹƥƭš U( x)ķ ĠĿ  

 Ὗὼ Ὧὼ  ( 5A1.1) 

ĶđŚ! 

 ˀͮ xĽϯ š p( x)ķ ҊĨŚ!p( x) dxľ xě x~x+dxĽ šἨŚϯ Ķđ

Ś!ĢĽ p( x)ě ҡ Ľů:Ʊ:ƋķĹŚ!ĳōř ᶻϬѕӔ ĚŘĽĩś xě 

ᵍ ķ ẪĶĸĽŗĕĺ ĨŚĚš ϴĨŚŞĠ!ᵍ ϹĶҾŐĮ p( x)š

pc( x) Ẫ ϹĶҾŐĮ p( x)š pq( x)ķ ҊĨŚ! ėỒĽ cķ qľ Ĭśĭś

Classical ķ QuantumĽ ỒĶđŚ! 

 

ᵍ Ϲ  

 ᵍ ϹĶ Ủ(1)ĽƟƈƵŹƥƭͮĽ̓ ľ ̓ Ủ(2)šδĠĿŗē! 

 ά    ( 5A1.2) 

ᴕΌįĠšᾙĠĿ 

 ὼὸ ὃὧέίς“’ὸὄ  ( 5A1.3) 

ķĹŚ!ĮįĦ ‪ ₲ǝľ  

 ’   ( 5A1.4) 

A, Bľᾑѻ ᴙĺ˃ּקĨŚ ˋ ₲!AľḾ ‪ įě שĽŪƏƭŰ:EšẠė

Ŀ  

 ὃ  ( 5A1.5) 

ķ ĪŚ!Bľᾑѻ˂ꞈĶ ĺỖḈĽϋầš

ēĳĺἨŚĚįĠĶᴒōŚĽĶ ĳōřĸĕĶ

őēēĽĶ ˀͮĶľ 0ķęēĵҡ ĨŚ!ō

ĮἾѻ Tfľ 

 Ὕ    ( 5A1.6) 

ĶđŚ!ÓἾѻĽŲƫƗš ĠĿ ₑ 2ĺĹ

Ś! 

 Ĥĵ ᵍ ϹĶĽ pc( x)ľĸĕĹŚĚ!ᴕΌįĠὶĦĵőēēě pc( x)ľ 

ĽӰΉᾙĺđōřṓĲĵēĹēĽĶ ‴ ĺ ὶĦĵęĞ!ₑ 2šᴳśĿŞĚ

Śŗĕĺ t =0 -  T/2 Ľ xĺĳēĵ ňśĿŗē!ĬĽ Ķ ὪỪķ͕Ừš ś

5A1 .2   



 5Ῑ ķƟƈƵŹƥƭĽᴁẐG◗H ѯ♦ 

128 

 

ėŚ ĳōř t š xĽї₲ķĦĵ ĪĿ ₑ 3ĺĹŚ!ĢĢĶ xě x~x+dxĽ

šἨŚϯ pc( x) dxľ T/2 ĺ ĨŚ dt Ľ ĺ Ħē!ĳōř  

 ὴ ὼὨὼ
Ⱦ

  ( 5A1. 7) 

ĺĹŚ!Ģśľ - A<x<AĶ→ř ĳїגĶ xb- A, xcAĶľ pc( x)=0ĶđŚ!Ủ

(7)š   ĨŚķכ

 ὴ ὼ  

 
Ѝ

 

Ѝ
  

 ˀῲšōķŐŚķ ᵍ ϹĶĽ ‪

ẪĽּקṖϯ pc( x)ľ ỗỦĶđŚ

Gx=[Aľ ˑ įĚŘĸĕĽĢĕĽ ķē

ĕ Ĺҡ ľῒ H! 

 ὴ ὼ Ѝ
Ƞὃ ὼ ὃ

πȠὼ ὃȟὼ ὃ
 

   ( 5A1.8) 

 pc( x)šŲƫƗĶ ĪĿ ₑ 4ĺĹŚ!ᴾ š •ĺḯ˺ ῘĶ Ḿ ‪ Ķ ᵊ

ĺĹŚ!ōĮ ―Ľ ˞Ľ ľ 0ĶđŚ!ĢśŘľ ᵍ ϹĶľ ◦ĶđŚ!

ĳōř Ḿ ‪ Ķľ‪ ľặōŚĚŘ ĬĢĺēŚϯ ě᷈ēĦ Ḿ ‪ ˀῲĺ

‪śŚĢķľĹēĚŘ ϑĽ ˞ĶĽ ľÒ

ĶđŚ!ˢ  x=0 ֕ľ ľ ē!Ģś

ľ ˂ěᾴĤē ľ ּ᷈יĶ śĵēŚĚ

ŘĶđŚ! 

 Ĺę ϯ pc( x)ľᴾ š •ĺḯ˺

ῘįĚŘ xĽѻ <x>cľ ᴁẐĨŚōĶő

ĹĞ 

 ἂὼἃ ᷿ ὼὴ ὼὨὼ π ( 5A1.9) 

ĶđŚ!ˢ ŘĝĽѻ <x2>cľ  

 ἂὼἃ ᷿ ὼὴ ὼὨὼ

ς᷿
Ѝ

ὨὼȢȢȢ  

Ủ( 5)šẠĕķ  

5A1 .3  x ᶍ ᶇᵶᶅᶍ

t  

5A1 .4  ᶆᶍ

ᶍ  
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 ἂὼἃ  (5A1.10)  

ķ EĶỞĪŚ! 

 

Ẫ Ϲ  

 Ḛ ľ Ẫ ϹĶ ƟƈƵŹƥƭ(1)ĶĽϯ šᴁẐĨŚ!‪ ẪĽ ї₲

šǧ( x)ķęĞķ Ẫ ϹĺŗŚϯ pq( x)ķĽїגľ  

 ὴ ὼ ȿ‪ὼȿ  ( 5A1.11)  

ķēĕԆŐĵщ ĹőĽĶđŚ!ǧ( x)ľ ỗĽ Ỗѕĺ˃ּקĦĹēŹƧƮ;ƉťƵě

; Ủ 

 Ὧὼ ‪ὼ Ὁ‪ὼ  ( 5A1.12)  

šδĠĿ ŘśŚ!ĨŚķ ŪƏƭŰ:Eľ Ẫ₲ n=0, 1, 2, ..., Ķ҉ ĤśŚ

ł łĽ šἨŚĢķěŞĚŚ! Ẫ₲ nĺ ͒ĨŚŪƏƭŰ:Enķ ї₲

ǧn( x)ľ  

 Ὁ Ὤ’ὲ      ( 5A1.13)  

 ‪ ὼ
ȦЍ
Ὄ ‌ὼὩὼὴ   ( 5A1.14)  

ĮįĦ Hnľ Ūƭơ:Ɗֿ᷆פỦG 5A2H!Ǒľ 

 ‌ ς“      ( 5A1.15)  

Ķ ҞĤśŚ! 

 (14)š(11)ĺὤĲĵ ῶĨŚķ Ẫ ϹĺŗŚ ϯ ěỗỦĶҾōŚ!

Ẫ₲ nĶї₲כě ŞŚĢķĺ ˋ! 

 ὴ ὼ
ȦЍ
Ὄ ‌ὼὩὼὴ‌ὼ  ( 5A1.16)  

 ˀͮ ķĦĵ n=0,1,2 ĺĳēĵ ֥ ĺŪƏƭŰ:(13)ķϯ (16)

šᾙĜͮĦĵŎŚ! 

 n = 0 Gѯ   H 

  Ὁ Ὤ’   ( 5A1.17)  

  ὴ ὼ
Ѝ
Ὡὼὴ‌ὼ  ( 5A1.18)  

 n = 1 G 1 Ҍ  H 
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  Ὁ Ὤ’ 

  ὴ ὼ
Ѝ
‌ὼὩὼὴ‌ὼ  

 n = 2 G 2 Ҍ  H 

  Ὁ Ὤ’ 

  ὴ ὼ
Ѝ
ς‌ὼ ρ Ὡὼὴ‌ὼ  

 ...  

 

ơűƯŭƐƍŭƭὝḀĶĽᵍ ķ ẪĽϯ Ľ ϴ 

 ˀῲĶ ơűƯŭƐƍŭƭὝḀĶĽ ᵍ Ϲ pc( x)GỦ

8Hķ Ẫ Ϲ pq
( n)  ( x)GỦ 16HĶĽϯ ěҾōĲĮ

ĽĶ ἐš ϴĨŚ! ὌĦĵęĞķ pc( x)ľ∆ĹŘĿĸ

ŢĹŪƏƭŰ:Eĺ ĦĵőᴁẐĶĜŚě pq
( n)  ( x)ľ ↔₲ nĽ ėỒěỞĨŗĕ

ĺ ĽŪƏƭŰ:Ľ EnGỦ 13Hĺ ĦĵĦĚˋ ěĹē! ͒ĨŚ pc( x)Ľᴁ

Ẑĺ ĹḾ ‪ Aľ Ủ(5)ĺ (13)š ĦĮ Ủ( 19)ĶᴁẐĨŚ! 

 ὃ   ( 5A1.19)  

 ōĩ Ủ(13)ĽŪƏƭŰ:EnšƙƯƅƊĦĵęĞGₑ 5H!Ģśľ đŘŕŚ Ẫ

Ϲœ ẪͯϹĽӰΉᾙĺṓĲĵēŚₑĶđŚ!ᵍ Ķľ ĸĽŪƏƭŰ:Ľ ő

Ἠř Śě Ẫ Ķľ hǝ ĺ ł łĽ ĦĚἨŘĹēĢķ Ḿ Ķő E0 = 

0.5hǝĽ šổĳĢķĹĸěŞĚŚ!ĢĽ n=0ĽḾ ŪƏƭŰ:  šѯ    Ĭ

ĽŪƏƭŰ:E0=š ŪƏƭŰ: ĬĽ‪   š ‪ ķᵎŅ! 

 ỗĺ n=0, 1, 2, ŢĶ 20ĺĳēĵ ϯ šƙƯƅƊĦĵŎŚGₑ

6H!ƛ:źƧĽ ľ ₑ 3ķ ĺ ᵍ ϹĶľ đřėĹē ˞šỞĨ! 

 ōĩ ŞĚŚĢķľ Ẫ Ķő ᵍ ķ ĺ ϯ ľ x=0š •ĺ

ḯ˺ ῘĶđŚĽĶ xĽѻ G Ԍ H<x>qľ ᴁẐĨŚōĶőĹĞ 0ĶđŚ! 

 ἂὼἃ ᷿ ὼὴ ὼὨὼ π  (5A1.20)   

 Ẫ ϹĺŗŚϯ pq( x)ľ ᵍ Ϲĺ ňĵęőĦŜē↑ỷšổĲĵēŚ!

ōĩ n=0Ķľ ĹĦ n=1Ķľ 1ĳ n=2Ķľ 2ĳ ... ķēĕŗĕĺ Ẫ₲ n

įĠĽẈGĳōř n+1ᵌĽ Hšổĳ! Ľ Ķľ ‪ ẪĽּקṖϯ ľ 0Ķđ

Ś!ōĮ ᵍ ϹĶľּקṖě 0ĺĹŚ ˞Ķő ϯ šổĲĵēŚ!ōĮ 

Ẫ₲ ně ĜĞĹŚ ĳōřŪƏƭŰ:ᾈ˂ěῲěśĿ ỗ ĺᵍ ϹĶĽ ĺ

5A1. 5  

ᶆᶍ ᶍᶽḕ

ḳ᷃ᴻ ∞ 
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֕ĴĞ!ₑ 6ĶᵈėĿ n=20Ķ pq
(20) ( x)ĽẈķ š ẦĶԌĦĵĦōĕķ ĚĹř

pc ( x)ķὫĹŚĢķě ĚŚ! 

 Ĥĵ ĬĕēĕŞĠĶ ẪᶂΌěᴺ ĹĽľ ŪƏƭŰ:ě ē  ĶđŚĽ

Ķ n = 0 Ľѯ   šᾶĦῧĦĞᴳĵŎŚ!ѯ   Ľ ї₲ľ ₑ 5ķỦ

( 18)ĶŞĚŚŗĕĺ ԌÒ ẋ 1/(2Ǒ2)Ľ∆҉ ĶđŚ!ŗĲĵ ‪ Ľỡῶ

Ԍľ ǑĽ Ҟ(15)šẠĲĵ  

 ἂὼἃ  ( 5A1.21)  

ĶđŚ!Ģśĺĳēĵľ ᵭĶҡ ĨŚ! 

 

5A1. 6. p c( x )ᶇ p q ( x )ᶊᶧᶪ ᶍ

hG =1, m=1, ʌ=1 ᶍ ∞ ᶆ ᵶᵾᴳִי ᶍx ᶎ ᶍ ∞ ḡGᴻḀḭᶆ

ᶂᵾ ᶎᴲ ᶆᶎ ᵫ ᶍ ╓ᶱ ᵸᴳ n  = 0, 1, 2 ᶆ

ᶎ ᶍḁ᷆ᴻḳᶱ ᶮᵺᶅᵡᶪᵫ nƎ= 20 ᵿᵰ ᵧᶅᵡᶪᶍᶆ ≥  G  
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[2 ] ᶍ ֩᷀Ḗḓ᷀ḳ ֪ 

 

 [ 1]Ķľ ᵑ ĦĮ ơűƯŭƐƍŭƭὝḀĶĽÓỗᴽ ‪ ẪĺїĦĵҡ šᶺ

ĲĮ!įě Ẫ ĽᴾẪľᵑ ĦĵľęŘĩ Ἶ˅ķ ᵺиšĦĵēŚ!ĬĢĶ 

ŗřỸṔĽуӨĺ֕ēƤƉƭĺĨŚĮŐĺ ŭƐƍŭƭὝḀ ĳōř ͫĽ ĺ╗

ĦĮ  Ķδ┘ĨŚ! 

 ˀͮĶľ ᵍ Ϲķ Ẫ ϹĽ Ķ ͫ TĽ ĺ╗ĦĮ ‪ ẪĽ ᴁ

Ϲ ʭēšҊὸĨŚGẬֹ1992 ו ṡ  2008ĹĸšẇῐH!֥ ĺľ 

ї₲ ZT ϯ PT ( x) ԌŪƏƭŰ:ET CT ˂ Ԍ<x> ˂ Ř

ĝGỡῶ ԌH<x2>š ᴁ ϹĽ ├ĺὤĲĵδēĵēĞ! ẪƤƉƭĽҡ

ĺ ĺὫ ĹĽľ <x2>ķ CTĶđŚ! 

 

ᵍ Ϲ 

 ᵍ ĶĽ ї₲ ZT
cľ  

 ὤ Ὠ᷿ὴ᷿Ὠὼ Ὡὼὴ‍ Ὡ᷿ Ὠὴ᷿Ὡ Ὠὼ  

    ( 5A1.22) 

ͫ TĶĽḹ xĽϯ ľ12  

 ὖ ὼ
᷿ ᷿

Ὡὼὴ‍  (5A1.23)  

Ķ Ģśľ ƞƭƆƠƵ ĶđŚ!ŪƏƭŰ:ľ  

 Ὁ ὰὲὤ ὰὲ ὯὝ   (5A1.24)  

ľ  

 ὅ Ὁ Ὧ      (5A1.25)  

ĺĹŚ! ľ ͫ šῲġĮķĜĽŪƏƭŰ:Ľῲ῁ įĚŘ ᵍ ֕ỏĽ ˅

Ķľ ͫ ě 1 KįĠῲěśĿ kBįĠŪƏƭŰ:ěῲěŚ ķēĕĢķĶđŚ! 

 xķ x2Ľѻ ľ  

 ộὼỚ ᷿ ὼὖὼὨὼ π     (5A1.26)  

 

12 Ẫ ķő ̓ pľĨĶĺ┤ ĦĵᾤēĵĦōĲĮכ!ḹ xĽŎĽї₲šʭĕĚ

Ř ĢśĶ ē! 
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 ộὼỚ ᷿ ὼὖ ὼὨὼ ᷿ ὼ Ὡὼὴ‍ Ὠὼ Ễ  

        (5A1.27)  

ķ ˀῲĶ ᵍ ֕ỏỦĽ ὶľęĦōēĶ Ẫ ĺ˒Ś! 

 

Ẫ Ϲ 

 Ẫ ĶĽ ї₲ ZT
qľ EnGỦ 13)š Ħ ӆ₲ĽᶀỦšẠėĿ  

 ὤ В Ὡὼὴ‍Ὁ В Ὡὼὴ‍Ὤ’ὲ Ὡ 
 

В Ὡ   

 
 

Ễ ὧέίὩὧὬ    ( 5A1.28)  

ĺĹŚ!ōĮ đŚ‪ Ẫě n ĽŪƏƭŰ:ᾈ˂šἨŚϯ ľ 

 ὖ
В В

Ễ Ὡ ρ Ὡ  (5A1.29)  

ĹĽĶ ĢśķỦ( 16)Ľ pq( x)šẠėĿ ẪשĽŭƐƍŭƭ ї₲ľ  

 ὖ ὼ В ὖὴ ὼ В Ὡ ρ Ὡ
ȦЍ
Ὄ ‌ὼὩὼὴ‌ὼ  

 ȣ
Ѝ
 ὸὥὲὬ Ὡὼὴ‌ ὸὥὲὬ ὼ   

 ς  ὸὥὲὬ Ὡὼὴ   ὸὥὲὬ ὼ   (5A1.30) 

ĺĹŚGỦĽ ľ Tanaka & Komeiji, 2022כ ẇῐH!ˢ  ŪƏƭŰ:ľ ї

₲ŗř  

 Ὁ ὰὲὤ ὰὲ
 

ὧέὸὬ ὧέὸὬ  (5A1.31)  

ĺĹř Ģśš TĶ Ħĵ šҾŐŚķ 

 ὅ Ὁ ὧέὸὬ ὧίὧὬ  

ςίὭὲὬ       (5A1.32)  

ĤŘĺ xķ x2Ľѻ ľ  

 ộὼỚ ᷿ ὼὖὼὨὼ π      (5A1.33)  

 ộὼỚ ᷿ ὼὖ ὼὨὼ ᷿ ὼ
Ѝ
 ὸὥὲὬ Ὡὼὴ‌ ὸὥὲὬ ὼ Ὠὼ 

 Ễ
  

    (5A1.34)  
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5A1. 1 ╗ ᶍ  

 ᵍ Ϲ Ẫ Ϲ 

ϯ  

 PT( x)  
‍Ὧ

ς“
Ὡὼὴ‍

Ὧὼ

ς
 

(ḽ 5A1.23) 

ς
“ά’

Ὤ
 ὸὥὲὬ

Ὤ’

ςὯὝ
Ὡὼὴ

τ“ά’

Ὤ
  ὸὥὲὬ

Ὤ’

ςὯὝ
ὼ  

    (ḽ 5A1.29) 

  

 CT 

Ὧ   

(ḽ 5A1.25) 
ςίὭὲὬ (ḽ 5A1.31) 

Ԍỡῶ

˂ 

 <x2>T 

ὯὝ

τ“ά’
 

(ḽ 5A1.27) 

  
 (ḽ 5A1.33)  

 

 ˀῲ ᵍ ķ ẪĶˢỗᴽ ‪ ẪĺїĨŚʭēšĥĲķὸňĮ!Ὣ Ĺ š 

1ĺōķŐĵęēĮ!ˢᴳ ᵍ Ϲķ Ẫ ϹĶ☺Ğ˙ĕŗĕĺᴳėŚě Ỹľ

ĬĕĶőĹēĢķš ỗĺỞĨĢķĺĨŚ! 

 

Ẫ ϯ  Řĝ Ԇᵊ 

 ḚōĶ ŭƐƍŭƭὝḀ ĳōř ͫ ᴙĽͮ ᵍ Ϲķ Ẫ ϹĶ ‪ Ẫ

Ľ šēĞĳĚҾŐĮŞĠįě ĤŘĺᵍ ķ ẪĽ ϴš⁮ŐŚ! 

 ϯ   Ԍỡῶ ˂Ľ Ẫ ĺŗŚ ỦĽ T¦0ķ T¦dĽ ĳĽԆ

ᵊĶĽńŚōēš ňŚ!ᴕ š╣ĺᾙĞķ  

 T¦0Ķľ Ẫ Ľѯ   ĺἽּוĦ  

 T¦dĶľ ᵍ ĽᴕΌķˢ ĨŚ! 

 T¦0Gǒ¦dHĳōř╟ 0 ĺ֕ĴĞῺḀľĸĕĹŚĚ!t anh( s)¦1 ( s¦dHį

ĚŘ ϯ ķ Ԍỡῶ ˂ľ  

 ὖ ὼ ς  ὸὥὲὬ Ὡὼὴ   ὸὥὲὬ ὼ  

  ᴼ 
Ѝ
Ὡὼὴ‌ ὼ ὴ    Gḽ 5A1.19H 

 ộὼỚ
  

 O  
 
ἂὼἃ     Gḽ 5A1.22H 

Ķ ѯ   ĺĹŚ!ōĮ ľ sin h( s)~es/ 2 ¦ d ( s¦dHįĚŘ  

 ὅ ςίὭὲὬ ͯ Ὡὼὴ ᴼπ ( 5A1.33) 

ķēĕכĶ һᴍĺÒĺ֕ĴĞ! ŕ Ĺ ᵅĶľ S ͫĺĹŚķ ‪ Ẫľ
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U ĲĵVĦōĲĵ őľœ šҸἽĦĹĞĹŚĽĶđŚG ṡ,  2008, p. 

164HT!Ģśľ ᴺ Ĺ ẪᶂΌĶđŚ! 

 ˢ  T¦dGǒ¦0HĽ᷈ͫĽԆᵊĶľĸĕĹŚĚķᵈĕķ t anh( s)~s 

sinh (s)~s ( s¦0HįĚŘ  

 ὖ ὼᴼ Ὡὼὴ‍ ὖ ὼ  (ḽ 5A1.23) 

 ộὼỚ O   
 
ộὼỚ     (ḽ 5A1.27) 

 ὅ ᴼὯ      (ḽ 5A1.25) 

Ķ ẅĳķő ᵍ ֕ỏĺ֕ĴĞ! 

 Ẫ Ľ˂ ŘĝĽ↑ỷšőĕᾶĦᴳĵŎŚ!ōĩ t anh(ǒhǝ/ 2)b ǒhǝ/ 2

įĚŘ ĩ 

 ộὼỚ ộὼỚ     (5A1.35)  

ĺĹŚ!ĳōř ˂ Řĝľ ᵍ ֕ỏĽŊĕěᾴĤē!ōĮ t anh(ǒhǝ/ 2)b 1

įĚŘ  

 ộὼỚ ἂὼἃ      ( 5A1.36) 

Ķ ˂ Řĝľ ѯ   ěḾ ĶđŚ!Į

įĦ ᵍ ķ˙ē ╟ 0 Ķő Řĝě 0

ĺĹŘĩ ᵊĽ šổĳG ‪ H!Ģś

š ϖ ĹŲƫƗĺōķŐŚķ ₑ 7ĺĹ

Ś!Ỹ ľđķĶ ₑ 9ĺỞĨ! 

 ŭƐƍŭƭὝḀ ĳōř ͫ ᴙͮĽ ‪

ẪĽ↑ỷšőĕˢ ōķŐŚ!ᵍ Ϲĺŗ

Ś֕ỏľ Ẫ ϹĽᴕΌ ĳōř∆δĺ Ħ

ĵ ͫ ě᷈ĠśĿ ē֕ỏĺĹŚě ╟ 0

ĺ֕ĴĞķϑśĵĦōĕ! 

 

[ 3 ]  ᶍ ᶍ  

 

 ˀῲ [1][2] Ķ ᵍ Ϲķ Ẫ ϹĽ ĺĳēĵ ӰΉᾙ Ĺ 1ỗᴽ ‪

ẪĽ↑ỷšōķŐĮ!ĢĽ[ 3]Ķľ ỸṔĽ Ẫ ӡ ᴕḀĽ‪   š ‪ Ẫ

ě Ỳͫ( 300æ ֕HĶĸŢĹ  ĺđŚĚ ᶳṶĨŚ! ĺŗĲĵ ōĩᴕΌšᾙ

Ğķ ŊķŢĸĽӡ ᴕḀľѯ   ĺđŚ!ĳōř ӡ ᴕḀ ľ ‪ š

ĦĵēŚě šҸĲĮř ēĮřĦĹē! 

 Ỹᴻ ĹƉ:Ɓķ š ϴĨŚĮŐĽᾈ ķĦĵ ‪ ŪƏƭŰ:E=hǝš kBĶ

5A1. 7  ∞ ᶨᵭᶍּד ∟

֩  ֪
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ЅĲĮ ↑ͫ TǘĶ ĦĵęĞ! 

 Ὕ Ὤ’ȾὯ ὉȾὯ  ( 5A1.37)  

↑ͫ TǘšẠėĿ ƞƭƆƠƵˮẪľ 

 Ὡὼὴ Ὡὼὴ Ὡὼὴ  

ĽכĽŗĕĺ ͫ ķĽ Ķ ĪŚ!ōĮ CT
qGỦ 34Hľ  

 ὅ Ὧ ςίὭὲὬ Ὧͯ Ὡὼὴ ᴼπ Ὕᴼπ ( 5A1.38) 

ķᾙĜ ĪŚ!ĢĽỦĺḀŞĪĵ CT
qš kB ˂ĺ ͫ š Tǘ ˂ĺĦĵŲƫƗͯĨ

Śķₑ 8ĶđŚ!ĢśšᴳŚķ Tě Tǘŗř ĞĹŚķ һᴍĺÒĺ֕ĴĞĢķěŞĚ

Ś! ĺ T/ Tǘ<0.1 ĺĹśĿ ŊķŢĸ ľ 0ĺĹŚĽőᴳĵἨśŚ! 

 ˀͮ Ỹᴻ ĺ ŘśĵēŚ ēĞ

ĳĚ Ĺӡ ᴕḀĽ‪ ₲šӐġ

ŚG 2H!‪ ₲ĽҲ₲ěἾѻĹĽ

Ķ ῲĽ Ķľ C- Hœ O- H‛ὲě 10 

fs C- O‛ὲě 30 fs ĽἾѻĺĹŚ!

ĢśŘĽ ľ ´Ľ MM- MD Ľ ῺƓ

ƫƣ:Ɓ:ķ Ľ ĶđŚě Ĭśľ

őİŜŢ ῺƓƫƣ:Ɓ:ěỸᴻĺḀŞ

ĪĵṥĲĵđŚĚŘį! 2Ķľ ŪƏ

ƭŰ:E (J) š ₲ k (m- 1) ‪ ₲ 

ǝ (s - 1) ↑ͫ  Tǘ (K)ĽẅĳĽ

ᵅĶő ĦĵēŚě ĸśő ͻĶđ

Ś!ĢśŘĽ ĥĲŀĹиẐỦľỗĽ ř! 

 ’ί ὧ ’ ά σȢπ ρπὯ ά    

 Ὁὐ Ὤὐί’ί φȢφ ρπ ’ ί    

 Ὕ ὑ χȢς ρπ Ὁ ὐ  

ĮįĦ cľᵿּי! 

 Ĥĵ ↑ͫ TǘĺиẐĦĮŪƏƭŰ:ĺĳēĵҡ ĨŚ!Tǘľ H‛ὲїגě

4000 Kˀῲ C- OĶő 1700 KĶđŚ!´ͫĽ 300 Kľ ↑ͫ ˂ĶּזśĿ◗ἐě

0. 1ˀͮ ᵭἐő 0.2 ˀͮĶ ₑ 8šᴳśĿ ŊķŢĸ ěÒĺ֕ē!ỸṔ 2

ĽƉ:Ɓľ ֿפĞĽӡ ᴕḀľѯ   ĺđř Ҍ  ĺῲěřĺĞē ķēĕĢ

ķšỞĦĵēŚ!ķēĕĽľ Ủ(13)ĚŘŞĚŚŗĕĺ ‪ ẪĽŪƏƭŰ:ᾈ

˂ľ hǝĽŪƏƭŰ:ěͽėŘśĹēķ ҌĦĹē!ĦĚĦ ͫ TĽ ŪƏƭŰ

5A1. 8 ᶍּד ∟   
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:ľ kBTįĚŘ 300 K ֕Ķľ 1000 Kš ėŚŗĕĹ ŪƏƭŰ:Ľ Řĝě

−ĨŚϯ ľ ē!őİŜŢ ỸṔĽ ẪĽᴕḀĶľ ₑ 4Ľŗĕĺ ѕϷĺŪƏƭ

Ű:ᾈ˂ě ŢĶęŘĩ ᷈ĞĹŚŊĸḰěᾴĤĞĹŚě ˢ ҌŪƏƭŰ:Ľ

ě ĜĞ ŞŚĢķľĹēįŜĕ!ₑ 5Ķ n=20ĹŘĿ Ẫ Ĺϯ ї₲

pq
(20)  ( x)ěᵍ Ĺ ї₲ pc ( x)ĺ֕ĴĞ Ĺĸķҡ šĦĮě Ẫ‪ ĺїĨ

ŚĚĝř ´ͫĶĬŢĹ Ҍ  ĺĹŚĢķľ  !ĺđřėĹēפֿ

 őĕᾶĦῧĦĞ ŭƐƍŭƭ Ķ ᴕḀěĸŢĹЅḀĶĸŢĹ  ĺđŚĽĚ 

PnGỦ 29HšᴁẐĦĵŎĮ!ᴕΌľ 3ĺỞĨ řĶđŚ!ˢ ◦Ľ ř C- H, 

O- Hķőĺ 300 KĶľ ŊķŢĸ 100 %Ľϯ Ķ n=0Ľѯ   ĺđŚ!1000 KĶ

ľ ᾶĦ Ҍ  Ľϯ őῲěŚě ểĦĵŗē ĶđŚ!C- O‛ὲľ 300 KĶ

ľ 99%ˀ ῲľѯ   ĺđř 1000 KĶœĲķ 82%ĺōĶᵂŚ! 

 

5A1 .2  ᶉ ᶍᶽḕḳ᷃  ᴻ

ᴕḀĽἯ  

 

ŪƏƭŰ: 

₲ k (m-

1)*  

‪ ₲ ǝ

(s - 1)  

↑ͫ  Tǘ 

(K)  

ŪƏƭŰ:E 

(J)  

C- H ŤƭŭƵ 

O- H Ťƭŵ:ƭ 

C- O Ū:ƈƭ 

3.0 x10 5 

3.6 x10 5 

1.2 x10 5 

9 x 10 13 

1.1 x 10 14 

3.6 x 10 13 

4300 

5200 

1700 

6 x 10 - 20 

7 x 10 - 20 

2.4 x 10 - 19 

Ľỉוֹ * šѯĺĦĮϖ₲! 

 

5 A1. 3 דּ  3 00K ᶇ 1000K ᶍ᷀Ḗḓ᷀ḳ ᶊᵩᵰᶪᴲ

n =0,1,2,3 ᶍ ᶍ P n֩ 2 9֪ᶍ╗  G

 

 

 ᴕԄ Ẫ Ϲ ᴁẐĺŗř ´ͫĶľ ֿפĞĽӡ ᴕḀľ ѯ   Ľōō ͫ

ĺŗŘĹē ‪ šĦĵēŚįĠĶđŚĢķěϯ ĶĜĮ!ĬĽᴕΌķĦĵ 

ěÒĺ֕ĞĹř ŊķŢĸ Fӡ ᴕḀ‛ὲFľϑφķ ĽœřἨřšĦĹĞĹ

C-H Tf=4300K O-H Tf=5200K C-O Tf=1700K

n T=300K T=1000K n T=300K T=1000K n T=300K T=1000K
0 0.999999 0.986431 0 0.99999997 0.994483 0 0.996541 0.817316
1 5.96E-07 0.013384 1 0.00344741 0.005486 1 0.003447 0.14931
2 3.55E-13 0.000182 2 1.1926E-05 3.03E-05 2 1.19E-05 0.027277
3 2.12E-19 2.46E-06 3 4.1256E-08 1.67E-07 3 4.13E-08 0.004983
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ŚŞĠĶđŚ13!  

 

 ỗĺ ᶣַא Ĺ Řĝ

š ňĵŎŚ!ₑÛĺᴕ

Ḁ Ľ ԌĚŘĽĩś 

Ԍỡῶ ˂<x2>š ᵍ Ϲ

GỦ 24Hķ Ẫ ϹGỦ 30HĶҾ

Ő ͫ Ľї₲ķĦĵŲƫƗͯĦ

ĵŎĮ14!Ģśľ ₑ 7Ľϖ Ĺ

ŲƫƗĽỸ ĶđŚ!ŲƫƗ A

GC- HᴕḀH ŲƫƗ BGC- Oᴕ

ḀHķőĺ 300KĽ´ͫ ֕ľ 

ᵍ ϹĶľ Ẫ Ľ ŘĝšΣ

ᾴ ͻĦĵĦōĕĢķěϯ ĶĜ

Ś15!ῲὸĽŗĕĺ ´ͫĶľŊķ

ŢĸĽӡ ᴕḀľѯ   ĺđ

ř ĬĽžƯ ‪ ěᵍ ϹĶ

ľḽᵅĶĜĵēĹēĢķšỞĦĵ

ēŚG Įř◗įĠśĸH! 

 ѐ ĺŞĚřœĨēŗĕĺ 

<x2>ĶľĹĞĬĽỡῶḣ

GRMSF)(< x2>)1/2Ľ 300KĶĽ šᾙēĵęĞķ 4Ľ řĺĹŚ!ᵍ ϹĶľ 

Ẫ ϹG^∆δHŗřő ŘĝšΣᾴ ͻĦĵĦōĕ!ĬĽ ľ ẕ♬ Oĺ ň

ĵ ₣♬ HĽ ě Ĝē!Ģśľ ᴄēᴾẪŊĸ Ẫ↑ěᴺ ĺĹŚĚŘĶđŚ! 

 ˀῲ Ẫ ϹšẠĲĵ ňŚķ ´G− ẪĹĸĽ Ѿ ẪHĽ Ẫ Ľӡ

ᴕḀĽ‛ὲľ ´ͫG300æH ֕Ķľ  

 

13 ᷈ᶡͯϹœ Ϲᾑ ͯϹĽӰΉᾙĽƤƉƭψĶľ Ẫ Ľӡ ᴕḀľ ľ ᴕḀ‛ὲ

ěĹē ᵏē Ķ ỞĦĵđŚ!Ģśľ ӡ ᴕḀĺľŪƏƭŰ:ě ĤśĹēĢķšʻỞ

ĦĵēŚ ĽĶľĹēĚķắĕ!Ĺę őİŜŢ Ẫỡ ľ ´ͫĶő ӡ ᴕḀ‛ὲˀϑ

Ľ̓ š Ħĵ šœřἨřĨŚĚŘ šổĲĵēŚ! ĺ ӡ ᴕḀ‛ὲš ħĮ

ĽœřἨřěŊķŢĸĹē ķēĕįĠĶđŚ! 

14 xľ [ 3][ 4]Ķľ ẪĽᴕḀ Ľ ԌĚŘĽĩśįĚŘ ƼxĚƼr ķᾙĞňĜĚő śĹē

ě [ 1][2] ĺḀŞĪĵ xĽōōĺĦĵęĞ! 

15 O- HľƙƯƅƊĦĵĹēě C- HķŊķŢĸ ŞŘĹē!Ĺę ỷ ľиẐỷ ĶľĹĞ H

ķ OĽỷ šĬĽōōẠĲĮ! 

5A1. 9 ᶍ ᶨᵭᶍּד ∟   

֩ ᶇ ᶍ  ֪
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$ŊķŢĸѯ   ĺđř 

$ ĺפֿ ҌĪĩ 

$ŕėĺӡ ᴕḀĽỡ ĺľ ŪƏƭŰ:ě ĤśĹē 

$ĽĶ ŇĽӡ ᴕḀ‛ὲĽѲ ľŊķŢĸĹē 

ĢķěŞĚĲĮ!ĶľЯ☺ĺᴕḀěᵏ ĤśĵēŚĚķēĕķĬĕĶľĹĞ 

$ŏĦŜ ‛ὲĽ Řĝľᵍ ֕ỏŗřő Řĝě ĜĞ 

$ĬĽ Řĝľ ‪ ĶđŚ 

ĢķěŞĚĲĮ!őİŜŢ ĢśŘľ ẪĽ ʭēĺїĨŚ´ủĶđŚ!Ģś

ŘĽ´ủš ĲĮῲĶ Ḿᵭĺ MDĽ ĺĳēĵҡ ĨŚ! 

 

5 A1.4 דּ  3 00K ᶆᶍᴲ ᶍ ᶨᵭR֩MSF, ŉ֪ᶍ ᶇ ᶍ   

ᴕḀ ᵍ  ( <x2>c)
1/2 Ẫ ( <x2>q)

1/2 

C- H 0.028  0.075 

C- O 0.017 0.030 

 

 

[ 4]  MD ᶇ MD ᶍ  

 

 ᾈ ěĶĜĮķĢŜ ᾑĽ  ᵍ Ẫ ϹGMM- MD)Ķľ ӡ ᴕḀšĸĕ

ʭĕňĜĚš ᴩ ĨŚ!ĳōř ᵍ MDĶ ☺ỡ šᶳ ĦĮỡ MDķ ᴕḀ

šᵏ GᶚּוHĦĮᶚּו MDĽĸİŘě Ẫ MDĺ֕ēĚᶳṶĨŚ! 

 ōĩ ´ͫĶľӡ ᴕḀĺ ŪƏƭŰ:ě ĤśĹē ķēĕ Ẫ Ϲ ỎỸš

֕ỏĨŚĺľ ỡ MDŗřőᶚּו MDĽŊĕě∆δĺ֕ē!Ĭśš ĲĵĚ Řĩ

Ě ᵅṖ MM- MDᴁẐĶľֿפĞĽῺḀ ᴕḀ ᶚּוšᶺĕᴮӃἐěֿפē!Ĺę ᴄē

₣♬ᴾẪĽŎšᶚּוĨŚĢķőđŚě Ĭśľ₣♬Ľ‛ὲěꜙē ķēĕ įĠĶ

ĹĞ ₣♬ľ ֿכĽὫēᴾẪĺ ňĵ ẪᶂΌě Ĝē ķēĕ őđŜĕGₑ

9ABšᴳ ňŗH! 

 ˢ  ᴕḀ ě Řğ ķēĕᶣַא Ĺ ĚŘľ ỡ MDĽŊĕě Ẫ Ϲĺ֕

ē!ᶚּו MDĶľ ŘĝěÒįĚŘĶđŚ!įě ĨĶĺᴳĮŗĕĺ Ẫ ϹĽѯ

  Ľ‪ ľ 0 ֕ĺ ĽƖ:űěđř ˢ  ᵍ Ķľ 0 ֕Ľ ľ ē

G ͞ 2008H!ĬĽˋ Ķľ ŘĝěđŚĚŘķᵈĲĵ ᵍ Ĺỡ MDě Ẫ

Ϲĺ֕ē ķőᵈēĜśĹē! 

 ŏĦŜ ḚōĶľҡ ĦĵĢĹĚĲĮě ‪ Ẫ(ĳōřͯϹᴕḀHĽęĚśĮ

уӨĽ ẪᶣַאŇĽ̚ӼšᶳėŚķ ᶚּו MDŗřőỡ MDĽŊĕě ē ěđ

Ś!ęĚśĮуӨķĦĵ ῺšᶳėĵŎŚķ Ὼĺŗř ᶻ ě˒ ĨŚě 
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ĢĽ˒ Ӕ ľ Ẫ Ķőᵍ Ķő ŞŘĹēG  2000 Ľ 1- 11[3]H!

ėĿ ₑ 10Ľŗĕĺ O- HĽἾ˅Ľ Ẫ ĽуӨĺŗř ῺěϾĚśĿ őķĽ

O- HᴕḀľ‛łŚįŜĕ!ĬĽᶂΌľᶚּו MDĶľḽᵅĶĜĹēě ỡ MDĹŘĿḽ

ᵅĶĜŚ! 

 ōĮ ᵊͫ Ķ Ẫěε ĨśĿ 

͇• ĺŗř ᴕḀ ě‛łŚ!ŗĲĵ 

Ģśő ᶚּו MDŗřő ỡ MDĽŊĕě

Ỹ ĺ֕ē! 

 ĮįĦ ĢśŘĽ ͯľ ṽĹᶣַאš

ổĳ Ẫ Ķľ ᾋĹőĽĶĹĞ ēŜ

ēŜĹ ẪᶂΌě ŎḀĲĵὶĵĞŚőĽ

őđŚįŜĕ!ĬśšᶳėŚķ 

ĺᵍ Ķʭĕỡ MDŗřľ ĬĽᶂΌỡ

šЯ☺ĺ ểĦĮᶚּו MDĽŊĕěōĦ 

ķēĕᶳėőđŜĕ! 

 ˀῲ ӡ ᴕḀš ‪ Ẫ֕ỏĦĮῺḀĽ ẪĽỡ MDķᶚּו MDĽ š

ϴĦĮ! ľϯỸĺᵭἐĽŊĕě∆Ħēě ẪᶣַאœᶣַאŕŘĝĺĳēĵľ 

◗ἐĽ ěœœ ĶđŚĢķőỞḭĤśĮ! 

 ˢ  ĢśōĶĽҡ šōĲĮĞ ĺĨŚᶳėķĦĵ SĸĲİő Ԅ ĺľ

Ħĵ ŞŘĹēTķēĕˋᴳőđŚ!ĮķėĿ ƁƵƓűỷĽŗĕĹ ĜĹ ẪĽ

Ĝľ ṐĚēӡ ᴕḀĽ‪ ķľӡ GcoupleHĦĹēĽĶ ᶚּו MDĶőỡ MDĶ

ő ĜĞľ˙ŞĹē ķēĕᶳė ĶđŚ!ĢĽᶳėĽ⅛ ľ MDĽ Ῠķ ĺ

ŗŚĽĶ ∆ϯĺ ėľὶĪĹē! ĜĹᶣַא ŘĝšὶĨῺḀľķőĚĞ Įķė

Ŀ ỡ ŪƏƭŰ:╘ ŎĮēĹ∙ ĹᴁẐĶľĸĕĶđŜĕĚ' └ľᴩ Ħ

Į őđĲĮŗĕĹҁěĨŚěG ĦĵőᴳĳĚŘĹēH Ḿ֕ľĸĕĹĲĵēŚ

ĽĚ Έ ĺĦĵ ἐľ ŘĹē! 

 őĕˢĳ ĽᶳėķĦĵ SĬŢĹĢķ ҁĺĦĵŚğŘēĹŘ ēĲĬĽĢ

ķ ☺ Ẫ ϹĶʭėĿēēħŒŢTőđŚ!ĮĦĚĺ ᴾẪϬōĶ Ẫ ĶʭĲ

Į Ẫ MDő ẪĹŘĿỸ ͯĤśĵęř ĬśěĤŘĺ ĨŚĽš ĳĽěē

ēĽĚő śĹē!őİŜŢ Ӎ − Ẫשš Ẫ MDĶʭĕĺľ ōį ͵ĚƘƮ

:űŻƭ: ĳōř ᴁẐŤƭŶƬżƢœᴁẐѾƑ:ƋĽ ϸ Ĺ ⁮ ě Ķ

đŜĕ!ṩḚ Ľ ѾσϹὌœ ẪŵƵƖƧ:Ɓ:ĹĸĶĹŢķĚĹŘĹēőĽį

ŜĕĚ!ἣē⁵ĽěŢĿřĺѻ ĨŚ! 

 ˀῲ 7ķҡ ĦĮЅĺ ᴕ ěĹēҊỎĶ′Ħ Ĺēě ᴕḀ ĽᶚּוˢĳἨ

ĲĵŎĵő ēŜēŜĹ ěđŚĢķľŞĚĲĵēĮįĠĮķắĕ!MM- MDᴁẐĽ

ṔĽŤƭŶƬżƢ◑ ĽķĜĽẇᶳĺĹśĿᶒēĶđŚ! 

5A1. 10  ᶆ ᶎ ᶮᶪ 



 5Ῑ ķƟƈƵŹƥƭĽᴁẐG◗H ѯ♦ 

141 

 

 

5 A2 . ᶽḳḧᴻḐ  

 

ˢ Ủ%  

 Ὄ ώ ὲȦВ
Ȧ Ȧ

 

ĮįĦ  

 
ὲ ὩὺὩὲ

ὲ έὨὨ
 

Ỹ % 

 Ὄ ώ ρ 

 Ὄ ώ ςώ 

 Ὄ ώ τώ ς 

 Ὄ ώ ψώ ρςώ 

 Ὄ ώ ρφώ τψώ ρς 

 Ὄ ώ σςώ ρφπώ ρςπώ 

 ...  
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6  ᶇḥḎḻ᷿ḫḳᶍ ֩ ֪  

 

 5ῙĺּנĜ 6ῙĶő ķƟƈƵŹƥƭ

ĽᴁẐ š╝ ĨŚ! 6ῙĶľ Ẫѕꞈ

ᵧṥ G ӡ ᴕḀꞈᵧṥ H ĳōř LJķ

≥ ꞈᵧṥ ĽᴁẐĺᶰĲĵ ╝ šᶺĕ!

ĺ ᵭἐĽ≥ ꞈᵧṥ ĽᴁẐľ MM- MDĺę

ēĵḾőᴁẐỖѕšẠĕFHot spotFĹĽĶ 

ᴁẐ šᵂŘĨĮŐ ŤƭŶƬżƢῲĽᶏ ě

ĺĹŚ! 

 Ẫѕꞈᵧṥ ĽᴁẐľ ĺӡ ᴕḀšѝ

ŏ ẪשĽῺḀ Ὅē ᴗœƐŨƑŨěֿפē!ƘƫƅűƞƅűŻͯĦĮƓƅų:ź

ƙƯŲƫƢšẠĲĵēŚįĠĶľŞĚŘĹē ĬĽἪĽᾴ͌ē šѝŐĵ ῝βĨŚ

ĢķĺĨŚ!Ĺę 5Ῑķ ĺSꞈᵧṥ interaction Tķēĕᵈ ľ SƟƈ

ƵŹƥƭ potential TķS  forceGƟƈƵŹƥƭĽḹ ᶃ HTš ĺ֜ Īĩĺ

◦ķẰĨĢķĺĨŚ! 
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6.1.   

 

 ἾѻӨφķἾѻӨφĽ ĺĳēĵ Ẫѕꞈᵧṥ G ӡ ᴕḀ HĽᴁẐĺ

їĨŚѯ Ỏ᷆šōķŐĵęĞ!ĢĢĶĽ Ẫѕꞈᵧṥ ľ ≥ ꞈᵧṥ ķ LJꞈᵧ

ṥ Ľ ĳšẰĨ! 

 

[1] Ἵּו↑ 

 ĨĶĺ 5.3 ╜ĶὸňĮŗĕĺ MDĺęĠŚ Ẫѕꞈᵧṥ  ĺ≥ ꞈᵧṥ Ľ

ľ Ἵּוě ē ĳōř ᴾẪ ẦěĸŢĹĺ śĵő ě 0ĺĹŘĹēĢķĶ

đŚ!ĢĽᴙš ₲Ϲ ĺ╝ ĦĵęĞ!ᴕ š╣ĺᾙĞķ ≥ ꞈᵧṥ ľ╟ Ἵ

╟ĦĹēě LJľוּ ἽּוĨŚĽĶ ◗ἐľᴁẐě Ķ ᵭἐľĬśŊĸĶőĹ

ē!ꞈᵧṥ ƟƈƵŹƥƭĽӔ r Ľש ě↑קּ˃

ỗᴽG ´ľÕỗᴽHDšẰ ĺ r - Dŗřő ē

ķ ╟ ἽּוĪĩ Ĭśŗřőꜙēķ╟ ἽּוĨ

Ś!Ĺę ľ ƟƈƵŹƥƭŗřőẰ₲ě- 1ĺĹ

ŚĽĶ ᾶĦἽּוěּיēG %≥ ƟƈƵŹƥƭľ

r - 1 ≥ ľ r - 2H!ˀͮĶľ ƟƈƵŹƥƭĽӔ

ĺĳēĵ ͞ṡ$ҥ˜(2011)ĺ↑קּ˃ Ĳĵ ҡ

ĦĵŎŚ! 

 ẪŹơƧƮ:ŹƩƵĶľ ꞈᵧṥ ƟƈƵŹƥ

ƭĽŭƅƊŬƗěӓĤśŚῺḀķĬĕĶĹēῺḀ

š Ӕ Ķẚ↑קּ˃ ĠĨŚ!3ỗᴽ֩ѕĺ ẪGᴾẪHě₲ ǡĶ ĦĵēŚ

šש ῨķĨŚGₑÓ ĮįĦ ₑľ 2ỗᴽįě ҡ ľĨňĵ 3ỗᴽš ῨķĨ

ŚH!ĢĽ Ẫׄľ ƟƈƵŹƥƭ u( r )Ķꞈᵧṥ ĦĵēŚ!r ľ ẪѕӔ ! 

 ͏ĽḎќ Ẫ i ķֿכĽĨňĵĽ ẪķĽꞈᵧṥ U(d)ľ Ẫ i Ľ ᾤ כֿ)ל

Ľ Ẫě Ĳĵ ĹēӔ )šǕķĨśĿ  

6 .1. 1 ᶇḥḎḻ

᷿ḫḳᶍ᷀ḋḐᶿḝ 
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 Ὗ d ᷿ όὶ
d

τ“”ὶὨὶ τ“”᷿ όὶ
d

ὶὨὶ   (6.1.1)  

ĶᴁẐĶĜŚ!ķēĕĽľ r ~r +dr Ľ ĽӂϭĽל ┤ľ 4Ǡr 2dr Ķ ẪĽ ě

ǡĹĽĶ ͏Ľ ẪĚŘ r ĽӔ ĺđŚ Ẫ₲ľ 4Ǡǡr 2dr ĺĹŚ!įĚŘ Ģś

ŘĽƟƈƵŹƥƭŇĽѲ ľ 4Ǡǡu( r ) r 2dr!Ģśš r =ǕĚŘdōĶּטĦḀŞĪŚ 

ĳōř┤ ĨśĿĨňĵĽ ẪĚŘĽƟƈƵŹƥƭĽѲ ĺĹŚ!őİŜŢ לǕ

Ľ֕ Ķľ ĢĽ┤ ľ֕ỏě♫ĨĝŚĽįě ĢĢĶľ r¦dĶĽ‪Ś ēšҡ

ĨŚĽĶ ĶľĹē! 

 Ĥĵ ƟƈƵŹƥƭĽᴁẐĶ Ӕ Rcˀ᷅ľŭƅƊŬƗ ĳōř ểĦĵĦōĕ 

ķĨŚ!ĢĽķĜĽƟƈƵŹƥƭĽ š U( Rc)ľ ˀͮĽỦĶᴁẐĶĜŚ! 

 ὟὙ τ“”᷿ όὶὶὨὶ   (6.1.2)  

ĢĢĶ u( r )ě r ĽňĜῶĶ ĪŚכ ĳōř  

 όὶ ὶ      (6.1.3)  

ĽῺḀ mĽ ĺŗĲĵ U( Rc)ě Rc¦dĶἽּוĨŚĚĸĕĚ ňĵŎŗĕ!Įķė

Ŀ m=- 1ĹŘ≥ ƟƈƵŹƥƭ -ØĹŘ ẋ ƟƈƵŹƥƭGLJĽ 6ῶ᷆HĶđ

Ś!(3)š(2)ĺ Ħĵ Rc¦dĽԆᵊšἨŚķ  

 ὟὙ τ“”᷿ ὶ ὶὨὶ τ“”᷿ ὶ Ὠὶ 

  τ“”ὰέὫ

  

ᴼd      ά σ

 

  τ“”  ᴼd      ά σ  

     ᴼ τ“”   ά σ

 

(6.1.4)  

ķēĕŞĠĶ Ủ(4)ĺŗř U( Rc)ľ Rc¦dĶ m < - 3ĹŘĿἽּוĨŚě m c - 3

įķ ẋĦĵĦōĕĢķě ĚŚ!ĢĢĶĽÕľ֩ѕĽỗᴽ DįĚŘ ŗřˢ ĺ

ľ m < - DĹŘἽּו m c - DĹŘ ẋ ĶđŚ! 

 Rc¦dĶἽּוĨŚ ľ ĹӔ ĶŭƅƊŬƗĦĵő ĜĹ ľĹē!įĚ

Ř ėĿ m = - 6Ľ ẋ ľ ´ľŭƅƊŬƗšẠĲĵᴁẐĨŚ! ľ ἽּוĦ

Ĺē m c - 3Ľ˃ּק↑šổĳƟƈƵŹƥƭĶđŚ! 

 1ĺᴳŚŗĕĺ ≥ ꞈᵧṥ ĺҌˮĨŚƟƈƵŹƥƭľ m c - 3ĽőĽěֿפ

ēĚŘ ẋĨŚőĽĿĚřķēĕĢķĺĹŚ!Ķľ ⅎĽ  ≥ Ķꞈᵧṥ Ħ

ĵēŚ ỷľ ʸ įĚŘּקṖĦĹē ķēĕĢķľ ◦ĹĞ ʸ ĺּקṖĦĵē

Ś!Ĺīʸ ĺּקṖĶĜŚĚ ķēĕķ ∆ Ľ Κě ĺḥĥřḀĲĵēŚĚŘ

ĶđŚ!Ủ(1)(2) Ķľ ƟƈƵŹƥƭľĨňĵ ᷿įě Ģśľₑ 2AĽŗĕĺ ∆

ΚĽŦŬƵįĠěὝōĲĵŚSỡ◦ĺľđřėĹē ʸ Ĺ ӲTĶđŚ!įĚ
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Ř ĢĽשĽƟƈƵŹƥƭľ ẋĦĵĦōĕ!ĦĚĦ ỡ◦ĺľₑ 2ÝĽŗĕĺ ∆

ě ĺōĥřđĲĵ Ħĵ ʸ ĺĹŚ!ĳōř ƟƈƵŹƥƭě İΉĦ

đĕĽĶGἓ ᶂΌ shielding / screeningH ỸṔĺľ Ĺ ĺἽּוĨŚ! 

 

6.1.1  ḥḎḻ᷿ḫḳᶍr ∟      

 

 

 

 

 

 

 

 

  

 Ģśľ ₲Ϲ ĺľS≥ ƟƈƵŹƥƭľ╟

ἽּוĦĹēě  ᴙἽּוľĨŚTķᵈēиė

ŚĢķěĶĜŚ!≥ ꞈᵧṥ ᴁẐĽѯ Ĺ

ĽŪƱƭƋ ĶΞĤśŚSשĽ☺ ΚĽ

ľ 0Tķēĕ ᴙľGᵭὸH ӆ₲Ľ ẋš

ĠŚĮŐĽ₲Ϲ ꜘṥĶđŚě ˢ  ỡ◦Ľ

 SđŚ ˀῲĽᶓē ˞šἨśĿ ☺

ΚľŊŋ ĦĵēŚTš ̛ĦĵēŚ! 

 

[2] ꞈᵧṥ ĽᴁẐ Ľˢ ↑ỷ 

 6.2 ˀ᷅ľ ӡ ᴕḀ Ľ 7ĹᴁẐ

šỞĨě Ĭśĺ╣ İ ˢ ĹōķŐš

ĦĵęĞ! 

 ōĩ ĸĽŤƭŶƬżƢő ḣгľӡ Ħĵ

ēŚĢķš ϯ ĨŚ! Ẫ i ķἾ˅Ľ Ẫķ

Ľꞈᵧṥ šᴁẐĨŚṔĺ ֩ѕš ל Rc

Ľ ˞š֕╗ ˞ķ Ĭśŗř͇ĞĽ͇Ϸ ˞

ķĺ ĠŚ!֕╗ ˞ĽѲ ľ ŤƭŶƬżƢ

Ľᶏ ĺŗŚ֕ỏœּ᷈ͯיě ĦēG ͯľ

;  6.2.3 ╜[ 3]ẇῐH!įě ͇Ϸ ˞ľᶏ

ĺŗřּ᷈ͯיě; ĶđŚ!ŗĲĵ MDĽϧ

ԆẪZ ԆẪ   r  - 1 ( m=- 1)  

ԆẪZⱧԆẪ   r  - 2 ( m=- 2)  

ԆẪZ4ὫԆẪ  r  - 3 ( m=- 3) 

ⱧԆẪZⱧԆẪ   r  - 3 ( m=- 3) ¨ ẋ 

..........................................................

    

ⱧԆẪZ4ὫԆẪ  r  - 4 ( m=- 4) ©Ἵּו 

4ὫԆẪZ4ὫԆẪ  r  - 5 ( m=- 5)   

6.1. 2  ᶍ  

6.1. 1  

(A) ↨    (B) ↨  
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Żƈƅƙĺęēĵ ֕╗ ˞ ľ ε LJő≥ őᴁẐĨŚ!ˢ  ͇Ϸ ˞ľ 

LJő≥ ő ể ōĮľĹŢŘĚĽ Ķ֕ỏšẠĲĵᴁẐ šᵂŘĨĢķěὶ

ŚĦ ֿפὫỖѕḈŎ G3.11 ╜HĶ Ľᶟ;‫ε₲šᵂŘĨĢķő ĶđŚ!ĢĽŗ

ĕĺ ӡ ᴕḀ ĽŤƭŶƬżƢĶľ ѯ ĺľ ₑ 2Ľŗĕĺ֕╗ ˞ķ͇Ϸ

˞ĺ ĠĵᴁẐĨŚ! 

 ōĮ ꞈᵧṥ Ľ֕ỏŤƭŶƬżƢĽ↑ỷķĦĵ ּנĚĳЋŘĚĶđŚĢķěὫ

ĶđŚĢķšӪ ĦĵęĞ!₲Ϲ ĺᵈĕķ ꞈᵧṥ š נּ ; Ĺї₲Ķ֕

ỏĦĮŊĕěēē ķēĕĢķ!Ĭśľ MDš̳ЋĺỸᶺĨŚĮŐĺ įĚŘĶđ

Ś! ėĿ ᴬĽẋ ĺ ◦ ě╕śĮŘ ᴬĺőỌēἧĺőῢᴌěדŚįŜĕ!

Ĭśķ ħĶ đŚᴾẪĺϾĚĲĵēŚ ě MDĽḾ ĺ  ּנĺ Şś

Ŀ שĺῢᴌěͽŞř ĬĽĪēĶ ͫ ěһῲ῁ĦĮř ŪƏƭŰ: ěקּ Ħ

ĮřĨŚ!įĚŘ ₑ 3AĽƟƈƵŹƥƭš֕ỏĨŚĺľ BĽŗĕĹŰűŹƥűĦĵ

ēĵˢ Ĺї₲ŗřő CĽŗĕĹЋŘĚĹї₲šẠĲĮŊĕě MDěʸנּ ĺ

ř ŪƏƭŰ:Ľד  !őŗēקּ

 ķēĕŞĠĶ 7Ĺꞈᵧṥ ᴁẐ Ľḣгľₑ 2ĶđŚĢķš ĺ ś ō

Į ₑ 3CĽŗĕĺ ĶЋŘĚĚĸĕĚĺנּ Ħĳĳ 6.2 ╜Ķ֥ ĹᴁẐŤƭŶ

ƬżƢš῝βĨŚ! 

 

[3] ᾤᴾẪ Ľʭē  

 ĬĽ◗ĺ ◗ ķĦĵ őĕˢĳ ᾤᴾẪ Ľʭēĺĳēĵő╝ ĦĵęĞ! 

 5.1.1 ╜Ķ╝ ĦĮŗĕĺ 1- 1ƜŤ 1- 2ƜŤ 1- 3ƜŤ 1- 4ƜŤľ ᾤᴾẪ

Excluded pairs ķᵎĿś ӡ ᴕḀ ľᴁẐĦĹē!ĳōř ἾѻӨφĺĪŗ

ἾѻӨφĺĪŗ ☺ƟƈƵŹƥƭŪƏƭŰ:UĚŘ  

В όȟȡ   (6.1.5)  

š˰ĞĢķĺĹŚ!( i , j ): excľ ᴾẪƜŤ i , j ě ᾤᴾẪ ĶđŚĢķšỞĨ!

įě ᾤᴾẪ Ľꞈᵧṥ ŇĽѲ Ľ ᾤĽẚ ľ ꞈᵧṥ ᴁẐŤƭŶƬżƢĺ

6.1. 3 ḥḎḻ᷿ḫḳᶍ ֩ ᵫ ḥḎḻ᷿ḫḳ֪ᴳ 

 (A)  (B) ᷿᷃᷄ḫ᷄ᶇᵶᵾ  ( C) ᶨᵪᶉ  



 6Ῑ ķƟƈƵŹƥƭĽᴁẐGᵭH Ẫѕꞈᵧṥ  

149 

 

ŗř˙ĕĽĶ ˀͮĶϖ š╝ ĨŚ! 

 ŭƅƊŬƗ G6.2.3 ╜HĽῺḀľ ƜŤƬŻƊṥ→Ỗĺ ᾤᴾẪ ľ ēĵĦ

ōėĿ ē! 

 ˢ  ╗ G6.2.4

╜HœֿפὫԆ ϋG6.5

╜HĶľ ƜŤƬŻƊš

ṥŘĹēĽĶ ŭƅƊŬ

Ɨ ķľ˙ĕ Ủě

ĶđŚ!œř ľē

ĞĳĚᶳėŘśŚě 

ėĿ đŚᴾẪ i ĺ

ĳēĵ≥ ꞈᵧṥ š

ᴁẐĨŚ ◗ĺ ᾤ

ᴾẪĽ ΚšˢỖ ĺ

0ĺĨŚĢķĶ ᾤ

ᴾẪĚŘĽѲ šᾤĞ

ĢķěĶĜŚGₑ 3)!i ĺĳēĵĽᴁẐěὊŞĲĮ ᵭĺ ᴽĽ ĺ Ĩ!LJꞈᵧṥ

ĹŘ ΚĽ Şřĺ Ɠƫƣ:Ɓ:Ǖij G˜ᵕĽ‰ĤHĺ Ħĵ ĽꜘṥšĨ

śĿŗē! ĺᴳėŚĚő śĹēě ỸṔĺľ ᴁẐ őŊķŢĸ+ėĹēĦ 

ĨŢĹřķᴁẐĶĜŚ!ķĢŜĶ ĢĽ ľ ἐě MD╧ ᴁẐѾ GRAPEšẠĲ

ĵƁƵƓűỷĽ MDᴁẐĨŚſƗƊ PEACHšỸאĦĮķĜĺẠĲĮ ĶđŚ

GKomeiji et al.  1997)!ⅎѕĶĸśįĠẠŞśĵēŚĚľ ŘĹē! 

 Ĺę ŪƱƭƋ ĶĽ ᾤᴾẪĽʭēĺĳēĵľ 6.3.4 ╜Ķ╝ ĨŚ! 

 

6.2.  ᶍ ᶉ  

 

 ōĩľ LJķ≥ ꞈᵧṥ Ľ ᾑ Ķᴾầ ĹᴁẐ Ľ [ 1] Ḿ֕╗ Ẫ◑

 [ 2] ŭƅƊŬƗ  [ 3] ╗  Ľẅĳš῝βĨŚ!ĢĽẅ Ĭśĭśš

ĶẠĕĢķľḚ ĶľŊķŢĸĹē!įě ĢśŘĽŤƭŶƬżƢľ ŪƱƭƋ œ

ὫԆפֿ ϋ ĽŗĕĹ ᷈∙ Ĺּ᷈יᴁẐ Ľѯ♦ĺĹĲĵēŚĮŐ ᾶĹĞķőƙ

ƯŲƫƢϋ ἐľ ĲĵęēĮŊĕěēēķắĕ! 

 

6.2.1. ḥḎḻ᷿ḫḳᶍ  

 

 5ῙĽ ř ӡ ᴕḀꞈᵧṥ Ľ LJķ≥ ꞈᵧṥ ĽƟƈƵŹƥƭľ ᴾẪ i

ķ j ĽÔ ƟƈƵŹƥƭķĦĵᾙĞķ ỗĽכĶđŚ!ĸİŘő ij ѕӔ Ľ r ij Ľ

6.1.3 ḢᶷḲḁḐᶉᵶᶍ ᶍ ᶍ⅛ .r

ᵬ¹ᶎ ᶊ ᵫᵡᶪᵲᶇᶱ ᵶᴲ ¹ᶎ╗ ᶊ

ᶱ 0 ᶊ ᵶᵾᵲᶇᶱ ᵸ  G
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ї₲ĶđŚ! 

 

LJꞈᵧṥ % 

 ƟƈƵŹƥƭ ό ὶ ‐ ς   (6.2.1.1)  

   Ἦ Ἦ ρς
Ἲ

 (6.2.1.2)  

≥ ꞈᵧṥ % 

 ƟƈƵŹƥƭ ό ὶ     (6.2.1.3)  

   Ἦ Ἦ
Ἲ

   (6.2.1.4)  

 

 LJő≥ ő 1- 4ˀῲĽᴕḀ˂ Gₑ 5.1.2HĺđŚᴾẪ ĺ ĦĵᴁẐĨŚ!

ĮįĦ 1- 4ѕĺĳēĵľ ╕ĹˮẪšϾĠĵἥŐŚĽĶ ᴕԄ 1- 5ˀῲĽᴕḀ˂

ĺđŚᴾẪѕĺĳēĵᴁẐĨŚ!ĬĽĮŐ 1- 2 1- 3 1- 4ĽᴕḀ˂ ĺđŚᴾẪ

ľ 6.1[3] ĶĨĶĺ╝ ĦĮ ᾤᴾẪ ķĦĵʭŞś ᴁẐĚŘᾤĚśŚ! 

 įě ᾤᴾẪĺĳēĵľ ķřđėĩҁĺĪĩĺ ꞈᵧṥ ƟƈƵŹƥƭĽḀᴁ

Uľ uij
Elcķ uij

LJĸİŘőōķŐĵ uij ķᾙĞķ  

ἾѻӨφ Ὗ В В ό ὶ В В ό ὶ  (6.2.1.5)  

ἾѻӨφ Ὗ В В В ό
i

ἶ ὶἶ   (6.2.1.6)  

ķĹŚ! ἾѻӨφ(5)ľ ╝ ľ įŜĕ!ἾѻӨφ(6)ĺĳēĵ╝ ĦĵęĞ!

ₑÓĽŗĕĹ Bx, By, BzĽ šỸתķĦĵ ĬĽӒתě ᵊĺᶓěĲĵēŚŹ

ŻƈƢšᶳėŚ!Ӓתľ↔₲ƛűƊƭĺŗŚŦƵƉƅűŻ nĶỞĤśŚ!ĢĽķĜ 

Ӓת nĽ˂ ľ ϫẪƛűƊƭ Ln (Lattice vector HĶ ĤśŚ! 

Ἐἶ ὲὄȟὲὄȟὲὄ       (6.2.1.7)  

ĮįĦ 

 ἶ ὲȟὲȟὲ   ὲȟὲȟὲ πȟρȟςȟσȟȣ d (6.2.1.8)  

ĢĢĶ n=(0,0,0) ľ ỸתšẰĦ Ủ(4)ĽǊDĽDľ ỸתĶľ i =j Ľ᷆šᾤĞ

ĢķšỞĦĵēŚ!ōĮ ג₲ 1/2 ľƂƘƭŭŨƵƊš ğĮŐĺ ĠĵđŚGῧṐ

ľ 6A1šẇῐH!ₑ 1˺Ľ  ĳōřѯ ƞƅűŻĽ ┤ Vľ 

 ὠ ὄὄὄ  (6.2.1.9)  

ĶđŚ!Ủ(6)Ľ r ij nľ ѯ ƞƅűŻ Ľ Ẫ i ķӒת n Ľ Ẫ j ѕĽꞈ ƛűƊ
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ƭ 

 Ἲἶ Ἲ Ἲ Ἐἶ  (6.2.1.10)  

Ľ╟ ĶđŚ! 

 ŪƱƭƋ ĺ ĹҲϫẪƛűƊƭ(Reciprocal lattice vector Hľ 

 ἑἳ ς“ ȟς“ ȟς“    (6.2.1.11)  

Ķ ҞĤśŚ1!ĮįĦ  

 ἳ ὯȟὯȟὯ   (6.2.1.12)   

ľ Ủ(8)Ľ nķ Ľ↔₲ƛűƊƭĶđŚ!Ln 

ķ Gk Ľѕĺľ  

 ἘἶϽἑἳ ς“ἶϽἳ  (6.2.1.13)  

ĽїגěđŚě n$k=mķęĠĿ mľ↔₲į

ĚŘ  

 ὩὼὴὍἘἶϽἑἳ Ὡὼὴς“άὍ ρ 

    (6.2.1.14)  

ě→ř ĳGI ľӒ₲ ˂H! 

 ˀῲĽ Ҟķ ╚ ĽῲĶ ꞈᵧṥ ĽᴁẐ š╝ ĦĵēĞĢķĺĨŚ! 

 

6.2.2. ֩  ֪

 

 ἾѻӨφĺęĠŚḾ֕

╗ Ẫ◑

Gminimum/minimal image 

method/convention 

Metropolis, 1953 Hľ 

ĨĶĺ 4.4 ╜Ķ῝β

ṈŎĶđŚě ĢĢĶ

ľ ꞈᵧṥ ᴁẐķēĕ

ĺ῏ š ĵĵ őĕ

ᾶĦῧĦĞ╝ ĨŚ!ᴁ

Ẑ ľ N( N- 1)/2 ĹĽĶ O( N 2)ĶđŚ! 

 Ḿ֕╗ Ẫ◑ šₑÓĺỞĨ! ͏ĽỸת Ľ ẪGᴾẪHi ľ Ẫ j ĽỸת

j 0 Ӓת j 1DAj 8DĽ ĚŘ ˢ ֕ēőĽįĠš◑ŢĶ ĬĽꞈᵧṥ šᴁẐĨŚ!

 

1   ϹԃφĶľ  ĢĽŗĕĺ 2Ǡš Ġĵ ҞšĨŚĬĕĶđŚ!ˢ  ᴕῄδ┘

ϹԃφĶľ 2Ǡš ĠĹē Ҟěἧ ŘĦē! 

6.2. 2.  1 ᶆᶍᶹḩᴻḀḻ  ᷅

6. 2 .1.  1  
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ĬĢĶҁĺĹŚĽľ Ŧƣ:źƵŲĶ Ẫě˒ ĦĮķĜĺ ꞈᵧṥ ě ĺנּ

ͯĦĹēĚ ķēĕĢķĶđŚ!įě ᴕ šᾙĠĿ ͯĦĹēĽĶ Ĺē! 

 ͯĦĹē šₑÓĶỞĨ!MDĽđŚỖḈĶ Ẫ j 0ě ₑ 1AĽŗĕĺỸתš

ľŎὶĵĦōĲĮķĨŚ! Ẫ i ľ Ŧƣ:źƵŲ◗ľ j 0ķꞈᵧṥ ĦĵēŚ!į

ěŦƣ:źƵŲᵭľ j 0ľ ₑÓBĽŗĕĺ ĽҲּאĺ˒ ĨŚ!ĬĽķĜ i Ľꞈ

ᵧṥ ĽꞈἪľ j 8Dĺ╕ř ŞŚ!įě j 8DľŦƣ:źƵŲ◗Ľ j 0ķ ħ˂ ĺē

ŚŞĠįĚŘ MDľ נּ ĺדŚ!ᴕԄ Ŧƣ:źƵŲĶ MDě ĨŚĢķľĹ

ē! 

 ĦĚĦ Ḿ֕╗ Ẫ◑ ĶĽ MDĽ ľ Ŧƣ:źƵŲķľ↑נּ Ľ ˮĶ Ĩ

Ś!Ĭśľ r ij Ľ x, y, 

z ♬GǑHĽĸśĚˢ

ĳĽ ĜĤě Ľˢ

Ľ ĤĽ  BǑ/2 š

ėĮὼѕĶđŚGₑ

2H!ĨŚķ Ḿ֕╗Ľ j

ķĽӔ ƛűƊƭ r ij ě

ᶆĺ ĺ╕řנּ

ŞĲĵĦōĕĮŐ ꞈᵧ

ṥ ő ĺ╕řנּ Ş

Ś!ₑ 2Ľ ĶᵈėĿ 

ỖḈ t Ķ i ľ j 0ĚŘĽ šἵĠĵēĮĽĺ ỗĽỖḈ t +hĶľ Ҳ ᶆĽ j 6DĚŘ

Ľ šἵĠŚĢķĺĹŚ!ᴕΌ Ľ ᶆě ĺנּ ͯĨŚ!ŗĲĵ ≥ Ľŗ

ĕĹ Ľ Ľ ĤĽӔ Ķľ ě 0ĺĹŘĹē ἽּוĽ ē Ӕ Ķľ 

MDě ĨŚ! 

 ῲҊĽ ěđŚĮŐ Ḿ֕╗ Ẫ◑ Ķ ĶĜŚĽľ ≥ ꞈᵧṥ ě

Ĺē Ӕ Ķꞈᵧṥ ĨŚ LJ ẪשğŘēĶđŚ!įě Ḿ֕╗ Ẫ◑ ľ Ἶ

ѻӨφĶₑ 6.1.2 Ľ֕╗ ˞ĚŘĽѲ šᴁẐĨŚῺḀĺľ ĩķᵈĲĵēēğŘ

ēĺẠŞśŚ!ĬĽῺḀľ ͇Ϸ ˞ľ Ľ ĶᴁẐĨŚŞĠĶđŚ! 

 

6.2.3. ᷀ḋḐᶿḝ ֩ ᴲ ֪ 

 

 ŭƅƊŬƗ ķľ ĨĶĺ 6.1 ╜[2] Ķϖ ľ╝ ĦĮě š Ľ╕ ל

GCutoff radius  RcHˀῲľÒĺĦĵĦōĕĢķšĤĨ!ĳōř ₑ 6.1.2 Ķ ͇Ϸ

˞ĚŘĽ ĽѲ ľᴁẐĪĩ ֕╗ ˞įĠšᴁẐĨŚ ĶđŚ!ŭƅƊŬƗ

ľ Ἶѻ Ἶѻ ĸİŘĽӨφ ᴙĶőẠėŚ!ἾѻӨφĶľ ◗╜ĽḾ֕╗ Ẫ◑

š ĨŚ!Rcľ 8- 15É ĺ╚ ĨŚě ἾѻӨφĽῺḀľ Ľˢ ĽḾ

6.2. 2 . 2 r ij ᶍ╗ ᶍ ᶍ ᵬᵴᵫᴲ ᶍ

ᶱ ᵧᵾ  
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ᾴ GBHĽ  ĳōř  

 Ὑ  

ĺ╚ ĨŚ!ŭƅƊŬƗ ĽᴁẐ ľ O( N)ĶđŚ! 

 ŭƅƊŬƗ ľ Ϲ ĺ 7Ĺ š−ĩŚĽĶ Ḛ  ĶẠŞśŚĢķľ

đōřĹē!įě ĬĽŤƭŶƬżƢľ ֿכĽꞈᵧṥ ᴁẐ Ľѯ♦ķĹĲĵēŚĽ

Ķ ῧĦĞδ╝ĨŚĢķĺĨŚ! 

 

[1] ŭƅƊŬƗ ĽƙƯŲƫƢ 

 ŭƅƊŬƗ Ķľ ꞈᵧṥ ᴁẐĺ╣ Ĳĵ ᴾẪƜŤƬŻƊGpair  list, đŚē

ľ neighbor list Hšṥ→ĨŚ ěđŚ!ĨĹŞİ MDĽŻƈƅƙ͵εĚĺˢ  

ᴾẪѕӔ š ňĵ ꞈᵧṥ ĨŚᴾẪ ĽƜŤƬŻƊšṥŚ! ĽᴁẐĽ όĶ

ľ ĬĽƬŻƊšẠĲĵƜŤƬŻƊĺṓĲĵēŚᴾẪƜŤĺĳēĵĽŎ ꞈᵧṥ

GƟƈƵŹƥƭķ HšᴁẐĨŚĢķĺĹŚ!ƜŤƬŻƊľ ỸאĺŗřēŜēŜĹ

ỦěᶳėŘśŚě Fortranכ ƙƯŲƫƢĶľ ỗĽŗĕĹ ĳĽ ĺϫ ĨŚĢ

ķěֿפē! 

 index_nb(natom+1) 

 list_nb(nbsize)  

ĢĢĶ natomľ שĽ☺ᴾẪ₲!nbsize ľ ƬŻƊĽ ĜĤĶđŚ!nbľ

nonbonded Ľ ! i ĽᴾẪķꞈᵧṥ ĨŚᴾẪׄľ j1 = index_nb( i ), j2 = 

index_nb( i +1)- 1 ķĦĵ list_nb(j1:j2) ĺϫ ĤśĵēŚŗĕĺ ṥ→ĨŚ2!Ĺ

ę ᾤᴾẪľ ĢĽƜŤƬŻƊšṥŚ όĶ Ɖ:ƁĚŘᾤēĵęĞ! 

 ƜŤƬŻƊšẠĲĵ ≥ ꞈᵧṥ ĽᴁẐšĨŚ š Ҝỏŵ:Ƌ(1)ĶỞĦĮ!

ᴁẐĨňĜƟƈƵŹƥƭķ ľ pot_elc ķ f_elc(:,:) ĶđŚ!ĮįĦ f_elc( m, i )

ľ ᴾẪ i ĺϾĚŚ Ľ x( m=1), y( m=2), z( m=3)→ !list_nb ĺѝōśŚĽľ i <j

ꞈᵧṥ ĽŎĶ j >i ѕĽ ľ Ḿᵭĺṥ ṥ Ľ šẠĲĵבּ i <j ѕĽ š

ĦĵēŚ!ĢśĶ ᴁẐ ě ᵂĶĜŚ! 

 Ĺę ŵ:Ƌ(1)Ķľ≥ įĠšᴁẐĦĵēŚě ỸṔĽƙƯŲƫƢĶľ ħŷ

Ƙƭ:ƃƵĶ LJ őᴁẐĨŚĢķěֿפē!ĬĽῺḀľ LJ ĽƟƈƵŹƥƭķ Ľ

š Ġͽė i ķ j Ľƭ:ƙĽ ĺ LJšᴁẐĨŚѾ š ĠͽėŚ! 

 

 

 

2 ĢĢĶ῝βĦĮ index ķ list Ľ ĳĽˢỗᴽ šẠĲĵ ᴾẪ ĺᵊŘĩ ͵ĚĽƜŤ

ƬŻƊš Ĩ ķēĕƙƯŲƫơƵŲҘίľ ĺ Fortran ĶŗĞẠŞśŚ! ỗᴽ Ķ

ľ ĸĕĦĵő ƣƤƬ:Ľ ěὶĮř ҲĺƣƤƬ:ěּטřĹĞĹĲĮřĨŚĚŘį! 
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ŵ:Ƌ 6.2.3.1 ƜŤƬŻƊš ēĮŭƅƊŬƗ ĺŗŚ≥ ꞈᵧṥ ĽᴁẐ 

epot_elc  = 0 ! ƟƈƵŹƥƭĽᾑѻͯ 

f_elc(:,:)  = 0 ! Ľᾑѻͯ 

DO i = 1, natom - 1 ! ᴾẪ i ĺĳēĵĽƭ:ƙ 

j1 = index_nb(i)  ! ᴾẪ i ķꞈᵧṥ ĨŚᴾẪׄľ  

j2 = index_nb(i+1) -  1 ! list_nb(j1:j2)  

DO j = j1, j2   !  ꞈᵧṥ ĨŚᴾẪ j ĺĳēĵĽƭ:ƙ 

jj = list_nb(j)  ! ꞈᵧṥ ĨŚᴾẪ j ĽŦƵƉƅűŻ 

rij(:) = r(:,i) -  r(:,jj)  ! ꞈ ḹ  

rij(:) = rij(:) -  box(:) * ANINT(rij(:)/box (:))  

! Ḿ֕╗ Ẫ◑  

rij_abs_inv2  = 1 /(rij(1)**2 + rij(2)**2 + rij(3)**2)  

rij_abs_inv1  = SQRT(rij_abs_inv2)  

potij  = q(i) * q(jj) * rij_abs_inv1  

    ! q(:) ľ ᴾẪĽ Κš śĮ  

epot_elc  = epot_elc + potij  

fij(:)   = potij * rij_abs_inv2 * rij(:)  

f_elc(:,i)  = f_elc(:,i) + fij(:)  ! ṥ ṥ Ľ  בּ

f_elc(:,jj)  = f_elc(:,jj) -  fij(:)  !ĶᴁẐ š ᵂ 

END DO 

END DO 

 

[2] ƜŤƬŻƊṥ→Ľᶏ  

 ˀῲě ƜŤƬŻƊšẠĲĮŭƅƊŬƗ ĽƙƯŲƫƢĽϖ ĶđŚ!įě Ỹא

ĺľĤŘĺ ṐĚēᶏ ě ĶđŚ! 

 ėĿ ᴾẪƜŤƬŻƊĽṥ→ľ ᴁẐ ě O( N 2)ķ ĜēĽĶ ĶĜĮŘṥ→ε

₲šᵂŘĦĮē!ōĮ ᴾẪѕӔ įĠšᴳĵѾσ ĺƜŤƬŻƊšṥŚķ ₣ Ẫ

œŤơƐẕẙѯĽ Ķ╕ĲĵĦōĕĢķĺĹŚ!ēĞŘŭƅƊŬƗ ě ∙ Ľ

įķᵈĲĵő ĢĕēĕĽľœŐĮŊĕěēē! 

 ĢĽ šε ĨŚĮŐĽᶏ ľ MDᴁẐĽ Ῠ ẪĽ↑ỷĺŗř ŞŚĦ Ῠ

ě ħĶő ſƗƊŨũŤĺŗĲĵ œř ő˙ĕįŜĕ!ˀͮĶľ ˢ ķĦĵ 

ἐỡ⁬ě ỸאĦĮ š῝βĦĵęĞ! Ῠ Ẫľ ₣œŦŬƵĺ˅ōśĮƁƵ

ƓűỷœϬẕĶđŚ!ĢĢĶľ ƜŤƬŻƊšˀͮĽŗĕĺṥ→ĦĵēŚ!MDĽᾈ

όĶ ƁƵƓűỷĽŤơƐẕẙѯ ϬẕĽƎűƮŬƃƋ ₣ Ẫ ŦŬƵšĬśĭ

ś ˢĳĽŲƭ:ƙķŎĹĦ ĬĽŲƭ:ƙĽᴾẪĽ ĚŘ Ųƭ:ƙĽὫ•ĺḾő
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֕ēőĽĺƗƫƅŲš ĠĵęĞ!MDỸᶺ ľ ĬĽƗƫƅŲě ēĮᴾẪĽḹ š

ēĵ 100- 200 fs ĺ 1ε  Ųƭ:ƙ;Ųƭ:ƙѕƜŤƬŻƊGˀͮ GGƬŻ

ƊHšṥŚ!ĬĽķĜĽ╕ ╚ ľל ╕ ל Rcŗřő 10É֕Ğ Ğ╚ Ħĵę

Ğ!ĬĦĵ 10- 50 fs ĺˢε  ĬĽ GGƬŻƊ ĽŲƭ:ƙѕĽᴾẪĽӔ įĠ

š Ħĵ ᴾẪ;ᴾẪƜŤƬŻƊšṥŚ! 

 ĢĽ Ķľ Ĺ GGƬŻƊš ĨŚĢķĺŗř ƜŤƬŻƊṥ→Ỗѕš

ὲĦĵēŚŞĠĶđŚ!ĢĽŗĕĺ ĹƜŤƬŻƊš ĨŚ š ꞋῘĦ

ĵ S T(Book keeping)ķᵎŅ! 

 ĢĽ š͒ ĨśĿ Ųƭ:ƙ ĽᴾẪľōķŐĵƜŤƬŻƊĺ śĵĦōĕĢ

ķő; ĶđŚ! ėĿ Ųƭ:ƙѕĽḾ ᴾẪѕӔ ě Rcˀ ĹŘĿ ĬĽŲƭ:

ƙѕĽĨňĵĽᴾẪƜŤšƬŻƊĺ śĵĦōėĿŗē!Ģśľ Group- based 

cutoff ķᵎĿś ƁƵƓűỷšŭƅƊŬƗĶʭĲĵēĮḙľ ĺẠŞśĵēĮ!

Ĺę ͇Ӕ šŪƱƭƋ Ķ᷈∙ ĺᴁẐĨŚῺḀľ ĢĢōĶĦĹĞĵő Ğ

ĵ ֕Ӕ ĽƬŻƊľ ᴾẪѕӔ įĠšᶳ ĨśĿὣ ĶđŚ! 

 ķĢŜĶ ŭƅƊŬƗ Ľπ ķĦĵ Twin- range GDe Vlieg et al, 1989 H

ěđŚ!Two- range method, Dual - range methodĹĸķőᵎĿśŚ!ĢĽ Ķľ 

ĳĽ╕ ) ל Rc1, , 7 - 10É & Rc2, , 12 - 20É )  š╚ Ħ  Rc1 ĽᴾẪĚŘ

Ľ≥ ľ εᶟ‫Ħ ˢ  Rc1 ķ Rc2ĺľĤōśŚ ĽᴾẪĽ≥ ľ ėĿ 10

εĺ 1εįĠᶟὫỖѕḈŎפ‫ĨŚG3ῙĽֿ šẠĕH!Ģśĺŗř ᴁẐỖѕš

đōřῲġĩĺ ˢ όįĠĽŭƅƊŬƗĺ ňĵ∙ šĬśĹřĺῲġŚĢķěĶ

ĜŚGKomeiji et al., 1991 H!őİŜŢ ᵅṖĶľ PME ĹĸĽ᷈∙ Ěĳּ᷈י

Ĺ ěỸ ͯĤśĵēŚĚŘ Twin- range šẠĕ ↑ľĹē!įě ĺ

ẠĕĢķľđŚ!ĮķėĿ ŪƱƭƋ ĽỸ֩ѕ Ľּ᷈ͯיĺ Twin- range š

ĨśĿ ֿפᾶľּ᷈ͯיĶĜŚ! 

 

[3] ŭƅƊŬƗ Ľ ͯ 

 ᾙĶľ ͯ ĺľ‰ řĦĹēě LJķ≥ ĽŭƅƊŬƗ Ľ ͯľ 

MDĽ ͯĽˢ ˢ ĹĽĶ ῝βĦĵęĞ!MDĽ ͯľ ѯ Ĺ ľ 

2000 ◗ᵭĺЯ→ĤśĮĽĶ ĬĽḙĽδ╝ҊỎě ĚřœĨēG∏₣ ֹ2002 ו

ĹĸH! ͯἪ ľ 7ĹőĽěđŚě ĢĢĶľ ᴾẪ Ѕ GAtom 

decompositionHķ֩ѕ Ѕ GSpace decompositionHĽ ĳĽ י Ľϖ įĠš

ᾙēĵęĞ! 

 ᴾẪ Ѕ ľ ᴁẐѾĽ Processing Unit (PU) ĺ Ħĵ ĨŚᴾẪšЅř

ĵŚ ĶđŚ!NᵌĽᴾẪšm Ľ PUĺЅř ĵŚ š ₑ 1š ēĵ╝ Ĩ
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Ś!ᴾẪĺľ i =1,...,N ĽŦƵƉƅűŻľ

ēĵēŚě ֩ѕĽῺᾒľẰ ĦĹēGₑ

1AH!ĢśŘš ŦƵƉƅűŻ k=0,..., m- 1

Ľ PUĺЅř ĵŚ3ŞĠįě ᴾẪ₲š

ĺЅř ĵŚķ ěֿפē!ķēĕĽľ 

´ ṥ ṥ Ľ ) בּ f ij = - f ji HšẠĲ

ĵᴁẐ š ᵂĤĪŚĽĶ ₑ 1BĽ ▬ĺ

ỞĨŗĕĺ i ķꞈᵧṥ šᴁẐĨŚᴾẪ j

Ľ₲ľ ᴾẪŦƵƉƅűŻ i ě ĜĞĹŚĺ

śĵᵂᾶĨŚ!ŗĲĵ ᴁẐĨňĜ☺ꞈᵧ

ṥ Ľ₲ľ ₑ 1BĽẅϲכĽ ┤ĺĹŚ

ě k Ľ PUě ĨŚꞈᵧṥ Ľ₲

ľ כ SkĽ ┤ĺ ĨŚ!ŗĲĵ ꞈ

ᵧṥ š mᵌĽ PUĺ ĺᴁẐĤĪŚĺ

ľ S0^... Sk^...= Sm- 1ě→ř ĳŗĕĺĨ

śĿŗēG Κ ẋ Load- balanceH!ĬĽŗĕĹ ᴙľ k Ľ PUěŦƵƉƅű

Ż nkĚŘ nk+1- 1 ĽᴾẪš ĨŚῺḀľ  

 ὲ ὔ ρ ρ ρ ρ 

    (6.2.3.1)  

ķēĕŗĕĺᴒŐśĿŗēG 6A3)!Ủ(1)Ķ

ľ n0=1, nm=NĺĹŚĽĺ ˋ!Ủ(1)šẠėĿ 

ᾶĹĞķőŻŭƫ:י ƠŹƵĹŘĿ 

Κ ẋěĕōĞēĞ! 

 ᴾẪ Ѕ ľ ѺּקĽƙƯŲƫƢĽщ Ĺ

ὂ∆įĠĶĨŏĮŐ ỸאěϻĶđŚ!ĬĽ

ĮŐ ỡṥƙƯŲƫƢšἪᴄĺ ͯĨŚĽ

ĺ ĦĵēŚ!11.3 ╜ĺ ͯĽƛƵƃƠ

:űᴁẐĽˢ šסṓĦĮě ŪƱƭƋ Ľ

Ỹ֩ѕľᴾẪ Ѕ Ķ ͯĦĵēŚ!į

ě ᴾẪ Ѕ ľ Ѕ G ᾙĶľЅ

ʜHœ֩ѕ Ѕ ĺ ňĵ ĹƣƤƬ:

ķ “ ěֿפēķēĕᴑ ěđŚG∏₣ ֹ2002 וĹĸH! 

 ˢ  ֩ѕ Ѕ ľ ᴁẐѾĽ PUĺ Ħĵ ĨŚ֩ѕšЅř ĵŚ Ķ

 

3 PUĽŦƵƉƅűŻľ 1ĶľĹĞ 0ĚŘầŐŚĽěж !ęĬŘĞ CᵈᵴĽ̚ӼįŜĕ! 

6. 2.3 .1  

6. 2.3 . 2  ᴳ

ᶍḃḳᶱ ᵸᶪPU ᶎᴲ

∫ᶍ ᶍḃḳ ᶍ ᶍḏ

ᴻḇᵿᵰ ᶅᶏᶧᵣ  G



 6Ῑ ķƟƈƵŹƥƭĽᴁẐGᵭH Ẫѕꞈᵧṥ  

157 

 

đŚ!ₑ 2Ľŗĕĺ ֩ѕšŽƭĺ ЅĦ ÓĳĽ PUšÓĳĽŽƭšЅř ĵ ĬĽ

ĽᴾẪŇĽꞈᵧṥ šᴁẐĨŚ!ḹ Ɖ:Ɓľ Ἶ˅Ľ Ѕ֩ѕĽᴾẪĽŎšổĵ

Ŀŗē!ŗĲĵ ƙƯŽƅŷ:ѕ “ľᾶĹĞĵṈŎ ᴕΌķĦĵ ּ᷈יĺĹŚ!Į

įĦ Ỹאľᴕᶣ ĦēĬĕįG ἐľỸאĦĮĢķľĹēH! 

 ˀῲ MDĽ ͯ Ľ Ķő ѯ ĹᴾẪ Ѕ ķ֩ѕ Ѕ Ľϖ š῝βĦ

Į!őİŜŢ Ḿ╣ Ľ MDſƗƊ ĺ ᴁẐѾᶆĠĽőĽľ ĢśŘš♯ŎḀ

ŞĪĮ ŗř ṽĶ᷈ Ĺ ͯšᶺĲĵēŚG

et al., 2020 ; GROMACS, Abraham et al., 2015; MODYLAS, Andoh et al., 2013;  

GENESIS, Jung et al., 2015  ĹĸH! 

 

[4] ŭƅƊŬƗ Ľ  

 ķ ēŜēŜ╝ ľĦĮĠśĸ ŭƅƊŬƗ ľ Ḛ  ĶẠŞśŚĢķľ 

ŊķŢĸĹē!1990 Ľ− ẪĽMDԃφĶľ ≥ ĽŭƅƊŬƗĽ Ľ

▐ēὶĦķ ŗř∆ϯĹᴁẐ Ľϋ ě ∙ ĺĹĤśĮĽįě ĬĽᴕΌ S

ᶻĺ ĦĹēG ẪἯĺŗřͫ ϫḰě−ĩŚHTSƁƵƓűỷœϬẕĽᶣַאě

ỡ◦ĺ śŚTĹĸĽᴑ ěᴺṖͯĦĮĚŘĶđŚGAuffinger & Beveridge, 1995, 

Boresch & Steinhauser 2001ab, Fox & Kollman, 1996, Komeiji et al., 1997, 

1999, Louise- May et al., 1996; Oda et al., 1996,  Saito, 1992, 1994; Schreiber 

& Steinhauser, 1992; Zuegg & Gready, 1999ĹĸH!ĤŘĺ Mark & Nilsson 

(2002)ľ ŭƅƊŬƗ ĺŗŚ₣ ẪĽ ↑šש ĺ ňĵēŚĽĶ ẇῐĤśĮ

Ħ!ōĮ ἾѻӨφĶĽ₣ᶣַאĺїĦĵľ ēŭƅƊŬƗ(18 É )šẠĕķ 

ỡ◦ĹⱲᶣַאě −ĨŚĢķő ḉĤśĵēŚGYonetani, 2005, 2006 H! 

 ķőđś ŭƅƊŬƗšẠĕķ ēŜēŜķ ě−ĩŚŞĠįě ęĬŘĞ Ĭ

Ľḣ Ĺᴾˮľ 6.1.3 ╜ĶὸňĮ ř ּנĹ MD įĚŘĶđŚ!đŚ ĳĽ

ᴾẪѕӔ ěŭƅƊŬƗ ĺש šōĮēįὼѕĺל ě ř ͫ ěῲĲĮř 

ᶣַאě śĮřĨŚ! ἐĽתᴻĶľ ŭƅƊŬƗ ĺᵊŘĩ ěЋŘĚĶĹēῺ

Ḁľ ѻ ĺľ ͫ ľῲěřĢĬĨś ͮěŚĢķľĹē!ƐŦżľ š −

ĨŚě šҸēἨřľĦĹēĚŘįŜĕ! 

 ĢĽŗĕĺ ᶣַאĽ śœ Ϲ Ĺ ľ Abrupt cutoff GһᴍĹ╕ Hĺŗ

Ś Ľ↑נּ ěᴾˮĶđŚĚŘ Shift potential GSwitching ї₲šẠĲĵᾡ7

ĺͮġŚ HšẠĲĵЋŘĚĹƟƈƵŹƥƭĺĦĵĦōėĿ ĠŚĢķěĶĜŚ

(Oda et al., 1996; Norberg & Nilsson, 2000 ĹĸH!įě Shift potential šẠ

ĕķ Ԇ↑ Ẫ ėĿ₣ĹĸĽᶣַאě ỡ◦ĺĹŚķēĕ ḉőđŚGSmith & 

Pettitt, 1991; Lau et al., 1994 H!ỸṔ ŭƅƊŬƗĽ ľ ĜҪŐĵēĞ

ķ ᴾˮěŗĞŞĚĲĵēĹēőĽőđŚG  2023 Yonetani, 2024 ľ ĢĽᴙ

ĺĳēĵĽḾ֕Ľ ᶆšōķŐĵēŚH! 
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 ĢĢĶ πŐĵᶳėĵŎŚ!1980 ĚŘ 1990 ĽƁƵƓűỷĽ MDᴁẐľ Ŋ

ķŢĸěŭƅƊŬƗ ĬśőŹƗƊƟƈƵŹƥƭĶľĹē abrupt cutoff ĶᶺŞś

ĵēĮĽįě Ĺīʸ ĺ ēĵēĮĽįŜĕĚ' ĬĽ ľ ͫ ˢ ŤƭŶƬ

żƢGֿפĞĽῺḀ Berendsen  10ῙẇῐHĶͫ šŊŋˢ ĺ ėḗŢĶēĮĚ

ŘĶđŚ!ōĮ Ỗľ 50 ps ĚŘ 1 ns Ľ Ḛ ĽѯᾈĚŘŎŚķ ´ĺ ē

ỖѕĽ MDĦĚĶĜĹĚĲĮĚŘ SŭƅƊŬƗĽƞƯěὶĹĚĲĮTĽĚő śĹ

ē! 

 Ķľ ĬĽḙĽ MDĽᴕΌľḚ ĽѯᾈĶľ ͻ ĹĽĚ' ĢśĺľˋᴳěēŜē

ŜđŚįŜĕĠĸ ↑  ĺ∆ĦēᴕΌĹŘĿ ͻ ĶľĹēķắĕ!

ỸṔ ᵍē Ķő˰ ĤśּנĠŚőĽőđŚ!∙ ‫ĦĞ ě᷈ē ↑ỷĽēē

šẠĕĢķľ ỎĶđŚě ˢ  ΣӋĽƯ:ƈűĶ ŘśĮᴕΌĶő ͵Ě ỷ

š ēĵēśĿ ĬśĹřĺͻ ľẙŚőĽĶđŚ! 

 ķőđś ŭƅƊŬƗ ỡ ľ Ḛ ĶľẠŞśŚĢķľĹēőĽĽ ĬĽS֕╗

ᴾẪĽƜŤƬŻƊšṥĲĵᴁẐĨŚTŤƭŶƬżƢľ Ģśˀ᷅ĺὸňŚ 7Ĺ᷈∙

ĹᴁẐ Ľѯ♦ĺĹĲĵēŚ! 

 

Wolf et al. (1999) %טּ  ľ ŭƅƊŬƗ Ľ Κš 0ĺĨśĿ ᵵḰї₲š

switching ї₲ķĦĮŭƅƊŬƗ Ķő≥ š∆ϯĺᴁẐĶĜŚ ķἧ Ħĵē

Ś!ĢĽWolf ľ ĥĲĞřᵈĕķ 6.3 ╜ĽŪƱƭƋ ĽỸ֩ѕ įĠšᴁẐĦ 

᷆ľőİŜŢ ₲֩ѕő ể ķēĕ ĶđŚ!ĢĽ Ľπ ő ᾭĤś

ĵēŚGFennnel & Gezelter, 2006, Yonezawa, 2012  Ĺĸ)!įě ΌĮĦĵ ĢĽ

ěŪƱƭƋ ĺἨĲĵ ŞŚŊĸĽ ē ĹĽĚ ōįҡ ěּנēĵēŚ!ẙ

ĹěŘ ἐỡ⁬ľ ˋᴳšᾙĠŚŊĸ‰Ğ ňĵőᶳṶĦĵőēĹēĽĶ ĢĢ

Ķľ ĺ Ĭĕēĕ ķҡ ěđŚĢķš῝βĨŚĺķĸŐĵęĞ! 

 

6.2.4.  ֩ ᴲ ֪ 

 

 Ủ(6.2.1.3,4) šẠĲĵ ĺᶏ Īĩĺ≥ ꞈᵧṥ šᴁẐĨŚF Ĺ F

š ╗ Gdirect summation HķᵎŅ!ŭƅƊŬƗšẠŞĹē Ɛ:ŭƅƊŬƗ

Ľ ˢ ᴾầ Ĺ ĶđŚ! 

 ╗ š ἾѻӨφĺ ĨŚĽľ щ ĶđŚ! Ẫ₲ě NĹŘĿ ᴁẐ ľ 

N( N- 1)/2 ĹĽĶ O( N 2)ĺĹŚ!ƙƯŲƫƢě ᾋĹĽĶ ͯőϻ ĤŘĺ GPU

œ ἬĹ MD╧ ᴁẐѾĺ ĦĵēŚ4!ĬĽĮŐ Ỹ ᴁẐĶẠŞśĮ őĹēŞĠ

 

4
 CPUķ˙ē GPUœ MD╧ Ѿľ  ᴙ ѳš ĕ ṽĹŤƭŶƬżƢľ֠ἪĶđŚ!į

ě ĬĽˢ Ķ ╗ ĽŗĕĹ ᾋĹŤƭŶƬżƢĺľˈ š ѷĨŚ! 
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ĶľĹēGBilleter et al., 1996  Oda et al., 1996, Komeiji et al., 1997, 

Toyoda et al., 1999 Ĺĸ)!įěĢśŘľ ϑ! ľ ╗ ľ Ỹ ᴁẐĶľĹ

Ğ ֿכĽ֕ỏ Ľ ͻĽĮŐĽƬƗţƮƵŻķĦĵẠĕ!ōĮ ┤ ŤƭŶƬżƢĽ

∙ šỆᴻĦĮēῺḀG 3ῙHĺľ ╗ šẠĕķ ᴁĹƐŦżĽḥ ěĹēĮ

Ő ∆ϯĹ ͻěĶĜŚ! 

 ╗ šἾѻӨφĺ ĨŚķĜľ Ủ(6.2.1.6) šẠĲĵ ӒתĚŘĽѲ šᴁẐ

ĨŚGₑ 6.2.1H!ĮįĦ ʹĺӒתšˢⱲįĠᶳ ĦĮῺḀĶő ἾѻӨφĺ

ňĵ 27 ĽᴁẐỖѕě ĺĹŚĽĶ ἾѻӨφˀῲĺ Ỹ ĶđŚ!ỸṔ Ἶ

ѻӨφĽ͒ ᴁẐĺ ╗ šẠĲĮ ľ ἐľ ŘĹē! 

 ĢĢĶ ἾѻӨφĶ ╗ šẠĲĵ≥ šᴁẐĨŚῺḀĺ−ĩŚ Ὣ ĹŤ:

ƃƗţűƊš╝ ĦĵęĞ!6.2.2 ╜Ķ╝ ĦĮŗĕĺ Ḿ֕╗ Ẫ◑ Ķľ Ŧ

ƣ:źƵŲšᶺĲĵő ꞈᵧṥ Ľ ľ↑נּ Įśĵ ᴕΌ MDő נּ ĺỸᶺĶĜ

ŚGₑ 6.2.2.1 H!ķĢŜě ˀͮĺỞĨŗĕĺ ἾѻӨφĶ ╗ šẠĕῺḀľ 

Ŧƣ:źƵŲĺŗĲĵ ᴾẪĺϾĚŚ ě ĺנּ ͯĦĵ MDě ĦĵĦōĕ! 

 ʹĺӒתšˢⱲįĠἨŚķĨŚ! ╗ ĽῺḀ i ľ j ĽỸתķĨňĵĽӒתķꞈ

ᵧṥ ĦĵēŚGḾᾴ֕╗ Ķľ ӒתĽ ĽˢĳķĽꞈᵧṥ įĠšᴁẐĦĵē

ŚH!MDĽḾ ĺ ᴾẪ j ě ѯ ŽƭšľŎὶĮķĨŚGₑ 1AH!Ģśĺ Ħĵ 

j šŦƣ:źƵŲĦĵ ѯ

ŽƭĽ ĺ ĨķGₑ 1BH 

ij ꞈᵧṥ ľ ĺὶĵē

ŚŽƭĽ ě ĜĞ ͯĦĵ

ĦōĕGₑ 1BH!ĳōř Ū

ƏƭŰ:ķ Ľ ěĹĞĹ↑נּ

ř MDěŻƢ:żĺ ĚĹĞ

ĹŚ! 

 ₑ 1ľ 2ỗᴽĶ ĦĚőӒ

ŽƭěˢⱲįĠĽῺḀįě ĢĽŦƣ:źƵŲĺŗŚŪƏƭŰ:Ľת נּ ͯľ 3

ỗᴽĶӒתŽƭěőĲķ ẈĶőGĮķė ᵊᵌĶőH π◘ĤśĹē! ĺὶĵ

ēŚӒתŽƭĶľ ĽĢķěҌĢŚĚŘį!őİŜŢ LJĽŗĕĺ ě͇Ӕ ĺ

ľҷĿĹēŗĕĹőĽĹŘĿ ĢĽ Ľ↑נּ ľ ểĶĜŚ!įě ≥ Ľŗ

ĕĹ Ӕ ĽῺḀľ ּנ↑ľ ēĺ ĺĹŚ!Ԇ Ĺ ķĦĵ i ķ j ě 

Na+ķ Cl-ĽŗĕĹ∆ ŦŬƵįķĨśĿ ₑ 1Aķ BĽƟƈƵŹƥƭķ ĽḰě ĺ

ĹŚĽľ ΑšᴳŚŗř ŘĚĶđŚ!ỸṔĺ ĢĽŗĕĹ ᴙĶ MDšᶺėĿ Ŧƣ

:źƵŲĽĮłĺŪƏƭŰ:ķ ě ĺנּ ĜĞ Şř Ỗѕ┤ ě ĨŚ! 

 ĢĢĶľ ╗ Ķ╝ ĦĮě ŪƱƭƋ œֿפὫԆ ϋ Ķő ľ ħĶđ

Ś!įěᶒēĹĢķĺ ĢĽŦƣ:źƵŲĺŗŚ Ľ ľ S↑נּ ᷆TķᵎĿ

6.2. 4 . 1 ᶆᶍᶹḩᴻḀḻ  ᷅
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śŚŪƏƭŰ:᷆š ķĨĢķĶ ĠŚĢķěĶĜŚ!֥ ĺľ ỗ╜ķ 6A4

ĶῧṐĺ╝ ĨŚ! 

  

6.3.  ᶽḷḳḑ  

 

 ŪƱƭƋ (Ewald, 1921) ľ ἾѻӨφĺęēĵ Ɨ:ƬŪ иš ēĵ ŭƅƊŬ

ƗĹĦĺ ᵊᵌĽӒתĚŘĽ≥ ĽѲ šᴁẐĨŚ ĶđŚ! ἾѻӨφ ᴙĶ

ľẠėĹē!ᴁẐ ľ ᴳ┤őř ĺ˃ּקĨŚě O( N 1.5- 2)ĶđŚ!ŪƱƭƋ Ľ᷈

יּ Ľ Particle Mesh Ewald  (PME 6.4 ╜ẇῐHōĶѝŐśĿ Ḛ ĽMDŹơƧ

Ʈ:ŹƩƵĽֿפĞľŪƱƭƋ ĶᶺŞśĵēŚ!Ĺę ĺ PME ķ ĤĪŚῺ

Ḁľ 6.3 Ķ῝βĨŚŪƱƭƋ ľ Original Ewald Gᴽ♩ŪƱƭƋ HķᵎŅ! 

 ╜Ķľ ŪƱƭƋ Ľ Ủ  ᴙᴒ  ęŗłĬĽ ĺĳēĵ δ╝ĨŚ!

ĺ 6.2.3 ╜Ķ ҌĦĮ ΚĽ ľ ŪƱƭƋ ĽᴁẐ šᶏ ĨśĿ

ε ĶĜŚ! 

 

6.3.1.  ᶽḷḳḑ ᶍ  

 

 ₑ 6.2.1.1 Ķ ĤśŚἾѻӨφĺęĠŚ≥ ꞈᵧṥ ľ Ủ(6.2.1.3) š Ủ

(6.2.1.6) ĶּטĦḀŞĪĵ ŘśŚ! 

 Ὗ В ήВ В
ἶ

i

ἶ    (6.3.1.1)  

ĢĽỦ(1)š₲Ϲ ĺ ĺᴁẐĶĜŚŗĕĺĨŚיּ᷈ Ħĵכ ĽˢĳěŪƱƭƋ

ĶđŚ!ĮįĦ ש☺ Ľ ΚěÒ ĳōř  

 В ή π     (6.3.1.2)  

š ĮĨשš ῨķĦĵēŚ! 6.1 ╜Ķ╝ ĦĮŗĕĺ ĢĽ  ᴙľ Ὣ

Ķ ŪƱƭƋ ĽᶀỦĽ ὶĶőĮłĮłẠĕ! 

 Uĺ ēĵēŚǕ=1ľ Ģ

ĽἾѻשě Ǖ=1Ľ

 ĳōř‴֩ĺ˅ōś

ĵēŚĢķšỞĦĵēŚ

Gₑ 1AH!ᴁẐ Ῠľ 

͏ĽỸתķĬĽἾřšѵὫ

ĺőἨř˅ŏӒתĽὝḀ

ĶđŚ!ĬĽὝḀ ě‴֩

ĺ ĚŢĶēŚῺḀľ ₑ

1AĺĹŚ! 

6. 3 .1. 1 ᶇ ∫ᶍ  
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ˢ  UĽ ėỒěǕ=dĽῺḀľ ₑ 1BĽŗĕĺ ὝḀ ěּ֖כĽŗĕĹǕ=dĽ

ĺ˅ōśĵēŚĢķšỞĨ!ỗ╜ĶῧĦĞҡ ĨŚě ̩  Ľ MDĶľ UǕ=

dĶᴁẐĨŚ ěđŚě ĬĽῺḀ ᷆ķᵎĿśŚŪƏƭŰ:šἨřᾤĞķ U

Ǖ=děỸᵅĶĜŚ!ĮįĦ ĢĽỸתӒתšѝŐĮ ỷשĽ Ķľ ₑ 1BĽŗĕĺ 

Ǖ=1ĶđŚĢķĺ ˋ!ₑ 1CĽŗĕĺ ỷשĽ ōĶ ĺ ĤśĵēŚŞĠ

ĶľĹēĽĶ ᵵδĦĹēŗĕĺ! 

 Ủ(1)ľ Ἵּוě ēӆ₲įě ĢĽỦšƗ:ƬŪ иĨŚĢķĺŗř ĳĽἽּו

Ľּיēӆ₲Ľ ķ ₲ ᷆Ľấĳĺ ЅĨŚĢķěĶĜŚ!ĬśŘš ēĵ≥

šᴁẐĨŚĢķš ŪƱƭƋ ķᵎŅG ὶľ 6A4 ĮįĦ Ķľ 

ĺľᵊ Īĩ ŗřˢ ĹἌ ĺїĦĵ ὶĦĵēŚH! 

 Ὗ В ήВ В
ἶ

i

ἶ ὩὶὪὧ
ἶ

   

   Ӕ GShort - Range, SR) ōĮľỸ֩ѕ   

       (6.3.1.3 §6A4.43) 

 Ὗ В
ἑἳ Ⱦ

ἑἳ
В ήὧέίἑἳϽἺ В ήίὭὲἑἳϽἺἳ  

   Ӕ GLong- Range, LRH ōĮľ ₲֩ѕ    

       (6.3.1.4 § 6A4.42) 

 Ὗ
Ѝ
В ή ỡᵒŪƏƭŰ:  (6.3.1.5 § 6A4.44) 

 Ὗ ἙἔἙ  ᷆   (6.3.1.6 § 6A4.34) 

Mľѯ ƞƅűŻĽⱧԆẪƤ:ƣƵƊĶ  

 Ἑ В ήἺ  (6.3.1.7)  

Jľ ԆƈƵſƭĶđŚG 6A4 ĽỦ 6A4.33ķĬĽ╝ šẇῐH!Ĺę  

 Ὄἳ
ἑἳ Ⱦ

ἑἳ
 (6.3.1.8)  

ķęĞķ Ӕ ľ  

Ὗ В Ὄἳ В ήὧέίἑἳϽἺ В ήίὭὲἑἳϽἺἳ    

        (6.3.1.9)  

ķᾙĠŚ!  

 Ủ(3) - (6)šẠĕķ  

 Ὗ Ὗ Ὗ Ὗ Ὗ    (6.3.1.10)  

ķ ĨĢķěĶĜŚ!ōĮ (8)ĚŘ ᷆ Usurf šᾤĞķ UǕ=dĺĹŚ! 
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 Ὗ
d

Ὗ Ὗ Ὗ     (6.3.1.11)  

ĨĶĺὸňĮŗĕĺ ̩  Ľ MDŹơƧƮ:ŹƩƵĶľ UǕ=1 ĶľĹĞ UǕ=dšẠ

ĕ!ĢĽᴙĺїĦĵľỗ᷆ĶῧĦĞҡ ĨŚ! 

 Ỹ֩ѕ USRGỦ(3)Hľ ´Ľ≥ ƟƈƵŹƥƭGỦ(1)HĺἽּוĽּיē ᵵḰї

₲ erfc ( x)šϾĠĮכšĦĵēŚ!ĢĽ erfc ( x)ĽęĚġĶ Ủ(3)ľ ᾴĤē xĶἽ

ĨŚ!ŗĲĵ 6.2.3וּ ╜ĽŭƅƊŬƗķ ĺ ╚ ĦĮ╕ Ӕ ĽᴾẪƜŤƬ

ŻƊšṥř Ḿ֕╗ Ẫ š Ħĵ ᴁẐĨśĿŗē!ōĮ ĢĢĺ Twin- range

š Ħĵ ּ᷈ͯיĨŚĢķőđŚ!Ĺę ƙƯŲƫƢĺŗĲĵľ ŪƱƭƋỸ֩ѕ

ķ LJš ħŷƘƭ:ƃƵĶᴁẐĨŚ! 

 ōĮ ₲֩ѕ ULRGỦ(4)Hő ĢİŘľŮŨŻיї₲ exp( - x2)ĽęĚġĶ ♬

ꜙĞἽּוĨŚ! 

 Ỹ֩ѕƟƈƵŹƥƭGỦ(3)Hķ ₲֩ѕƟƈƵŹƥƭ(4)HšӔ Ķ ĨŚķ 

ĺĹŚ(Ủ(12), (13)) !ỡᵒŪƏƭŰ:GỦ(5)Hľḹ r i ĺľ˃ŘĹēĚŘ 

ľ 0ĶđŚ! 

 ἐ В В ή

▪

▪
Ѝ

▪
Ὡὼὴ

▪i

ἶ Ἲ▪ (6.3.1.12)  

 ἐ В Ὄἳἳ  

  ίὭὲἑἳɆἺ В ήὧέίἑἳɆἺ ὧέίἑἳɆἺВ ήίὭὲἑἳɆἺ ἑἳ 

        (6.3.1.13)  

 ẙĲĮ ᷆ Usurf ĺĳēĵľ ĢĢĶľ ѯ ƞƅűŻě ĽῺḀĽGỦ

6A4.45)Ľ šṓĪĵęĞ! 

ἐ ήВ ήἺ    (6.3.1.14)  

įě ĨĶĺὸňĮ ř ̩  Ľ MDĶľ ᷆ľᴁẐĦĹē!ĬĽ ľ ỗ╜

ĶῧĦĞҡ ĨŚ! 

 

6.3.2.  ᶽḷḳḑ ᶍ  

 

 ŪƱƭƋ Ľ Ľ ᷆ UsurfGỦ(6.3.1.6) HĺĳēĵὸňĵęĞ! 6A4ĺῧṐ

ĺҊὸĦĮě ĢĽ᷆ľ ỸתGѯ ƞƅűŻHķĬśšἨřōĞӒתĽὝḀ ěṥ

řįĨ֩ѕ SGₑ 6A4.1HĽ Ľ Κķ ѯ ƞƅűŻĽⱧԆẪMĽꞈᵧṥ ŪƏƭ

Ű:ĶđŚ!ĢĽ᷆šͽėŚĢķĶ ᴁẐ ῨĽ ỷשšₑ 6.3.1.1B Ủ(6.3.1.10)

ĽS (Ǖ=d)TĶľĹĞ ₑ 6.3.1.1A Ủ(6.3.1.11) ĽS‴֩GǕ=1HTуӨ
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ĺ Ğŗĕĺ ∆ĶĜŚ (De Leeuw et al., 1980 ,  Deem et al., 1990  

Ballenegger, 2014 , Allen & Tildesley, 2017) !Ĺę Ewald (1921)Ľᴾ Ķ ὶĤ

śĮĽľ UǕ=dĶđŚĽĶ Usurf ľ ĲĵēĹē!Usurf ľ įēŅᵭĽ Redlack & 

Grindlay (1972, 1975)  Ķ ęĬŘĞᾑŐĵ ὶĤśĮ! 

 Ķľ MDľ Ǖ=1ķǕ=dĽĸİŘĶỸᶺĨňĜĹĽĚ' ķᵈĕķ ᾙĶ Ῠ

ķĦĵēŚ ̩  Ľ Ẫשĺ Ħĵľ Ǖ=dĽ ᴙšẠĕňĜĶđŚ!ķēĕĽ

ľ ̩  Ķľ Ẫěỡ ĺϩẋĨŚĮŐ Ŧƣ:źƵŲG 4.4 ╜Hě ĺĹ

Ś!įě ᷆ěđŚķ Ŧƣ:źƵŲĽ ĺꞈᵧṥ ě ĺנּ ͯĨŚĽĶ 

MDě ĹēĦ ʸ ĺĹĲĵĦōĕ!Ģśľ 6.2.3 ╜Ľ ╗ Ķ╝ ĦĮᵅῨ

ķ ḣľ ħĶđŚ!ĢĽ šε ĨŚĮŐ ̩שĶľ ᷆ UsurfGỦ

6.3.2.4 HšᾤēĵǕ=d ᴙĺĦĵ MDšᶺĕ!ˢ  ᵏ ᴕῄĽŗĕĺ Ẫěϩẋ

ĦĹēשĶľ Ŧƣ:źƵŲě ĶđŚ!įĚŘ ᷆š śĵǕ=1Ľ ᴙĺĦ

ĵ ľ−ħĹēľĩĶđŚ! 

 ᷆š śŚķŦƣ:źƵŲĶ ĨŚĽľ ỸṔĺƙƯŲƫƢĦĵ Usurf đř

Ķ NaClĽŗĕĹŦŬƵ↑ĽשĽMDš ĪĿ ĨğỸ ᴻĶĜŚ5!įě ₲Ϲ  

Ϲ ĺᶳṶĦĵŎŗĕ! 

 Ủ(6.3.1.3, 8) ĽỸ֩ѕ ľ 6.2 ╜ĽḾ֕╗ Ẫ◑ ķŭƅƊŬƗĶᴁẐĨ

Ś!Ģśľ 6.2 ╜ĶĨĶĺҡ ĦĮŗĕĺ Ŧƣ:źƵŲěҌĢĲĵő ľ↑נּ Į

śĵēŚĽĶ ľĦĹē! 

 ỗĺ Ủ(6.3.1.4, 9) Ľ ₲֩ѕ ľķēĕķ Ŧƣ:źƵŲĺŗř r i Ě r j Ľˢ

ĳĽ→ ě ĽĸśĚěˢ įĠ+ᵂĨŚĢķĺĹŚ!ḹ r i ķ r j ĺїĨŚ᷆ľ 

Ĩňĵ sin/cos ( Gk$r i/j )ĽכĶđŚĚŘ ĢśěŦƣ:źƵŲĶĸĕ ͯĨŚĚ

ňŚ! ėĿ r i ěŦƣ:źƵŲĶ rDi ĺĹĲĮķĜ ĬĽ x→ ě xi¦xi +Bxĺ ͯ

ĦĮķĨŚ!ĬĽķĜ sin ( Gk$r '
i )ľ kxě↔₲ĹĽĶ ľ ŞŘĹē! 

ίὭὲἑἳɆἺ░
i

ίὭὲς“
Ὧ

ὄ
ὼ░ ὄ

Ὧ

ὄ
ώ░

Ὧ

ὄ
ᾀ░ ίὭὲἑἳɆἺ░ ς“Ὧ ίὭὲἑἳɆἺ░ 

 

5 ĢĽỎỸľ ἐỡ⁬ľ ĮōĮō Ӱṗ ĺ NaClᴕῄĽ MDƙƯŲƫƢšᾙēĵƈŻƊĦ

ĮķĜĺ ᷆š śĵŦƣ:źƵŲĨŚķ MDě ĦĵĦōĕĽĶ ҁ ēĮỗ Ķđ

Ś! ĜĹ ẪשĶľ ₣ ẪěŦƣ:źƵŲĦĮğŘēĶľ ĦĮřĦĹēĽĶ ĹĚ

ĹĚҁĴĚĹē!ĬĽᵭ ĢĽᴙšēŜēŜ ňĵŎŚķ ŊĽŐĚĦĵŚ ᴭľđŚĢķľ

đŚĽįěGS ̩ĽŹơƧƮ:ŹƩƵĶľ ᷆š śĹēTķĚH ľĲĜřķᾙēĵđ

Ś ᴭľᾶĹē!ĬĽ₲ᾶĹē ķĦĵ De Leeuw & Perram (1981)ĺľ SőĦ Ẫě 1

ĳ ѯ ƞƅűŻšľŎįĦĵĦōĲĮŘ ĬśšƞƅűŻ ĽӒתķ ś ėĵľĹŘĹ

ē!ĹīĹŘ ĬŢĹĢķšĦĮŘ שĽƑơƭƊƍŤƵě ŞĲĵĦōĕĚŘįTķҊὸĦ

ĵđŚ! 
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őİŜŢ xi¦xi - BxĶő ōĮ cos( Gk$r ' i )Ķő !ĳōř ₲֩ѕĽƟƈƵŹ

ƥƭő ő Ŧƣ:źƵŲĺŗĲĵ ͯĦĹē! 

 ķĢŜě ᷆Ľ Usurf Fsurf ľĬĕľēĚĹē!Ủ (6.3.1.7) ĽMľ r i ěѯ

ƞƅűŻĽŷŦżįĠ+ᵂĦĮĹŘ ĸĽ ᶆĺĪŗ ּנĺ ͯĨŚ!ŗĲĵ 

᷆š śĮ MDľ ě ĺנּ ͯĦĵĦōĕĮŐ ĨŚĚ ĬĕĶĹĞĵ

ő ʸ ĺĹŚ ķēĕĢķě ỦĽכĚŘŞĚŚ!ĬőĬő ᷆ Usurf ľ͵ĹĽ

Ě' ķēĕķ 6A4ĶῧṐĺὸňĮě ᵊ͇ĶĽ ĽⱧԆẪķѯ ŽƭĽ

ⱧԆẪĽѕĽꞈᵧṥ Ķ MĽї₲ĶđŚ!ĮķėĿ ѯ ƞƅűŻě ĹŘ

Ŀ ˀͮĽכĺĹŚ! 

 Ὗ Ἑ    (6.3.2.1  § 6A4.45)  

ἐ ήἙ   (6.3.2.2)  

ỦĚŘỡ Ĺŗĕĺ Ŧƣ:źƵŲĺŗřMě ĺנּ ͯĨśĿ Usurf ķ Fsurf ő

ĺנּ ͯĨŚŞĠĶđŚ! 

 Ҳĺ ᷆šᾤĞķ ĹīǕ=dĽ ĺ˅ōśĮ ᴙGₑ 6.3.1.1 BHĺĹŚ

ĽĚ' Ĭśľ ĹŘĿ Κš İΉĨŗĕĺ ҲĽ ᷿Ľ ΚěὝō

ř ĬĽᴕΌ ΚľᴳĚĠῲÒĺĹŚ!įĚŘ ѯ ƞƅűŻĽⱧԆẪķĽꞈ

ᵧṥ ěĹĞĹř ᴕΌķĦĵ ᷆ěÒĺĹŚĚŘĶđŚ!ŕėĺǕ=dĽ ᴙ

šFtin - foil boundary conditio nGŤƭơ Өφ ᴙHFķᵎŅĢķěđŚ! 

 ķĢŜĶ ěǕ=1 dˀϑĽ ˋĽ ĶĽ ᷆ľ ѯ ƞƅűŻě

ĽῺḀ  

 Ὗ ‐ Ἑ   (6.3.2.3)  

ĺĹŚGDe Leeuw & Perram, 1981)!ĢĽїגěĸśįĠỸṔĺẠŞśĵēŚĚľ 

ἐľ ŘĹēĽĶ ῝βĨŚĺķĸŐĵęĞ! 

 ōķŐŚķ ĨĶĺὸňĮŗĕĺ Ŧƣ:źƵŲě Ĺϩẋש ĳōř ̩ Ľ

Ẫœ ͊ĹĸĶľ ᷆ Usurf ľᾤĜ ƟƈƵŹƥƭ UǕ=dĽ ᴙĶ MDᴁẐšᶺ

ĕ ěđŚ!ĢĽŦƣ:źƵŲĽ ľ ŪƱƭƋ įĠĶĹĞ ╗ Ľ 6.2.4

╜Ķҡ ĦĮ ř ἾѻӨφĶ≥ ꞈᵧṥ šᴁẐĨŚῺḀľ ĩᶳ ĦĹēķē

ĠĹē! 

 ķĢŜĶ ᷆š śĹĠśĿĹŘĹēĽľ ĸĕēĕῺḀĚ' Έ ĺĦĵ 

ἐěїגĦĵēŚ− Ẫї Ķľ ᷆Ľ Ķ̒7Ľ ľ ŘĹē!

6A4Ķ῝βĦĮ Ballenegger (2014) ĺľ ᷆ě Ĺ ῨשĺїĨŚ ě˰

ĦĵđŚGĮķėĿ Řỡ⁬Ľ Ԇ↑̩ Ľ ĽᴁẐĹĸ Ballenegger & 

Hansen, 2004H! ᷆š śŚῺḀľ ĬśŘĽ Ķ ĬĽᶂΌĹĸš ňĵ
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Ħē! 

 

6.3.3.  ᶽḷḳḑ ᶍ ᶇ  

 

 ŪƱƭƋ ĺľ 7Ĺ Ɠƫƣ:Ɓ:ěđř ỸṔĺ MDšᶺĕṔĺľ ĢśŘ

š ∙ ķᴁẐ šᶳ ĦĹěŘ ╕ĺ╚ ĦĹĠśĿēĠĹē!įě ŪƱƭƋ

Ľ∙ ķᴁẐ Ľ₢ ľˢ řĶľĹē!∙ őᴁẐỖѕő 7Ĺ ˮĶ

ŞřĕŚ!ĸĽŗĕĹ Ẫ ĽƤƉƭšẠĕĚ ƟƈƵŹƥƭšἧ ĺĨŚĚ 

šἧ ĺĨŚĚ ōĮŪƱƭƋ įĠĽŷƘƭ:ƃƵĶᴁẐĨŚĚ ĬśķőֿכĽꞈ

ᵧṥ GLJĹĸHķˢᾗĽŷƘƭ:ƃƵĶᴁẐĨŚĚ ֿפὫỖѕḈŎš ĨŚĚ 

ĹĸĹĸ!įĚŘ ᴁẐ šᴾẪ₲ NĽї₲ķĦĵ Ħĵő ᴭĺŗř O( N 1.5)Ě

Ř O( N 2)Ľ śěđŚ! 

 ◗╜ķ 6A4ĶŪƱƭƋ ĽƟƈƵŹƥƭķ Ľ Ủ(6.3.1.3 - 7)šỞĦĮě ᴁ

ẐỖѕķ∙ ľ Ỹỷῲ Ỹ֩ѕ USRķ ₲֩ѕ ULRĽ ĳĽӆ₲ĶᴒōŚ!ĢĽ

ĳĽӆ₲ĽᴁẐĶľ ᷆₲š+œĨŊĸ∙ ěῲěŚ!ˢ  ᴁẐỖѕľ᷆₲š+

œĪĿ₱ŢĶĦōĕ!ŗĲĵ ; Ĺ ˅Ķ Ĺ∙ š →ĨŚĮŐ ᷆₲š ╜

ĨŚ!ŗř֥ ĺľ Ỹ֩ѕĽ╕ Ӕ Rc ҲϫẪƛűƊƭ GkĽŦƵƉƅűŻ k

GỦ 6.2.1.12) Ľ╟ Ľῲᵊ kmax ΚϩěřĽƓƫƣ:Ɓ:Ǘš ╜ĨŚ ěđ

Ś! 

 

[1] ŪƱƭƋ ĽᴁẐ Ľé˃ּק↑ 

 ĨĶĺὸňĮŗĕĺ ŪƱƭƋ ĽᴁẐ Ľ N

₲ĳōř ᴾẪ ↑קּ˃ Ně+ėŚķᴁẐỖѕě

ĸśįĠ+ėŚĚĺĳēĵľ ᴭĺŗřĿŘĳ

ĜěđŚ!įě ˢ ĺľ O( N 1.5)ķēĕ ě

ᶓĞ ŐŘśĵēŚ!O( N 1.5)šḾᾑĺ ὶĦĮ

Ľľ ֿפ  Perram et al (1988) įŜĕ!ĢĽ

ľ Frenkel & Smit (2002) œ Allen & 

Tildesley (2017) ĽӰΉᾙĶő῝βĤśĵēŚ!

Įį ĚĹř ὶě ĦēĽĶ ĢĢĶľ ŗř

ŹƵƙƭĹ Fincham (1994)Ľ Ķ N˃ּק↑

š ēĵŎŚ!ᴕΌľ ħĶ O( N 1.5)ĺĹŚ! 

 ╚ ľ 6.1.1 ╜Ľ ŗřőĤŘĺ

ᾋĺĦĵ ѯ ƞƅűŻľ ┤ V ˢ BĽ

GV=B 3) ĢĽ ĺ NᵌĽᴾẪě₲ ǡ ĳ

ōř  

6.3.3. 1 ֩

 ֪
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 ”    (6.3.3.1)  

ĶŊŋˢ ĺ ĦĵēŚķĨŚGₑ 1)! ῨשĽ ǡšᵏ ĨŚķ6 BľᴾẪ

₲ NĽї₲ĺĹŚ! 

 ὄ
Ⱦ

  (6.3.3.2)  

Ỹ֩ѕ ľḾᾴ֕╗ ẪĽŎᶳ  ĳōř nĺĳēĵĽ šἨŘĹēĽĶ Ủ

(6.3.1.3) Ľ r ij nľ r ij ķᾙĞ!Ủ(6.1.1.11) ĽҲϫẪƛűƊƭ Gkľ Ủ(6.1.1.12) Ľ

↔₲ƛűƊƭ kšẠĲĵ  

 ἑἳ ἳ  (6.3.3.3)  

ķщ ĺᾙĠŚ! 

 ĢĽ╚ ĺḀŞĪĵ Ỹ֩ѕ G6.3.1.3 Hķ ₲֩ѕ (6.3.1.4) šᾙĜ Ĩ!

ĺ Ľ ˅ľ ᴁẐ š₢ ĦœĨēŗĕĺ Ỹ֩ѕľ r ij bRc ₲֩ѕľ 0<|k|

bkmax,k z>0Ľ ᴙš ҊĦĵđŚGᴁẐĽὫ š ĠŚĮŐ kz>0ĽŎĺĳēĵᴁẐ

Ħĵ 2 ĺĦĵēŚĽĶ ˋ!ῧṐľ 6.3.5 ╜H! 

 Ὗ В ήВ ȟ  ὩὶὪὧ  (6.3.3.4)  

 Ὗ В Ὄἳ В ήὧέίς“
ἳϽἺ

В ήίὭὲς“
ἳϽἺ

ȿἳȿ▓□╪●ȟ  

      (6.3.3.5)  

 ľ ėŘśĮ∙ ǕĶ ĦĚőᴁẐ ěˢ ᾶĹĞĹŚŗĕĹ Rc  kmax 

ǗĽ♯šҾŐŚĢķĶđŚ!ˀͮĽ₢ Ķľ ƟƈƵŹƥƭĽŎšᶳ Ħ ĽĢķ

ľᶳėĹē!∙ Ǖľ ėĿ 10- 3ķĚ 10- 4ķĚĽ š śŚĢķĺĹŚě ҡ

ĦœĨĞĹŚŗĕĺ p=- l og(ǕHķēĕ иš ĨśĿ  

 ‐ Ὡὼὴὴ  (6.3.3.6)  

ĶđŚ! 

 Ĥĵ ỦG4)ĽỸ֩ѕ USRĽ∙ ľ ṽ ĺľ erfc ( r ij /Ǘ)ĶᴒōŚ!ĬĢ

Ķ ŭƅƊŬƗ RcĶǕĺĹŚķĨŚķ xě ĜēķĢŜĶľ erfc ( x)~exp( - x2)ĹĽ

Ķ 

 ‐ Ὡὼὴ   (6.3.3.7)  

ě→ř ĵĿēēįŜĕ! ĺ Ủ(5)Ľ ₲֩ѕ ULRľ exp( - (ǠǗk/ B) 2)Ķ∙

ěᴒōŚķĨŚ!ĢĢĶ | k|Ľῲᵊ kmaxšẠĕķ ∙ Ľ ᴙľ  

 

6 ´ MDĽ ῨĽ ľ שě ĜĞĹĲĵőˢ ĶđŚĽĶ ĢĽʹ ľ￼ ĶđŚ! 
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 ‐ Ὡὼὴ  (6.3.3.8)  

ĶđŚ!ǕĽ ŞřĺỦ(3)Ľ pšẠėĿ (7)(8) ľ  

 ὴ  (6.3.3.9)  

ķēĕщ ĹїגĺĹŚ!įě ї(9)גĶľ Rc  kmax, ǗĽẅĳě ₲ Ủľ

ĳįĚŘ ĢśįĠĶľ ẅĳĽƓƫƣ:Ɓ:šᴒ ĶĜĹē!ĬĢĶ ͮĽҡ Ľ

ŗĕĺ ᴁẐ šḾᾴͯĨŚ ķēĕ ᴙš śĵᴒ ĨŚ! 

 MDĽ 1ŻƈƅƙđĮřĽ Ỹ֩ѕ USRĽᴁẐỖѕ TSRš₢ ĨŚ!Ģśľ Ủ(4)

ĚŘŞĚŚŗĕĺ NᵌĽᴾẪě ל Rc ĽᴾẪĽ Gi >j įĠᴁẐĨŚĚŘH

ķꞈᵧṥ ĨŚĚŘ ꞈᵧṥ Ľ₲ľ 

 ὔ Ὑ ” ὔὙ”  

ᵌĶđŚ!ŗĲĵ ˢĳĽꞈᵧṥ ĽᴁẐĺϾĚŚỖѕš t SRķęĞķ  

 Ὕ ὔὙ”ὸ   (6.3.3.10)  

ĺĹŚ!Ủ(10)ľ ╜ĨňĜƓƫƣ:Ɓ:Ľĕİ RcĽŎĶ ĤśĵēŚĽĺ

ˋ! 

 ỗĺ ₲֩ѕ ĽᴁẐỖѕ TLRš₢ ĨŚ!Ủ(5)ĶἨřʭĕ kmaxc| k|, kx>0š

ĮĨ 3ỗᴽ↔₲ƛűƊƭ kĽ₲ľ ל kmaxĽӂĽ ┤Ľ ĺŊŋˢ ĨŚĽĶ  

 Ὧ Ὧ   

ˢ   ( i , k)ĽƜŤˢĳĺĳēĵϾĚŚᴁẐỖѕš t LRķęĠĿ kˢĳĺĳēĵ N

ᵌĽ i ĺĳēĵᴁẐĨŚĽĶ ĬśšḀᴁĨŚķ 

 Ὕ Ὧ ὔ ὸ   

Ģśš TSRķ ĺ RcĽŎĶ ĨĮŐ Ủ(9)š ĦĮכ kmax=Bp1/2/( ǠǗ)Ķ kmaxš

ΉĦ ĤŘĺỦ(2)Ķ BšΉĦ Ḿᵭĺ ōĮỦ(9)š /ĦĮǗ=Rcכ p1/2šẠĲĵǗš

ΉĨķ  

 Ὕ ὔὸ  (6.3.3.11)  

ě ŘśŚ!Ủ(10)ķ(11)šּטĨķ ☺ᴁẐỖѕš RcĽŎĽї₲ T( Rc)ķĦĵ ĨĢ

ķěĶĜŚG %pőǡő Nő t SRő t LRő ĢĢĶľ ėŘśĮ ₲ĶđŚH! 

 ὝὙ Ὕ Ὕ ὔ”Ὑὸ ὸ  (6.3.3.12)  

щ Ĺ₲ϹĶ (12)šḾᾴĺĨŚ RcĽ Rc
optĶľ Ủ(12)Ľ˺ Ľ ĳĽ᷆ě ĦĞ
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ĹŚ ĳōř TLR=TSRĺĹŚĢķěŞĚŚ!ĬśšẠĕķ  

 Ὑ
Ⱦ Ⱦ Ⱦ

Ⱦ   (6.3.3.13)  

ě ŘśŚ!ĬĦĵ Rc
optĶ☺ᴁẐỖѕ Toptľ  

 Ὕ ςὝ ςὝ ὝὙ
Ⱦ
ὸὸ ὔȾ  (6.3.3.14)  

Ľ šἨŚ!ĢĽỦľ ᴁẐỖѕĽ N˃ּק↑ľ O( N 1.5)ĶđŚĢķěỞĦĵēŚ!ĤŘ

ĺ Ủ(9)ĚŘ kmaxĽḾ kmax
optķǗĽḾ Ǘoptš Rc

optĽї₲ķĦĵ Ĩķ 

 Ὧ   (6.3.3.15)  

 –
Ѝ

  (6.3.3.16)  

ĺĹŚ!Ủ(13)(15)(16) ĽƓƫƣ:Ɓ:ěỸṔĺ￼ Ĺ š ėŚĢķľ Fincham 

(1994)ěỸ šỞĦĵēŚĽĶ ĢĢĶľῒ ĨŚ! 

 ķőđś ˀῲĽδ┘Ķ ėŘśĮ∙ ǕĶ Rc  kmax  ǗĽ 3Ɠƫƣ:Ɓ:

š ᴁẐ ěḾᾴĺĹŚŗĕĺ ╜ĦĮῺḀľ ĬĽᴁẐ ľ O( N 1.5)ĺĹŚĢķěŞ

ĚĲĮ! 

 

[2] Ỹ ĹƓƫƣ:Ɓ:╚ Ľ  

 ˀῲĶ῝βĦĮ FinchamG1994)Ķľ ŪƱƭƋ Ķ≥ ꞈᵧṥ šᴁẐĨŚĢķį

ĠĺὝ Ħĵδ┘ĦĵēŚ!ĬśľĬśĶēēĽįě ˢ  MDƙƯŲƫƢĶŗĞẠ

ŞśŚĽľSŪƱƭƋĽỸ֩ѕķ LJĺ ħ RCš Ħ ˢĳĽŷƘƭ:ƃƵ Ķ

ᴁẐĨŚTķēĕ ỦĶđŚ!Ỹľ ἐỡ⁬ĽſƗƊ PEACHĶőĬĽ ỦšẠĲ

ĵēŚĽįě ĬĽῺḀ LJĽ∙ őѝŐĵ ŪƱƭƋ Ľ∙ šδ┘ĨŚ ěđ

Ś!ĢĢĶľ ˢ ķĦĵ Komeiji et al. (2000)  ĶĽƓƫƣ:Ɓ:╚ š῝β

ĨŚ! ľ ŪƱƭƋő LJő ∙ ě ǕĺĹŚŗĕĹ Rc  kmax ǗĽ♯šҾ

ŐŚĢķĶđŚ! 

 Ỹ֩ѕķ ₲֩ѕĽἽּו↑ľ Ủ(7)(8) ķ ħįě ĢĢĺ LJĽ ᴙő Ĳḗŏ!

Rij š ỷש Ľ ĳĽᴾẪѕĽ LJ ĽḾל ķĦĵ LJĽØῶ᷆ĽŎšᶳ Ĩ

Śķ  

 ‐ Ὡὼὴ Ὡὼὴ  (6.3.3.17)  

ĶđŚ! ₲ 3ĳ Ủ 3ĳįĚŘ ĢśˀῲĽḾ ͯĽ ľĹĞ  

Ὑ
Ѝ

    (6.3.3.18)  
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 –    (6.3.3.19)  

 Ὧ    (6.3.3.20)  

ě ŘśŚ!₣;ƁƵƓűỷשĹŘĿ  ᴙķĦĵ Rij G ľ 4 ÉğŘēH Ľ

ˢ B ∙ ǕGḾʣĶő 10- 3ğŘēHš ĨśĿ Ĭśĺ͒ħĵ ỦĚŘ Rc 

Ǘ kmaxě ŘśŚ! 

 ᴕԄ ĢĽ ľ LJĽ RcĺḀŞĪĵ Ỹ֩ѕ šƜŤƬŻƊĶᴁẐĦĵēŚ!LJ

Ľ Rcľ ´ˢ įĚŘG10- 15ÉğŘēH ĬĽᴁẐ TSRľ‰ĞᶳėŚōĶőĹ

Ğ O( N)ĶđŚ!ˢ  ₲֩ѕĽᴁẐ TLRľ Ủ(11)šᴳśĿŞĚŚŗĕĺ Rcě

ˢ ĹŘĿ O( N 2)ĺĹŚ!ĮįĦ ₲֩ѕľֿפὫỖѕḈŎ šẠĲĵᴁẐšѕ˰

ĞĢķőĶĜŚĽĶG 3A3ĺˢ đřH Ně₲╤ĚŘ₲ ĹŘ ĤŊĸ

ҁĺľĹŘĹē!įě ĬśˀῲĺĹŚķ 6.4 ╜Ľ PMEĹĸě ĦĞĹŚ! 

 ˀῲĶ῝βĦĮˀϑĺő ēŜēŜĹ ᴙ╚ ěđŚįŜĕ!įě “ ĶĜŚ

͒ ſƗƊšẠĕĹŘĿ ōĩľ ĬĽſƗƊĽƉƗūƭƊĽ╚ šẠėĿŗēķắ

ĕ! 

 

6.3.4.  ᶽḷḳḑ ᶍ ᶍ⅛ᵣ  

 

 6.1.4 ╜Ķ╝ ĦĮ ᾤᴾẪ Ľʭēįě ŪƱƭƋ ĽῺḀľỗĽŗĕĺʭĕ!

ōĩ ₲֩ѕ ULRľ ỦG6.3.1.3 HšĬĽōōᴁẐĨŚ!ˢ !Ỹ֩ѕ USRľ ŭƅ

ƊŬƗ ķ ĺ ᾤᴾẪš ēĮƜŤƬŻƊš ēĵỦ(6.3.1.4) šᴁẐĦ ĬĢĚ

ŘỗĽ š˰ĞGProcacci & Marchi, 1996 H! 

В ὩὶὪȟȡ   (6.3.4.1)  

ĢĢĶ erf ( x)ľᵵḰї₲Ķ erf ( x)=1- erfc ( x) ĶđŚ! 

 Ĺī (1)š˰ĠĿēēĚšỞĦĵęĞ!Ỹ֩ѕ ĚŘ ᾤƜŤĺŗŚ 1/ r ƟƈƵ

Źƥƭš˰Ğķ  

 Ὗ В ȟȡ В ήВ В
ἶ
ὩὶὪὧ

ἶ В
ἶ

ᶰ

i

ἶ    

В ήВ В
ἶ
ὩὶὪὧ

ἶ В
ἶ

ᶰ ὩὶὪὧ
ἶ

ὩὶὪ
ἶi

ἶ   

 В ήВ В
ἶ
ὩὶὪὧ

ἶ В
ἶ
ὩὶὪὧ

ἶ

ᶰ

i

ἶ  

  В ήВ В
ἶ
ὩὶὪ

ἶ

ᶰ

i

ἶ   (6.3.4.2)  
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ĺĹŚ!j«exc( i )ľ ᴾẪ j ě ᴾẪ i Ľ ᾤᴾẪĶđŚĢķšỞĨ!Ủ(2)˺

Ó᷆ľS ᾤᴾẪš ēĵᴁẐĦĮỸ֩ѕ TĹĽĶ Ô᷆ěỦ(1)ĺđĮŚ7!ķ

ēĕŞĠĶ Ủ(1)šᴁẐĦĵ USRĚŘ˰ĠĿ ∆ĶĜŚ!Ĺę ĢĽ ∆᷆ľ 

ὫỖѕḈŎפֿ G3.11 ╜HšẠĕῺḀľ ˢ ēỖѕḈŎĺḀŞĪĹēķ ∙

ěͮěŚGKomeiji, 2000 H! 

 

6.3.5.  ᶽḷḳḑ ᶍḟḵ᷅ḱḨ 

 

 ŪƱƭƋ ľ ľ Ỹ֩ѕķ ₲֩ѕĬśĭśĺĳēĵ 7ĽŷƘƭ:ƃƵ

š ēĵᴁẐĨŚ!ĸİŘő ͯě ˍĶđŚ! 

 Ỹ֩ѕĺĳēĵľ ŭƅƊŬƗ ĽƙƯŲƫƢķŊŋ ĽőĽķẠĕ!ƟƈƵŹ

ƥƭķ Ľї₲כě˙ĕįĠĶđŚ! ͯĽ ő ŭƅƊŬƗ ĽῺḀķ

G6.2.3 ╜HĹĽĶ ĢĢĶľῒ ĨŚ! 

 ₲֩ѕĺĳēĵľ 6.3.3 ╜ĶᾶĦ‖śĮě ˀͮĽŗĕĺ ᴁẐ š ĺĶ

ĜŚ! 

Ὗ В Ὄἳ В ήὧέίἑἳϽἺ В ήίὭὲἑἳϽἺἳ   

(ḽ 6.3.1.9)  

Ķľ k=( kx, ky, kz)ĽẅĳĽ ♬ĺїĨŚ Ľĕİ ˢĳľ +-Ķ ħ ĺĹŚ!ŗĲ

ĵ ėĿ kzĽŎ kz >0Ķ šἨĲĵ 2 ĺĨśĿŗē!ĳōř ƟƈƵŹƥƭ

ľ  

Ὗ В Ὄἳ В ήὧέίἑἳϽἺ В ήίὭὲἑἳϽἺἳ ȟ   

( 6.3.5.1)  

ľ Ủ(6.3.1.13) ĺ ėĵ  

 ἐ В Ὄἳἳ ȟ  

 ίὭὲἑἳɆἺ В ήὧέίἑἳɆἺ ὧέίἑἳɆἺВ ήίὭὲἑἳɆἺ ἑἳ  

        (6.3.5.2)  

š ỸאĨŚ!ĚĞĦĵ ₲֩ѕ ľ ỗĽŗĕĹŵ:ƋĺĹŚ! 

 

ŵ:Ƌ 6.3.5.1: ŪƱƭƋ ĺŗŚ≥ ꞈᵧṥ ĽᴁẐG ₲֩ѕH 

! f(3,natom) ķƟƈƵŹƥƭ pot_ewkšᴁẐĨŚ! 

 

7 (2)ĺ 1/2 ěϾĚĲĵēŚĽ ľ ( 2)ľὫ šӓĦĮᾙĜ įĚŘķēĕįĠĶđŚ!( 1)

ľὫ šӓĤĹēᾙĜ šĦĵēŚĽĶ 1/2 ěϾĚĲĵēĹē! 
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! Ĺę H(k) = exp( - (ǗGk(k))**2/4)/Gk(k)**2  

!  ľľ ḹ r ĺŗŘĹēĽĶ MDĽḾᾑĺ 

!  ĺˢεįĠᴁẐĦĵ Ĭśš☺ŻƈƅƙĶ ēŚ 

fi(:,:) = 0  !  Ľᾑѻͯ 

epot_ewk = 0    ! ƟƈƵŹƥƭᾑѻͯ 

DO k = 1, nwave 

bsk   = 0  !     bsk = Ǌj  qj *sin( Gk$Rj )  

bck   = 0  !     bck = Ǌj  qj *cos( Gk$Rj )  

DO i = 1, natom     

theta  =  Gk(1,k)*r(1,i) + Gk(2,k)*r(2,i) + Gk(3,k)*r(3,i)  

sin_theta(i) = sin(theta)  

cos_theta(i) = cos(theta)  

bsk = bsk + q(i)*sin_theta(i)  

bck = bck + q(i)*cos_theta(i)  

END DO 

epot_ewk = epot_ewk + H(k)*(bsk**2 + bck**2) ! ƟƈƵŹƥƭĽᴁẐ 

        csk(:) = H(k) * bsk * Gk(:,k)  

        cck(:) = H(k) * bck * Gk(:,k)         

        DO i = 1, natom  

              fi(:,i) = fi(:,i) + cck(:)*sin_theta(i) -  csk(:)*cos_theta(i)  

        END DO 

END DO   ! over k  

DO i = 1, natom  

fi(:,i) = 8*pi/box**3 * fi(:,i) !  

END DO 

epot_ewk = 4*pi/box**3 * epot_ewk !  ƟƈƵŹƥƭ 

 

 ĢĽŵ:ƋšᴳśĿŞĚŚŗĕĺ ˋϑĺŹƵƙƭĺᾙĠŚ!ĬĦĵ ῲҊŵ:Ƌ

Ľ ͯľĮœĨē!nwaveɜ Ľ kšƙƯŽƅŷ:ĺ ЅĦĵᴁẐĤĪśĿŗē! 

 

6.3.5.  ᶽḷḳḑ ᶍ  

 

 7ķŪƱƭƋ Ľδ╝šᾙēĵĜĮě ĢĢĶ῝βĦĮFᴽ♩FŪƱƭƋ ľ 

ᵅṖ ͒ ſƗƊĶľđōřẠŞśĵēĹē!ŏĦŜ ỗ╜ĺ῝βĨŚ PME ě−

ẪĽⅎφš─ЫĦĵēŚ!įě PME ľ ᴽ♩ŪƱƭƋ Ľ ₲֩ѕ š FFT

Ķּ᷈ͯיĦĮőĽįĚŘ Ϲ ĺľᴽ♩ŪƱƭƋ ķᵧи↑ěđŚ!įĚŘ Ḛ
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ōĶ╝ ĦĵĜĮᴽ♩ŪƱƭƋ Ľ ĽֿפĞľ PME ĺő ĵľōŚGῧṐľ 

ỗĽ 6.4 ╜H! 

 ͒ ſƗƊľķőĚĞ ᴮӃἐᵌ⁵ěỡṥĨŚỆᴻ ƙƯŲƫƢĶľ ᴽ♩ŪƱƭ

Ƌ ľḚĶőŗĞẠŞśĵēŚ!Ủě ᾋįĚŘ ƙƯŲƫƢĨŚĽő ͯő Ĥ

Ŋĸ ĦĞĹēG11.3 ╜ĺỸּזƉ:ƁđřH!ōĮ ƟƈƵŹƥƭ֩ѕěЋŘĚĶđ

ŚĮŐ MDěʸ ĺדŚ!Ỹ֩ѕķ ₲֩ѕĬśĭśĺ erfc ( x) ķ exp( - x2)ķēĕ

һᴍĹἽּוї₲ěϾĚĲĵēŚĮŐĶđŚ! ϴ ᾴĤē ẪשĽᴮӃ ķĦĵľ 

╕Ĺ įķắĕ! 

 

6.4.  PME  

 

 ĨĶĺ͵ ĚὸňĮŗĕĺ Particle Mesh Ewald  Ῐ PME ľ 6.3 ╜ĶῧĦ

Ğδ╝ĦĮᴽ♩ŪƱƭƋ Ľּ᷈ͯיƒ:źƩƵĶđŚ!ᴽ♩ŪƱƭƋĽᴁẐ ľ O( N 
1.5- 2)įě PMEĶľ ּ᷈יƗ:ƬŪ иGFast Fourier Transform, FFT HšẠĲĵ 

O( N)~ O( NlogN)ĺōĶ ķĦĵđŚ!PME ľ 1990 ĺ ĤśĵĚŘGDarden 

et al.  1993 Essmann et al.,1995 H AMBER CHARMM NAMD GROMACSĹĸ ₲ֿפ

ĞĽƓƅų:źſƗƊĺ Ĥś Ḛ  − ẪĽ MDĶľ ≥ ꞈᵧṥ ᴁẐ Ľ

de fact standard Ľ ˂šϯ ĦĵēŚ! 

 ᴽ♩ŪƱƭƋ ĺїĨŚҡ ľ ŊŋĬĽōō PME ĺĳēĵő→ř ĳĽĶ Ģ

ĢĶľֿפĞšὸňĹē!ᴽ♩ŪƱƭƋ ķ˙ĕ šδ╝ĨŚĺķĸŐŚ! 

 PME ĽỦĶđŚě ᴽ♩ŪƱƭƋ ĽᶀỦ 6.3.1.3 - 6Ľĕİ ₲֩ѕ ULR

G6.3.1.4)  ĽŎě ĤśĵēŚ!ᵭĽẅỦľĬĽōōĶđŚ!ˀͮ ULRšכ PME

ĺ ĨŚě ὶכ ľ 6A4ĽỦG6A4.41HĽכĶđŚ! 

 Ὗ В
ἑἳ Ⱦ

ἑἳ
В ήὩὼὴὍἑἳϽἺἳ  

 В
ἑἳ Ⱦ

ἑἳ
В ήὩὼὴὍἑἳϽἺ В ήὩὼὴὍἑἳϽἺἳ  

 В Ὄἳἳ ὛἳὛ ἳ  (6.4.1)  

 ĢĽỦĶ  

 Ὄἳ
ἑἳ Ⱦ

ἑἳ
  (ḽ 6.3.1.8)  

ľ ᴽ♩ŪƱƭƋ ĽķĢŜĶĨĶĺ῝βĦĮ!ōĮ  

 Ὓἳ В ήὩὼὴὍἑἳϽἺ  (6.4.3)  

ľᶣַאˮẪķᵎĿś 6A4Ķ╝ ĦĮŗĕĺ ƉƭƁї₲ĽƗ:ƬŪ иĶđ

Ś!  
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 PME Ķľ Ủ(1)š FFTĶּ᷈יᴁẐĨŚĢķĶ ᴽ♩ŪƱƭƋĶľ O( N2)įĲĮ

₲֩ѕ ĽᴁẐ š O( Nlog N)ĺōĶ ķĨĢķěĶĜŚ!ĬĽŤƭŶƬżƢĽῧṐ

ľĢĢĶľῒĞ8!PME ęŗł ỏĽ≥ ᴁẐ Ľᴾ ķ∙ ĺĳēĵľ Deserno 

& Holm (1998ab)ěōķŐĵēŚĽĶ ẇῐĽĢķ!Ĺę FFTĺҌˮĨŚ PMEĽ

ķĦĵ ͯě ĦēĢķě ŘśĵēŚ! 

 

6.5.   

 

 ╜Ķľ ֿפὫԆ ϋGMultipole expansion Hš ĦĮ≥ ꞈᵧṥ ĽᴁẐ

š῝βĨŚ!◗╜ōĶĽŪƱƭƋ ķĬĽּ᷈י Ľ PME ľ ἾѻӨφĺ ĦĵƗ:

ƬŪ иšẴĦĵᴁẐĨŚĽįě ˢ ὫԆפֿ  ϋ ľἾѻ ἾѻĺїגĹĞ 

͇ĞĽꞈᵧṥ šֿפὫԆ ϋĶщ ĺᴁẐĨŚ!ĮįĦ ֿפὫԆ ϋįĠĶľ ᴁẐ

ľĪēīē₲ ĽÓĚ 10₲ ĽÓ ĦĚͮġŘśĹēě όⱲ ĹƆƬ:ŤƭŶ

ƬżƢGHierarchical tree algorithm Hķ♯ŎḀŞĪŚĢķĶ O( NlogN)ĚŘ O( N)

ĺōĶͮġŚĢķě; ĶđŚ! ͯᶂ ő᷈ē! 

ὫԆפֿ  ϋķƆƬ: š♯ŎḀŞĪĮֿפ  ŹơƧƮ:ŹƩƵľ Barnes & Hutש

(1986)  ĺŗŚὫ ĽŹơƧƮ:ŹƩƵšש ķĨŚ!ĬĽᵭ Ὣ  įĠĶĹĞש

ᵍ ϹĽֿפ ˢ ĺ͒ ĤśŚŗĕĺĹĲĮ!− ẪĽ MDĶľ Saito 

(1992)š ╕řĺ͒ ĤśŚŗĕĺĹř ėĿ Ż:Ɠ:ŵƵƖƧ:Ɓ:ӛĽ

ĹỸ Ľ ŨťƭŻϭĽ MDĶľ ֿפὫԆ ϋěẠŞśĵēŚGAndoh et al., 

2013, 2014H! 

 ˀͮ ĢĽ ĽŤƭŶƬżƢĽϖ š╝ ĨŚ!ŗřῧĦĞ řĮĠśĿ 

Pfalzner & Gibbon (1996)  ╩ Ř(1996) (1998) Kurzak & Pettitt (2006) Ĺ

ĸšẇῐĽĢķ! 

 

ὫԆפֿ [1] ϋ Ľϖ ?CMMķ FMM 

 ƆƬ: šẠĲĮֿפὫԆ ϋ ĺľ Ħĵ Cell Multipole Method (CMM  

Ding et al., 1992 ,  Saito, 1992 )ķ Fast Multipole Method (FMM  Greengard & 

 

8 PME ľ ᾶĹĞķő− ẪĽ MDԃφĶľSˢ⁵ᾧİTĶđŚЅĺľ Ҋὸě ēķắŞ

śŚĚő śĹē!∆ ĺᾙĞķ ἐỡ⁬ľ PME šƙƯŲƫƢĦĮĢķěĹēĚŘῧṐľ

ŘĹēĦ Ĭśĺ ᴽ♩ŪƱƭƋ¦PMEĽ ϋľ Ϲķēĕŗřľ͒ ₲ϹĹĽĶ Ģ

ĢĶľῒ ĤĪĵēĮįēĮ!ἪᴽĽ MDĽӰΉᾙš Ĳ ĚŘ ňŚķ ᴽ♩ŪƱƭƋ ľĬ

ĢĬĢῧĦĞĵő PMEĺїĨŚҊὸľ♬ĲҁĹēőĽĿĚřĶđŚ!ęĬŘĞ ŎŢĹ 

ἐķ ħĺS₲ϹĽ įĚŘῒ TĦĮĽĶľĹēįŜĕĚ ŘŢĠĸ! 
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Rokhlin, 1987) Ľ ĳěđŚ9!ĬĽ ĳĽϖ š ϴ ῨĽ ╗ ķḀŞĪĵ ₑ

1ĺỞĨ! šἵĠŚᴾẪׄěỸ▬ĽŽƭĺ šҷŋĨᴾẪׄě ▬ĽŽƭĺ Ĳ

ĵēŚ! ╗ ľ ₑ 1AĽŗĕĺĨňĵĽᴾẪĽ♯ŎḀŞĪšᴁẐĨŚĽĶ ᴁẐ

ľ O( N2)ĺĹŚ!įě CMMĶľ šҷŋĨᴾẪׄšSֿפὫԆšổĳҜỏ Ẫ

Gmultipole 

pseudoparticle) TGₑ 1BĽ

―ĽӂHĺ Ĝиėĵᴁ

ẐĨŚĢķĶ ᴁẐ š

O( NlogN)ĺōĶ ķĨ!ĤŘ

ĺ FMMľ ₑ 1CĽŗĕ

ĺ šҷŋĨᴾẪׄGₑ

1CĽ ―ĽӂHįĠĶĹ

Ğ šἵĠŚּאőēĲĮŢ

ˢĳĽ ẪGₑ 1CĽ₣―Ľ

ӂHķĦĵ šἵĠĮđķ 

Ĭśšᵌ7ĽᴾẪĺ Ĩ

Ś!ĢśĶᴁẐ ě O( N)ĺ

ōĶ İŚ! 

 CMMķ FMMĶľ ᴁẐ ľ

ᵭἐĽ ěᾶĹē!įě logNĽ+ͽľ ēĽĶ ĬśŊĸľḰěĹē ķắĲĵő

ᶣŞĹē!ōĮ ƙƯŲƫƢľ FMMĽŊĕě ṽĶđŚ!ĬĢĶ Ģśˀ᷅ľ ŗř

ŹƵƙƭĹ CMMĽŤƭŶƬżƢĺĳēĵĽŎ╝ ĨŚĢķĺĨŚ10! 

 

ὫԆפֿ [2] ϋ 

 ōĩľ CMM ĽֿפὫԆ ϋĺĳēĵ╝ ĨŚ!ₑ 2Ľŗĕĺ ˢĳĽŽƭĽ Ľ

ᴾẪׄ j =1,.., ně ŽƭϑĽᴾẪˢᵌĺҷŋĨƟƈƵŹƥƭšֿפὫԆ ϋĨŚ!ĢĢ

 

9 ĢĽ CMMķ FMMĽ ◗ĽẠē Ġľ đōř∆ϯĶľĹĞ ᾙ Ľ Җ ĹőĽįķắĲ

ĮŊĕěēē!ķēĕĽľ FMMő Cell Ľmultipole šẠĕŞĠįĚŘ CMMĽˢἯķᵈĲ

ĵő ĹēĦ ỸṔ ĬŢĹƍƧŤƵŻĶẠŞśĵēŚ ᴭőẋᴳĨŚ!Ĺę ĢĢĶēĕ

CMMĽŤƭŶƬżƢľ Saito (1992) Ľ Particle - Particle Particle - Cell (PPPC) ķ ѯ

ĺ ħőĽĶđŚĢķĺő ˋĤśĮĦ! 

10 Ỹľ ἐľ CMMGPPPC)ľƙƯŲƫƢĺỸאĦĮĢķěđŚě FMMĽתᴻľĹē ķē

ĕĽě Ľ įĲĮřĨŚ! 

6.5. 1 ᶇ ᶍ  
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Ķľ ֿפὫԆ ϋĽ •ľŽƭĽѵ͵

•ķĦ11 ĤŘĺҡ ĦœĨĞĨŚĮŐ

ĺ ĢĽѵ͵ •š ᴾ OķĨŚ!ᴾ

Ẫ j ľ qj Ľ Κšőİ ĬĽ˂ š aj

ķĨŚ!ōĮ šἵĠŚᴾẪ i ľ ᴾ

ĚŘᴳĵ r Ľ˂ ĺđŚ!ĨŚķ ᴾ

Ẫ i ĚŘᴳĮ j Ľ˂ ľ r j =aj - r ĺĹ

Ś! 

ὫԆפֿ  ϋľ₲ϹĽᶀỦὝĺṓĲĵē

ŚĚŘ ĬśšẠĕķ ᴾẪׄ j =1,.., n

ě i ĺҷŋĨƟƈƵŹƥƭ Uľ 4ὫԆ

ẪōĶĽ ϋĶľ ˀͮĽŗĕĺ֕ỏĤśŚGPfalzner & Gibbon  1996H! 

 Ὗ В
Ἲ
В

Ἡ Ἲ
  

    ԆẪ monopole 

 
ⱧɆ►

   ⱧԆẪ dipole  

 В ὗȟȟ В ὗ  4ὫԆẪ quadrupole 

        (6.5.1)  

ĮįĦ ėỒǑķǒľ x,y,z → š Ĩ!ōĮỦ(1)ĺᵅśŚֿפὫԆẪƤ:ƣƵƊ 

Z, ǜ, Qľ ˀͮĽỦĶ ҞĤśŚ! 

 ὤ В ή  (6.5.2)  

 Ⱨ В ήἩ  (6.5.3)  

 ὗ В ήὥ ὥ  (6.5.4)  

 Ủ(2)Ľ ZľŽƭĽ ԆẪƤ:ƣƵƊGĳōř ΚHĶŻŭƫ: (3)ĽǜľⱧԆẪ

Ƥ:ƣƵƊĶƛűƊƭ (4)ỦĽ Qľ 4ὫԆẪƤ:ƣƵƊĶ 3x3ᶺ ĽƈƵſƭĶđŚ
12!Ģśš 8ὫԆ 16ὫԆ,... ķ+œĦĵēĠĿ ᴁẐ∙ ľῲěŚě ˢ  Ủľ

 

11 ῲľ ֿפὫԆ ϋĽ •ľĸĢĺἨĲĵőŗē!Ὣ ĽῺḀľ ⱧԆẪƤ:ƣƵƊě 0

ĺĹŚ ķēĕƣƬƅƊěđŚĽĶ Ὣ•š ϋĽ •ĺἨŚ!įě ≥ ĽῺḀľ ĬĽ

ŗĕĹƣƬƅƊľĹēĽĶ ἐě PEACHĺỸאĦĮķĜľ ŽƭĽѵ͵ •ĽἾřĺ ϋĦ

Į!Ĭśěˢ  ϻįĚŘĶđŚ! 
12 4ὫԆẪƤ:ƣƵƊšỦ( 4)Ķ ҞĦĮĽľ Pfalzner & Gibbon (1996) ĺḀŞĪĮĚŘĶđ

Ś!įě ėĿ ὗi В ή σὥ ὥ ‏ ὥ Ⱦς ĹĸֿכĺőēĞĳĚכěđř Ĭśĺ

 

6.5. 2  rG ᶇ a jᶎḃḳᶍ

ךּ ᶱ ᶊᵶᵾ∞ ḡ᷄Ḑḳ  G
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ͽּי ĺ ṽĺĹř ᴁẐỖѕő+ėŚ!ĮįĦ +ė ľ O(1) ĳōř Nĺ˃ּקĪ

ĩ ₲ ĺĹŚįĠĶđŚ! 

 ķőđś Ủ(2) - (4)ľ Žƭ ĽᴾẪ j Ľ˂ ķ ΚįĠĺїĨŚ ĶđŚ!ō

Į Ủ(1)Ľ˺ ľ (2) - (4)ĽֿפὫԆƤ:ƣƵƊķ ŽƭķᴾẪ i ѕĽꞈ ƛűƊƭ

r įĠĶĶĜĵēŚ!ĳōř i ķᵌ7Ľ j Ľꞈ ƛ

űƊƭ r j ľּקṖĦĹē!i ķᵌ7ĽᴾẪ j ķĽꞈᵧ

ṥ ĶľĹĞ i ķŽƭķĽꞈᵧṥ ķĦĵᴁẐĦ

ĵēŚĢķě ỦĚŘőŞĚŚ13! 

 ᵭὸĽŗĕĺ CMM Ķľ ₲ĽẪŽƭGẪ

Ẫ child cell/particle HĽֿפὫԆĚŘ ŗřῲ˂

Ľ⁪ŽƭG⁪ Ẫ parent cell/particle HĽֿפὫ

ԆƤ:ƣƵƊšᴁẐĨŚ!ĬĽĮŐ ₲ĽẪŽ

ƭĚŘ ˢĳĽ⁪ŽƭĽֿפὫԆƤ:ƣƵƊšᴁẐ

ĨŚỦšỞĦĵęĞ!ₑ 3Ľŗĕĺ ⁪ ẪĽ

ϋ •šᴾ OķęĞ!I =1, ...,  MĽẪ ẪĬś

ĭśě OĚŘᴳĵ bIĽ˂ š •ĺ Ủ(2)(3)(4) ĽֿפὫԆ ZI ǜI QIšổĳķĨ

Ś!ĬĽῺḀ ᴾ Oš •ĺĦĮֿפὫԆƤ:ƣƵƊ Zp ǜp Qpľ ˀͮĽỦĶ

ĤśŚGῥ H! ĺŗĲĵ Ǒ,ǒ=x,y,z ! 

 ὤ В ὤ    (6.5.5)  

 В ὤἪ    (6.5.6)  

 ὗ В ὗ ὤὦὦ ‘ὦ ‘ὦ  (6.5.7)  

 Ủ(5)Ľ ԆẪƤ:ƣƵƊľ ΚĽ įĚŘỡ !Ủ(6)ĽⱧԆẪƤ:ƣƵƊľ 

ᵌ7ĽẪ Ẫỡ⁬ĽⱧԆẪƤ:ƣƵƊĽ ķ Ẫ Ẫš ΚķŎĹĦĮķĜĽⱧԆ

ẪƤ:ƣƵƊĽ ĺĹĲĵēŚ!Ủ(6)ĽấὫԆẪƤ:ƣƵƊľ Ŧƣ:źľĳ

ĚŎĺĞēě Ǒ ǒĺĳēĵ ῘĹỦĺĹĲĵēŚĽĺ ˋ!ˀῲĽỦšẠĲĵ 

CMM Ķľ ᾴĤĹŽƭĽֿפὫԆƤ:ƣƵƊĚŘ ĜĹŽƭĽֿפὫԆƤ:ƣƵƊšᶣ

ĨŚ! 

 

[3] CMM ĽᴁẐ  

 ◗ὸĽŗĕĺ ֿפὫԆ ϋľƆƬ: ķƜŤĶẠŞśĵ ᾑŐĵ ᴁẐ š ķĨ

Ģķě; ĶđŚ!ƆƬ: Ķľ ֕ĞĽᴾẪĚŘĽ ľ ╗ ĶᴁẐĦ ͇ĞĽᴾ

 

͒ħĵ ƟƈƵŹƥƭĽ Ủő ŞŚ!ĮįĦ ҔĽ įĚŘ ֿפὫԆƤ:ƣƵƊķƟƈ

ƵŹƥƭĽ↔Ḁ↑ἨśĵēśĿ Ĺēľĩ! 

ὫԆפֿ 13 ϋľ ƭźƥƵƋƭֿ᷆פỦĽ͒ ĽˢĳĶđŚ!ῧĦĞľ ₲ϹĽӰΉᾙš

ẇῐĽĢķ! 

6.5. 3  ᶍ  
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ẪľōķŐĵҜỏ ẪĺĦĵỦ(1)ĽֿפὫԆ ϋĶᴁẐĨŚ!Ĭśĺŗř O( N 2)

ĽᴁẐ š O( NlogN)ĺ ķĦĵēŚ!ĬĽđŘōĦš╝ ĨŚGṐ ľᾶĦ˙ĕě 

ỷ ĺľ Hernquist 1988ķ ħH! 

 ᴁẐ Ῠľ šщ ĺĨŚĮŐ לíĽӂĺ ħḗŐŘśĮ N ķĨŚGₑש

4AH!ĢĽשĽ ┤ľ 4ǠR 3/3 įĚŘ ᴾẪĽ₲ DľỗỦĶđŚ! 

 Ὀ    (6.5.8)  

ĢĽỦš Rĺĳēĵδēĵ NĶ

ĦĵęĞ! 

 Ὑ
Ⱦ

 (6.5.9)  

 Ĥĵ •ĽᴾẪ i ě ╗ Ķ

ꞈᵧṥ ĨŚ Rc ĽᴾẪ₲š nnear

Gₑ 4Ķυ―ĺ ĲĮ H ֿפ

ὫԆ ϋĶꞈᵧṥ ĨŚŽƭĽ₲

š ndist ķĨŚ!ˢĳĽᴾẪķĽ

╗ Ľꞈᵧṥ ĺϾĚŚᴁẐỖѕ

š t near ˢĳĽŽƭķĽֿפὫԆꞈ

ᵧṥ ĽᴁẐỖѕš t dist ķęĞ

ķ ☺ĵĽꞈᵧṥ ĽᴁẐỖѕ Ttot

ľ ỗỦĺĹŚ! 

 Ὕ ὔὲ ὸ ὲ ὸ  (6.5.10)  

Ủ(10)˺ Ľ() ľ ˢĳĽᴾẪ i Ľ☺ꞈᵧṥ ĽᴁẐỖѕįĚŘ Ĭśš N ĨŚ

ķ N Ľ☺ᴁẐỖѕש Ttot ĺĹŚŞĠį!ĬśĶ Ttot šҾŐŚĺľ nnearķ ndist š

ᴁẐĦĵỦ(10)ĺ ĨśĿŗē! 

 ōĩ nnearľ ╗ ĶᴁẐĨŚᴾẪĽ₲įĚŘ (ᴾẪĽ₲ ) x ( ל RcĽӂ

┤)ĶđŚĽĶ   

ὲ   (6.5.11)  

 ỗĺ ndist šҾŐŚ!ƟŦƵƊľ ₑ 4AĶ Rcŗř͇ē Ľ֩ѕľϭĺ ЅĦ Ĥ

ŘĺĬĽϭšŽƭĺ ЅĨŚ!ᵌ7ĽŽƭšˢĳĽҜỏ ẪķŎĹĨĽĶ ĬĽ₲ě

ndist ĺĹŚ!m ĽϭGₑ 4Ľ₣―Ľ Hľ •ĚŘ RmįĠ śĵęř ĢĽŽ

ƭľ ˢ ě SmĽ Ķ֕ỏĦ ͇ĞĺᶺĞŊĸ ĜĞĹŚŗĕĺĨŚ!ĢĢĶ 

∙ šᴒŐŚ Ɠƫƣ:Ɓ:ǘ (ᴳḗŎϲ Opening angleHš╚ ĨŚķ ǘ ķ

Rmķ SmĽїגľ ₑ 4BĚŘ ŘĚĹŗĕĺ  

6.5. 4  ḌḲᴻ ᶍ  
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 —  (6.5.12)  

ĶđŚ!ˀῲĽ╚ ĽőķĶ ל Rc~RѕĽϭ mĽ☺₲š Nshell ķęēĵҾŐŗĕ!

ₑ 4Bš Őĵ ĤŘĺỦ(12)šẠĕķ 

 Ὑ Ὑ Ὓ ρ —Ὑ   

ě→ř ĳ!R0=Rc, RNshell  = R įĚŘ  

Ὑ ρ — Ͽ Ὑ   

ĶđŚě ĢĽ Ľỡ◦ ₲šἨř ↔ ĨśĿ 

 ὔϿ
 Ⱦ

 
     (6.5.13)  

ķĹŚ!ōĮ ˢĳĽϭ ĺѝōśŚŽƭĽ₲ ncell ľ Žƭš Ķ֕ỏĦĵēŚ

ĚŘ ϭĽ ┤ 4ǠRi
2šŽƭĽˢĳĽ Ľ ┤ Sm

2ĶЅĲĮ  

 ὲ   (6.5.14)  

ĶđŚ!ĮįĦ Ủ(12)šẠĲĮ!ndist ľ Nshell ķ ncell Ľ┤įĚŘ  

 ὲ ὔϿ ὲ
Ⱦ

  

  Ủ(9)šẠĲĵ RšΉĦ  

   

  log (1+ǘHÀǘšẠĕķ 

 ḙ      (6.5.15)  

ķ֕ỏĶĜŚ! 

 ĢĕĦĵҾōĲĮ nnear(11)ķ ndistG15)šỦ(10)ĺ ĨśĿ 

 Ὕ ḙὔ ὸ ὸ   

 ὙὈὸ
 

ὸ   (6.5.16 H 

ě ᴁẐỖѕĶđŚ!ĢĢĶ N¦dĺőĲĵēĠĿ  

 Ὕ ᴼ ὔὰέὫὔ    (6.5.17)  

ĺĹŚ!ŗĲĵ ĢĽ ĽᴁẐŵŻƊľ O( NlogN)ĶđŚĢķěŞĚĲĮ!Ĺę Ủ

(17)šᴳŚķ ᴁẐ Ttot ľǘ
- 3ĺő ĨŚ!ₑ 3BĽŗĕĺᴳḗŎϲǘěᾴĤĠś

ĿᾴĤēŊĸ ŽƭěᾴĤĞĹŚĮŐ ᴁẐ∙ ľῲěŚě ĬĽ O(ǘ- 3)ĶᴁẐ

ě+ėŚ! 
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)ĨŚķ Ủטּ  16)Ľ˺ 1᷆ľ֕Ӕ ꞈᵧṥ Ķ O( N) 2᷆ľ͇Ӕ ꞈᵧṥ

Ķ O( NlogN)  ĽᴁẐ ĺĹŚ! Ῠ Ẫשě ĜĞĹśĿ ͇Ӕ ĽѲ ěᴁẐ

ỖѕĽŊķŢĸš╥ŐŚŗĕĺĹŚ!įě ᾴĤēשĶľ ֕Ӕ ĽᴁẐ ľ ể

ĶĜĹē! 

 ˀῲ CMM ĽᴁẐ ľ ᴾẪ₲ N Ẫ D ֕Ӕ ╕ ל Rc ᴳḗŎϲǘĺ

ĨŚ!ĬĦĵ ᴁẐקּ˃ Ľ N˃ּק↑ľ N¦dĶ NlogNĺ֕ĴĞ! 

 

[4] ƆƬ:ᶣַאĽᶣ  

 ˀῲĶ῝βĦĮŗĕĺ CMM œ FMM Ķľ šἵĠŚᴾẪĚŘᴳĵ ͇ĞĽᴾ

ẪŊĸĮĞĤŢĽ₲šōķŐĵŽƭĺ śŚ!įě ₑ 4AĽŗĕĺ šἵĠŚᴾẪ

i ĬśĭśĺїĦĵӂ Ῐĺ֩ѕš ЅĦĵēĮŘ ĬśįĠĶᴁẐỖѕš‗ĲĵĦ

ōē ּ᷈ͯיĶĜĹē!ĬĢĶ SƆƬ:ᶣַאGTree structure HTšṥĲĵ ꞈᵧ

ṥ šᴁẐĨŚĢķĺĹŚ! 

 ĢĽƆƬ:ᶣַאķľ ֩ѕšόⱲ ĺ ЅĨŚĢķšẰĨ!ₑ 5ĺ όⱲ ƆƬ:

ᶣַאš Ủ ĺỞĦĮ!ľħŐĺ ῨĽᴾẪשšˢĳĽ ĜĹŽƭĺ śŚ!Ἶѻ

ӨφĹŘĿѯ ƞƅűŻěĢśĺ ͒ĨŚ!ĢśšόⱲ^Ʈƛƭ 0Ľƭ:ƊŽƭķĦ

ĵ ĤŘĺ 8 ЅĦGₑľ 2ỗᴽĹĽĶ 4 ЅH ĬśšƮƛƭ 1ĽŽƭķĨŚ!Ģ

śšĤŘĺ 8 ЅĦ. ..   ķēĕŗĕĺ Ѕṥԃš ėŘśĮḾῲƮƛƭ( Nlevel )ōĶ

ᶺĕ!ĢĕĦĵὶ ῲěĲĮόⱲ ĹŽƭׄľ İŖĕĸ ₑ×Ľ ĽŗĕĹїגš

ổĳĽĶ ĢśšSƆƬ:ᶣַאTķᵎŅ

ŞĠį! 

 ƆƬ:ᶣַאšᶣ ĦĮķĢŜĶ Ḿῲ

ⱲGNlevelHĽᵌ7ĽŽƭĺĳēĵ ֕

Ӕ ꞈᵧṥ G ╗ HĨŚŽƭƬŻ

Ɗķ͇Ӕ ꞈᵧṥ GֿפὫԆ ϋHĨ

ŚƬŻƊšṥŚ!ƟŦƵƊľSᴾẪķ

ᴾẪTœSᴾẪķŽƭTĶľĹĞ 

SŽƭķŽƭTĽꞈᵧṥ ƬŻƊšṥ

ŚĢķĶđŚ!ĳōř ᴾẪĽ ĺ

їŞŘĩ ōĩľ֩ѕš ЅĨŚ ķ

ēĕĢķ!ḾῲⱲGḾᾴŽƭׄHĽđ

ŚŽƭ I ĺĳēĵĽ ꞈᵧṥ ŽƭĽ

ƬŻƊľỗĽŗĕĺṥŚ!ꞈᵧṥ ꞈ

ἪĽŽƭšŽƭ JķĨŚ!Ʈƛƭ 0¦1

¦... ¦Nlevel Ľᾏĺ Žƭ IJ ѕĽӔ RJķŽƭ JĽˢ SJě Ủ(18)š ĮĨōĶ 

Žƭš ЅĦĵēĞ!ᴳḗŎϲǘľ ĨĶĺ╝ ĦĮ ř ∙ šᴒŐŚ Ɠƫƣ

6.5. 5  ḌḲᴻ MG D ᶎ 3

ᶆ ᵥᵫᴲ ᶎ2 ᶆ  G
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:Ɓ:ĽˢĳĶđŚ! 

—  

 (6.5.18)  

 Ủ(18)Ľ ᴙĽŽƭ j ĺō

Ķ ЅĦĮĚ đŚēľŽƭ j

ěḾῲⱲ Nlevel ĺĹĲĮķĜ 

Žƭ j š ỗĽѯᾈĶ֕╗Ƭ

ŻƊķ͇Ӕ ƬŻƊĺ‪ř

ĠŚ! 

 $Rj  b Rc  ¦ 

֕╗ƬŻƊ 

 $Ĭśˀϑ ¦ 

͇Ӕ ƬŻƊ 

 ṥ→ĦĮŽƭ:Žƭꞈᵧṥ

ƬŻƊľ ėĿ ₑ 6Ľ

ŗĕĺĹŚ! ἾѻӨφěₑ

6AĶđŚě ₑ 5ĽŗĕĹᶣ

š ƆƬ:ŤƭŶƬżƢĶאַ

ṥŚķĢĕĹŚŞĠ!ἾѻӨφĽῺḀľ ₑ 6BĶỞĨŗĕĺ ӒתšἾѻ ĺὫļ

ĵ ĬśĭśĽỸתŇĽѲ šᴁẐĨŚGƠűƯ ϋķēĕ Lambert et al.  

1996H! 

ˀῲĶ╝ ĦĮƆƬ: ĽỸאľ ęĬŘĞ ˢ ᾋĹőĽĶ ỸṔĺľőĲķ

ēŜŢĹ ěđŚŗĕį! 

 

[5] CMM ĽƙƯŲƫƢ 

 CMM šẠĲĮ MDƙƯŲƫƢĽϖ š Ҝỏŵ:ƋĺỞĨ!ּי ƶũƭƮ šẠĲ

ĵēŚ!ῧṐľ !ˀͮĽŵƣƵƊĺҊṓĦĵęēĮ! 

 Ĺę ĢĢĶỞĦĮľ ˢỖѕḈŎ įě ֕Ӕ ķ͇Ӕ ĺֿפὫỖѕḈ

Ŏ G 3ῙHš Ħ ּ᷈ͯיĨŚĢķő; ĶđŚ! 

 

ŵ:Ƌ 6.5.1 CMM        

CALL mktree  ! όⱲ ƆƬ:ᶣַאĽŽƭ;Žƭꞈᵧṥ ƬŻƊṥ→ 

DO i = 1, nstep  ! Ỗѕ┤  

 CALL atomcell  ! ᴾẪḹ šẠĲĵ ḾῲƮƛƭĽ Nlevel Žƭĺ  

   ! ᴾẪš‪ř ĠŚ! 

6.5. 6 ḌḲᴻ ᶇḃḳᶍ  
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 CALL cmm_pole ! Nlevel - > root Ľᾏĺ ĨňĵĽŽƭĽ 

 ὫԆƤ:ƣƵƊšᴁẐĨŚפֿ !   

 v = v + h/2 * f / m  ! יּ  ƶũƭƮ יּ% ᶟ‫ 

 r  = r  + h * v  ! 5%ḹ ᶟ‫ 

 CALL calfor  ( f )  

  ! ĽᶟĢĽŷƘƭ:ƃƵĽ!‫ Ķ  

  !  cmm_near ֕ Ӕ ŽƭĚŘĽ  

  !  G≥ ķ LJ Ľ ╗ H 

  !  cmm_dist ͇ Ӕ ŽƭĚŘĽ  

  !  G≥ šֿפὫԆ ϋĶᴁẐH 

  ! Ľ ĳĽŷƘƭ:ƃƵšᵎŅ! 

 v = v + h/2 * f / m ! יּ  ƶũƭƮ יּ% ᶟ‫ 

END DO 

 

[6] CMM Ľ Ɠƫƣ:Ɓ: 

 ĨĶĺὸňĮ ř CMM Ľ Ɠƫƣ:Ɓ:ľ ƆƬ:Ľ‰Ĥ Nlevel ֕╗ᴾẪ╕

ל Rc ᴳḗŎϲǘ ֿפὫԆ ϋĽỗ₲Ľ 4ĳĶđŚ!ᴁẐ∙ ķᴁẐỖѕľ Ģś

Řĺ˃ּקĨŚ! 

 Nlevel š ĜĞĨŚķ ḾᾴŽƭěᾴĤĞĹŚĽĶ ƟƈƵŹƥƭěӂ Ῐĺ֕ĴĞ

ĽĶ ᴁẐ∙ ĺľ ē!ˢ  ḾᾴŽƭěᾴĤĨĝŚķ ƣƤƬ:œᴁẐĽŬ:

ƒ:ƚƅƋě ĜĞĹŚƉƣƬƅƊőđŚ! 

 Rcľ ĜēŊĸᴁẐ∙ ľῲěŚě Ỗĺ ᴁẐ ő+ėŚ!Ĺę ≥ Ľ֕

╗ꞈᵧṥ ķ LJšˢᾗĽƭ:ƙĶᴁẐĨŚῺḀľ Rcľ LJĽḾᾴŭƅƊŬƗ  G8ל

É HˀῲĺĨŚ ěđŚ! 

 ᴳḗŎϲǘľ ᾴĤēŊĸᴁẐ∙ ľῲěŚě ◗ὸĽŗĕĺᴁẐ ľ O(ǘ- 3HĶ

+ėŚĚŘ ᾴĤĞĨŚĺőᵊ ěđŚ!Ĺę Saito (1992) ĺŗŚ PPPC Ľᴾ Ķ

ľ ǘľ ₲ĶľĹĞ Ӕ RmĽї₲Ķ ͇ĞĺēĠĿēĞŊĸ ĜĞĹŚŗĕĺ

ĦĵēŚ! ľSὫ ̩ ķ˙ēש Ľ− ẪĽῺḀ ≥ Ľἓ ᶂΌěᴳ

ḗōśŚTĮŐĶđŚ!ĮįĦ ᾙĶľ Barnes & Hut (1986) Ľōō ǘš ₲ķ

ĦĵʭĲĮ! 

ὫԆפֿ  ϋĽỗ₲ľ ◦ ĜēŊĸ ∙ ěῲěŚ!ĬĦĵ ĺŗĲĵ ᴁẐ

ő 1ĽŬ:Ƃ:GᴾẪ₲ Nĺľ˃ּקĦĹēHĶ+ėŚ! 

 ĢśŘƓƫƣ:Ɓ:Ľ ↔ ľ ἐľ Έ ĺĦĵ ᴒ š ŘĹē!ēĩ

śĺĪŗ ᴁẐѾŹơƧƮ:ŹƩƵĽđİĢİĺὶ ĨŚS∙ ķּי ľƊƮ:ƋŬ

ƗTĽїגľĢĢĶőᴜṖĶđŚ! 
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ὫԆפֿ [7] ϋĺїĨŚ ˚ķōķŐ 

 Ĥĵ CMM š •ĺֿפὫԆ ϋ š῝βĦĵĜĮ!Ḿᵭĺ CMMįĠĶĹĞ FMM

őѝŐĵ ֿפὫԆ ϋĺїĦĵ ẙĤśĮ šҡ ĦĵŎŚ! 

 ŪƱƭƋ Ķҡ ĦĮ ᷆G6.3.2 ╜Hľ CMMœ FMMĶő ᾤēĵęĚĹēķ 

ϩẋĨŚ ẪשĽ MDľ ĦĵĦōĕ!ĬĽĮŐ Mšѯ ƞƅűŻĽⱧԆẪƤ:ƣ

ƵƊķĦĵ ᷆ 

 Ὗ Ἑ    (ḽ 6.3.2.1)  

š ƑơƭƊƍŤƵĚŘ˰ēĵ ᴁẐĨŚGChallacombe et al., 1997, Yoshii et 

al., 2018 H!ĮįĦ Ģśľ ѯ ƞƅűŻě ĽῺḀĶ ˢ Ĺ ᶺ

ĹŘĿ  

 Ὗ ἙἔἙ    (ḽ 6.3.1.6)  

š˰ĞĢķĺĹŚ! 

 ķĢŜĶ ֿפὫԆ ϋĺľ NVE- MD ĳōřơűƯŭƐƍŭƭ ᴙĶĽŪƏƭŰ:

ķὫ•̓ Ľ ěʣē(4.2קּ ╜) ķēĕᴑ ěđŚGHernquist, 1987; Bishop et 

al., 1997 H!ŪƏƭŰ:Ľ ěʣēĽľ 6.1.3קּ ╜Ķҡ ĦĮ ᴙ ƟƈƵŹƥƭ

ŪƏƭŰ:Ԅ ěĹŐŘĚĶđŚĢķ š ĮĦĵēĹēĚŘĶđŚ!đŚỖѕŻƈ

ƅƙĚŘỗĽŻƈƅƙĽѕĺ đŚᴾẪěŽƭš˒ ĨśĿ ĬĽᴾẪěҷŋĨ ľ

ĺנּ ͯĨŚ; ↑ě᷈ē!ōĮ ĬĽĮŐ ŭƅƊŬƗĽῺḀĺ ňśĿᾴĤ

ēě ╕ ƐŦżĺ֕ēőĽě−ħ ᴕΌķĦĵŪƏƭŰ:ĽƋƬƗƊěҌĢĲĵĦ

ōĕ!őĕˢĳ Ὣ•̓ Ľ ěʣēĽľ ͇ĞĽᴾẪĚŘĽקּ š ōķŐĵֿפὫ

Ԇ ϋĶ֕ỏĦĵēŚĮŐ ᴾẪ ij ѕĽꞈᵧṥ ě ∆ϯĺľ f ij = - f ji ķľĹŘĹ

ē ĳōř ṥ ṥ Ľ ěᴿבּ ĺľ→ř ĮĹēĢķĺҌˮĦĵēŚ!ĢśŘ

Ľ ľ ķřđėĩ Ὣ•̓ š ᴕĦ NVE- MDĶľĹĞ NVT- MDœ NPT- MDš

ᶺėĿ ᴺṖͯľĦĹē!őİŜŢ ֿפὫԆ ϋš᷈ỗĺĦĵēĠĿ ᵵḰľᾴĤĞ

ĹŚľĩĶđŚ! 

 Ģĕēĕ ěđŚĪēĚ ᾙữ Ľ 2023 Ỗ Ľ− ẪĽ MDԃφšᴳε

Ĩķ CMMő FMMőđōřẠŞśĵēĹēŗĕį!ʫ ĺ PMEĺŹũŤšἨŘśĵ

ēŚ!PMEľ◗ ĶὸňĮ ľ−ħĹēĦ − ẪĽ MDĽƁ:ŴƅƊĽֿפĞ

ľ ₲ ĚŘ₲ὣ ᴾẪ Ķ ĬĽ ĜĤįķֿפὫԆ ϋĽƣƬƅƊě PMEĺ ň

ĵᴳėĵ Ĺē! 

 įě PMEĽ FFT ľ ᴁẐĺ įě FMMĺľĬĽᴑ ěĹē!ŗĲĵ 

҉ ĺש Ħĵ FMMš┤Ԇ ĺЉ ĦĵēŚſƗƊőđŚ!ĬĽ Ĺ ķĦĵ 

ӛœ ϺῲĶĽ ᴁẐĶ Ĺ MODYLASšӐġŚĢķěĶĜŚGAndoh et al., 

2013, 2020, Yoshii et al., 2018) !MODYLASĶľ ѯ ĺľ FMMķŪƱƭƋš♯
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ŎḀŞĪĮŤƭŶƬżƢGSchmidt & Lee, 1991, Figueirido et al., 1997)  šṅ

Ħ Ĭśš 7Ĺ Ķּ᷈ͯיĦĵēŚ!ỸאĽῧṐľ ϋ ἐĽ͞ṡ$ҥ˜

(2011HĽӰΉᾙšẇῐĽĢķ!MODYLASľ ŨťƭŻϭĹĸĽ ҉ Ľש MDĶ→

ᶁšἽŐĵēŚGAndoh et al., 2014 H! 

 

6 ᶍᶝᶇ  f

 

 − ẪשĶľ ´ Ẫѕꞈᵧṥ ķĦĵ LJķ≥ ꞈᵧṥ šᴁẐĨŚ!

ĺ ᵭἐľ Ӕ ĶἽּוě Ğ ˢ  ᴁẐ ľ MM- MDĽƝƅƊŻƟƅƊĶđŚ!

ŗĲĵ ≥ ꞈᵧṥ Ľ ∙ š İĳĳᴁẐ šͮġŚĢķěὫ Ķ ᵍĞĚŘ 

7Ĺᶏ ěĹĤśĵĜĮ! 

 ≥ ꞈᵧṥ ᴁẐ ķĦĵ 1990 ōĶľ͇Ӕ šŭƅƊŬƗĦĵᴁẐĦĵēĮ

ě 7Ĺ ě ŘĚĺĹĲĮ!ĬĽᵭ ŭƅƊŬƗšĦĹēĶ∆ϯĺᴁẐĨŚ

ěỸ ͯĤś ᵅṖĺỂĲĵēŚ!ĬĽŗĕĹ ĺľ Ħĵ Ɨ:ƬŪ и

šẠĕ GŪƱƭƋ œĬĽּ᷈י Ľ PME HķֿפὫԆ ϋšẠĕ GCMM œ

FMM HěđŚ! Ķő − ẪĽ MDĶľ PME ě ᾈ Ĺ ķĦĵᶓĞẠŞ

śĵēŚ!ˢ ὫԆפֿ  ϋľ Ӎ  !ĽᴁẐĶ→ΌšӐġĵēŚש

 

6A1 . ᶊᵩᵰᶪḥḎḻ᷿ḫḳᶇ ֩ ֪ 

 

 ἾѻӨφĶĽ≥ ꞈᵧṥ ƟƈƵŹƥƭĽỦ(6.2.1.6) ľ ĬĽōō MDĶẠŞśŚ

ĢķľōĩĹēě ˢ  ŪƱƭƋ œ FMM

ĹĸĽὶ ĺĹŚ ỎĹỦĶđŚ!Ĭ

ĢĶ ŞĚĲĵŚ⁵ĺľỡ Ĺ ĶľđŚ

ě İŖĲķįĠ ϯ ĦĵęĞ! 

 ĢĽỦšőĕˢ ŐĵŎŚ! 

Ὗ В В В ό
i

ἶ ὶ▪  

   (ḽ 6.2.1.6)  

i =1, ..., NĽ ľ ѯ ŽƭGỸתH Ľ

Ẫ☺ ěἵĠŚƟƈƵŹƥƭšᴁẐĨŚ ķē

ĕĢķĺĹŚ!nĺїĨŚ ľ Ỹת

n=(0,0,0) ķӒת n_(0,0,0) ĨňĵĺїĨŚ

ĶđŚ!ĢĢĶC˫ľỸתįĠ i =j Ľ᷆šᾤ

Ğ ķēĕˋ !j ĺїĨŚ ľ ꞈᵧṥ ĨŚꞈἪķēĕĢķ!1/2 ěϾĚĲĵēŚ

Ľľ ѯ Žƭ Ľꞈᵧṥ ĺĳēĵľƂƘƭŭŨƵƊš ĠŚĮŐ ˢ  Ӓתķ

6A1. 1 n =0 ᶇ

n =m  
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Ľꞈᵧṥ ĺĳēĵľ ỸתķӒתĽѕĶƟƈƵŹƥƭŪƏƭŰ:uij š Ĵĳĺ

ĠḀĲĵēŚĮŐĶđŚ! 

 ĢĢĶ İặōŚ!Ỹת ĶĽƂƘƭŭŨƵƊš ĠŚĽķēĕĽľ őİŜ

Ţ ŗĞŞĚŚ!Ỹת Ķľ j >i įĠᴁẐĨŚĚŘ  

Ὗ В В ό ὶ В В ό ὶ    

ķᾙĜ ĦĵőᶣŞĹē!ỸṔ ƙƯŲƫƢỸאľ ˺ ĽŗĕĺĦĵ ᴁẐ šᵂ

ŘĨĽě į!įě ỸתķӒתķĽѕĽꞈᵧṥ ľĸĕĹĽįŜĕ' 1/2uij ĺ

ĦĮŘ Guij Ľḹ HōĶ ĺĹĲĵĦōĕĶľĹēĚ' Ĭśľ Ϲ

ĺŬŭŹŦĽĶľ' 

 ĢĽҜ ĺ ĨŚ ėľ Sēė Ủ(6.3.1.1) Ľōō ƟƈƵŹƥƭĺ 1/2 šĳĠ

ĮכĶ∆ĦēĶĨ!ĢśšӔ Ħĵ ŘśĮ ĺľ 1/2 ěϾĚřōĪŢ!ģ•

ĹĞTĶđŚ!ĬśľˀͮĽŗĕĺ╝ ĶĜŚ! 

 šщ ĺĨŚĮŐ ₑ 1ĽŗĕĹ N=2ĽשšᶳėŚ!ĢĢĶ Ủ(6.1) Ľ UĽĕ

İ ѯ Žƭ n=(0,0,0) ķ ӒתĽˢĳ n=mGѯ ŽƭĚŘƛűƊƭ Lm śĵēŚH

ķĽꞈᵧṥ ƟƈƵŹƥƭ UmšᴁẐĨŚķ  

Ὗἵ
ρ

ς
ό ȿἺ Ἲ Ἐἵȿ ό ȿἺ Ἲ Ἐἵȿ ό ȿἺ Ἲ Ἐἵȿ

ό ȿἺ Ἲ Ἐἵȿ  

 ό ȿἘἵȿ ό ȿἺ Ἐἵȿ ό ȿἺ Ἐἵȿ ό ȿἘἵȿ    (6A1.1)  

ĮįĦ u12=u21šẠĲĮ!Ģśš r 1Ķ Ħĵ ӒתmĚŘĽ Ẫ 1ĺϾĚŚ f mi

šᴁẐĨŚķ  

Ἦἵ Ἲ
Ὗἵ

ȿἺ Ἐἵȿ

Ἲ

ȿἺ Ἐἵȿ

Ἲ
  

i ȿἺ Ἐἵȿ

ȿἺ Ἐἵȿ
Ἲ Ἐἵ

i ȿἺ Ἐἵȿ

ȿἺ Ἐἵȿ
Ἲ Ἐἵ    

 (6A1.2)  

šᾤĜ 1᷆ķ₲ג 2᷆šĬśĭ

ś f a, f bķ ҞĨŚķ 

Ἦἵ Ἦ Ἦ  (6A1.3)  

 Ĥĵ ĢĽ ĳĽ᷆šᶳėŚ!f a

ľ  

6A1. 2  ᵪᶨ ᶗᶍ  
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Ἦ
i ȿἺ Ἐἵȿ

ȿἺ Ἐἵȿ
Ἲ Ἐἵ   

įĚŘ ӒתmĽ Ẫ 2ě r 12- LmįĠ śĮỸתÓĺҷŋĨ ĶđŚGₑ 6A1.2 ḯῲ 

Ỹאל▬H!ˢ  f bľ  

Ἦ
i ȿἺ Ἐἵȿ

ȿἺ Ἐἵȿ
Ἲ Ἐἵ   

įĚŘ ỸתĽ Ẫ 1ěӒתmĽ Ẫ 2ĺҷŋĨ ĽכšĦĵēŚG  ▬Hě 

ỸṔĺľ ỸתĽ ẪÓě šἵĠŚŞĠĶđŚG  ỸṐ▬H!ķēĕŞĠĶ 

ẪÓĺľ ĺᶳėŘśŚ f aě ϾĚĲĵēĵ Ĭśˀϑĺ f bě įĠ

ϾĚĲĵēĮŞĠĶđŚ! 

 Ỹľ Ģśķ☺Ğ ħ ě ӒתmķỸתšľĤŢĶ Ῐĺ˂ ĺđŚӒת- mĚŘ

őϾĚĲĵēŚĽĶđŚ!Ủ(6A1.2)ĺ Ĳĵ - mĚŘĽ šᴁẐĨŚķ L- m=LmįĚ

Ř  

Ἦἵ
i ȿἺ Ἐἵȿ

ȿἺ Ἐἵȿ
Ἲ

Ἐἵ
i ȿἺ Ἐἵȿ

ȿἺ Ἐἵȿ
Ἲ Ἐἵ    

ρ

ς

ό i ȿἺ Ἐἵȿ

ȿἺ Ἐἵȿ
Ἲ Ἐἵ

ρ

ς

ό i ȿἺ Ἐἵȿ

ȿἺ Ἐἵȿ
Ἲ

Ἐἵ
ρ

ς
Ἦ

ρ

ς
Ἦ 

    

    

 (6A1.4)  

ķĹŚĽĶ f mķ☺Ğˢ ĨŚ(6A1.3. 

ḯͮ)!ĳōř  

Ἦἵ Ἦἵ Ἦ Ἦ  

ĶđŚ! 

 ōķŐŚķ ĳĽӒת( mķ- m)Ľ ẪÔĚŘĽ ẪÓŇĽ šּטĦḀŞĪśĿ 

ₑ 6A1.4Ľŗĕĺ ĬśĭśĽӒתĚŘ ĺ 1/2 ěϾĚŘĹē ě ēĵēŚ

ķŎĹĪŚŞĠĶđŚ! 

 ķēĕĢķĶ Ủ(6.3.1.1) ĺ 1/2 ě ēĵēŚęĚġĶ ƟƈƵŹƥƭįĠĶĹ

Ğ ĽὫ ő ĠŚĢķěĶĜŚŞĠį!ŗĲĵ ĢśĚŘὶ Ħĵ Ủš Ħכ

ĵ ŪƱƭƋ œ FMM š ὶĨŚĽľ ͵Ľằ΅őĹē! 

6A1. 3 m ᶇ-m ᶍ ᵪ

ᶨ ᶗᶍ  
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 Ĺę Ľ ķĦĵ ẪĽỡ ỡ⁬ĽӒתķĽꞈᵧṥ ľ ƟƈƵŹƥƭľ

šổĳě ľÒĺĹŚĢķšϯ ĦĵęĞ!ĬśľỦ 6A1.1Ľ uii š r i Ķ Ĩ

Śķ 0ĺĹŚĢķĚŘŞĚŚ!ӒתľỸתĽ Ĝĺ̼Ĳĵ ᶺ˒ ĨŚįĠįĚŘ 

ӒתķỸתĽѕĺľ ľ ĚĹēĽĶđŚ! 

 

6A2 . ᶆᶍ ◖ ᶍ  

 

 2Ῑ 2.3 ╜S TĶὸňĮŗĕĺ ἾѻӨφĶľϲ̓בּקּ ľ ĦĹē!Ģקּ

ĽĢķš 6A1ĶʭĲĮ Ôỷ ĶỞĦĵęĞ!4.4ש ╜ĶὸňĮŗĕĺ Ἶѻ

ӨφĽ ĚŘ ĺתě╕ř ŞŚῺḀGŦƣ:źƵŲHĺľ ϲ̓ ě ĦĹēקּ

Ľľỡ ĶđŚ!įě ĢĢĶľ Ŧƣ:źƵŲěĹēῺḀ ĮķėĿᵏ ᴕῄĽŹ

ơƧƮ:ŹƩƵĹĸĶő ϲ̓ ľ  !ĦĹēĢķšỞĨקּ

  

 2.3 ╜ĶẠĲĮ ϲ̓ ĽỖѕ ͯĽỦš ĢĽÔỷ ĺđĵľŐŚ!Įįש

Ħ ϲ̓ Lľ ϫẪƛűƊƭ Lnķ ŘŞĦēĽĶ ŞřĺǃĶ ҊĨŚ! 

В Ἲ Ἦ В ► В Ἦ  Gḽ 2.3.9H

 
f inľ Ỹת ĶÓ"ÔěҷŋĨ ĹĽĶ ĬśĺҌˮĨŚϲ̓ ľỖѕ ͯĦĹ

ēĚŘ Ô᷆ľÒĶđŚG2.3 ╜Ľҡ ẇῐH! f exľ ӒתĚŘỸתĺҷŋĨ

šỞĨ!ĢśšᾙĜͮĨķ 6A1Ľҡ Ľŗĕĺ ỡ ỡ⁬ĽӒתĚŘĽ ĽꞋ ľ

ÒįĚŘ ểĦĵ  

Ἲ В Ἦἶἶ ȟȟ Ἲ В Ἦἶἶ ȟȟ  

 

6A2. 1 A ◖ § ᵡᶩᵧᶉᵣ  ̈   B ᶎᴲ ᵶᵣ ᶆ  
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ķᾙĠŚ!ĢĽỦšĸĕēħĞĲĵőÒĺĹŘĹēGщ ĺĦŗĕķĦĵőҮĲĵ

ṽĺĹŚįĠĹĽĶ ĢĢĶặŐĵęĞH!ķēĕŞĠĶ ἾѻӨφĶľ ϲ̓

ľ  !ĦĹēקּ

 ѐ ĺő ἾѻӨφĶϲ̓ ě ĨŚķľᶳėĺĞē!ϲ̓קּ ě ĨŚקּ

ĹŘ ₑ 1AŎĮēĺ ěİěİĽ֩ѕšỸתěGőİŜŢӒתőHğŚğŚˢ Ľϲ

יּ Ķε ĦּנĠŚĢķĺĹŚě ĬśľđřėĹē! BĽŗĕĺ Ӵē֩ѕĽ

Ķ ʸ ĽἾřšĪĪĢōĦĞ‪ ĦĵēŚĽě Ỹ ĶđŜĕ! 

 ķēĕŞĠĶ ἾѻӨφ ᴙĶľ Ŧƣ:źƵŲĨŚķĜľőİŜŢ ĦĹēķĜ

Ķőϲ̓ ľ  !ĦĹēĽĶđŚקּ

 

 

6A3 . ᷀ḋḐᶿḝ ᶍ  

 

 6.2.3 ╜ĽŭƅƊŬƗ šᴾẪ ЅĶ ͯĨŚṔĽ Κ ẋĽĮŐĽỦ 

 ὲ ὔ ρ ρ ρ ρ Gḽ 6.2.3.1)  

š ēĵęĞ! 

 ₑ 6.2.3.1B Ľẅϲכ š ĜὶĨķ ₑ 1ĺ

ĹŚ!ₑĚŘŞĚŚŗĕĺ ĜēẅϲכĽ ┤ě

ꞈᵧṥ ☺ įĚŘ mᵌĽ PUĶᴁẐ ĬĽĕİ 

͝―ĽᾴĤēẅϲכĽ ┤Ľ ľ m- kᵌĽ PUĶ

ᴁẐĨŚ!ˢ  ĢĽ ĳĽẅϲכľꞈỏכĶ Ĭ

Ľ Ľ ĤĽ ľ ( N- 1):( N- nk)ĶđŚ! ┤Ľ

ľ ῶĺ ĨŚ!ŗĲĵ mᵌĽ PUĺ ĦĞᴁẐ

ΚěϾĚĲĮῺḀľ ˀͮĽїגě→ř ĳ! 

 άȡά Ὧ ὔ ρ ȡὔ ὲ  

Ģśš nkĺїĦĵδĠĿ Ủ(6.2. 3.1) ě Řś

Ś! 

 

6A4 . ᶽḷḳḑ ᶍ  

 

 ŪƱƭƋ ĽᶀỦ(6.3.1.3 - 7)š Ballenegger (2014) ĺ Ĳĵ ĺ ᷆ĺ

Ħĳĳ ὶĦĵŎŚ!ĢĽ Ľ 2014 ķēĕ ᷿šᴳŚķ ˢⅎ҇◗Ľ 1921

ĺ Ĥś ĨĶĺᵍ ķͯĦĵēŚŪƱƭƋ ĹĽĺ ōį‫Ħē ὶ ěὶŚĽ

Ě ķӾĞ!įě ĢĽ Ķľ ᵍē ĺ ňĵ Ĝ Ľᴳ Ħě ĞĹĲĵ

6A3. 1  
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ēŚ14!ˀͮ ĢĽ ĺᵊř ҊĹĞS

TķᾙēĮῺḀľ Ballenegger (2014) šẰĨĢ

ķĺĨŚ! 

 ĢĽ ĶĽ ₲ĽҊ᷿ľ ᴾּב ᾙĽ

ĺḀŞĪĮĽĶ ķľ˙ĕ!Ĭśĺĳēĵľ 

ĹỖ Ķ Җ╝ ĨŚ!ōĮ Ӓ₲ ˂ľ ᴾ

ẪĽŦƵƉƅűŻ i j ķѕ˙ėĹēŗĕĺ i Ķ

ő j ĶőĹĞ I ĽỒšὢĵĮ! 

 ķ˙ĲĵēŚĽľ ҊįĠĶľĹē! ė

Ŀ ĺľ ₑěˢĳőĹēě ĢĽ Ķľ 

ѐ ĺ δĦœĨēŗĕĺ ἐěēĞĳĚₑš

ēĵŎĮ!ōĮ Ķľ₲ỦĽ ľĚĹřכ

╙ĲĵđŚě ἐĽŞĚŚ ˅ĶᾙĜּטĦĵđ

Ś! ϋőˢ ė ᶺѕő Őĵ ἐĹř

ĺŞĚřœĨĞĦĮĳőřįě ˢ  ĬśĶѕ˙ēœᵵδě−ħĹēĢķš҄řĮ

ē! ỡ ľ ĹĽĶ ĤŘřķ ŐŚ⁵ľ ĬİŘš ŢįŊĕěĨŢĹř

ĺ ŚĚő śĹē! 

 

[1] ╚  

 Ĥĵ ῨķĨŚἾѻשľ ₑ 1ĶđŚ! Ľ 6.2.1 ╜Ķľ Gₑ

6.2.1.1 Hĺĳēĵ╝ ĦĵēŚě Ķľ ŗřˢ ĺ Ἄ G ᶺ H

ĺїĦĵỦš ēĵēŚĽĶ ĢĽ őĬśĺὤē Ἄ šʭĕ!įĚŘ 

Ľₑ 6.2.1.1 Ľ Bx, By, Bzľ ĽÕ įĲĮě ₑ 1ĽἌ ĶľƛűƊƭ Bx, By, Bz

ĺĹŚG Ķľ a1, a2, a3)!ŗĲĵ ѯ ƞƅűŻĽ ┤ VG Ķľ Vcell )ľ 

ĶľỦ(6.2.1.9) Ľŗĕĺ ĺẅ šϾĠĮįĠįě Ἄ ĶľỗỦĺĹŚ! 

 ὠ Ἄ Ἄ ϽἌ  

Ἄ Ἄ ϽἌ Ἄ Ἄ ϽἌ    (6A4.1)  

ϫẪƛűƊƭ LnG Ķľm)ľ Ủ(6.2.1.7) šἌ ĺϩש Ħĵ  

 

14 ᵍē ķᵈėĿ ἐľ 10 ˀῲ◗ĺ De Leeuw et al. (1980)  Ľ ƈ:Ɓї₲ĽƦ

ŵƕӒ иš ĦĮŪƱƭƋ Ľ ὶ š Ŏδēĵ 20Ɯ:źˀῲĽƐ:ƊšṥĲĮĢķ

ěđŚ!įě ỡ ĶṥĲĮƐ:ƊĺőїŞŘĩ Ḛ Ŏ Ħĵő ĦĞĵŗĞŞĚŘĹē 

ķēĕ ĮŘĞĶđŚ!Ủš ĕĽĺ∙ēĲŀēĶ Ϲ Ĺ ěת ĺ ĚĿĹēĽį!

ĢĢĶ῝βĨŚ Ballenegger Ľ ľ ᵍē ĺ ňśĿŹƵƙƭįě ĢśįĲĵĚĹř

Ħē!ŪƱƭƋ ĽỦľ ᴕΌľĤŊĸ ṽĶľĹēĽĺ ĬĽ ὶľĸĕĦĵĢŢĹĺ

ĦēĽįŜĕĚ! ắҡĺĤėắėŚ! 

6A4. 1  
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Ἐἶ ὲἌ ὲἌ ὲἌ   (6A4.2)  

Ķ Ĩ!ĮįĦ 

 ἶ ὲȟὲȟὲ  

  ὲȟὲȟὲ πȢρȟςȟσȟȣ d 

ľ ĽỦ(6.2.1.8) ķ☺Ğ ħĶđŚ!ѯ ƞƅűŻľ n=(0,0,0) ě ͒ĨŚ!ō

Į Ɨ:ƬŪ иĶẠĕҲϫẪƛűƊƭ Gkľ k=(kx, ky, kz)š nķ ħ↔₲ƛűƊƭķ

ĨŚķ ĽỦ(6.2.1.11) šϩ Ħĵ  

 ἑἳ ὯἪ ὯἪ ὯἪ    (6A4.3)  

Ķ ҞĤśŚ( Ķľ Gkľᾴ ỒĽ kķ ҊĤśĵēŚ)!ĮįĦ  

 Ἢ ς“
Ἄ Ἄ

, Ἢ ς“
Ἄ Ἄ

, Ἢ ς“
Ἄ Ἄ

   

ĶđŚ!ƛűƊƭ bx, by, bzĽ ҞĺĨĶĺ 2ǠěѝōśĵēŚĽĶ Ɨ:ƬŪ иĽ

Ủĺľ 2ǠľѝōśĹēG 6A5H! 

 ˀͮĽҡ ĺęēĵ ƛűƊƭ Ln GkĺїĨŚ ľ ĬśĭśǊn ǊkķᾙĞĢķ

ĺĨŚ!ĢśšᾙĜͮĪĿ  

 Вἶ В В В
d

d

d

d

d

d
 

 Вἳ В В В
d

d

d

d

d

d
 

ĶđŚ!Ln Gkš ₲ķĨŚї₲ľ f ( n)œ F( k)ĶľĹĞ f ( Ln), F( Gk)ĽŗĕĺҊὸ

ĨŚ!ōĮ Lnĺĳēĵľ œ┤ Ľ ˅š ┤ǐĶẰ ĨŚῺḀľ Ln«ǐĽŗ

ĕĺᾙĞ! 

 

[2] ὶĽ ⁯ 

 ˀῲĽ ╚ Ľőķ ŪƱƭƋ ĽᶀỦš ὶĨŚ! ķ ĺ ˂ ḹ

r i Κ qi ĽᴾẪě ѯ ƞƅűŻ ĺ NᵌּקṖĨŚשĽŪƏƭŰ: ĳōř Ủ

(6.3.1.1) Ľ UǕ=1šҾŐŚG Ķľ E)!ˀͮĶľ ėỒǕ=1ľῒ ĨŚ!ōĮ '

ľ n=(0,0,0) Ķ i =j Ľ᷆šῒ ĨŚĢķšỞĨ˫ĶđŚG ĶľsH! 

 Ὗ В ήВ В
ἶ

i

ἶ     (6A4.4)  

ѯ ƞƅűŻĽ  ᴙ(6.3.1.2) ľ ĬĽōō! 

 В ή π     (6A4.5)  

ōĮ ѯ ƞƅűŻĽⱧԆẪƤ:ƣƵƊ Mő (6.3.1.7) ĽōōĶđŚ! 

 Ἑ В ήἺ░     (6A4.6)  
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 Ủ(4)Ľ š ₑ 1AĽŗĕĹ ֩ѕ SG ┤

ǐ Ķľ V) ĳōř Ln«ǐĺĳēĵҾŐ 

ĬĽ U(ǐHšǐ¦dĽԆᵊšἨĲĵ ḾὊ ĺ

UšҾŐŚ!ĬĽĮŐĺ Ủ(4)Ľ š ͮỦĽ

ŗĕĺ ĳĺ ĠŚG %ĢĢĶĽ nľ ĺ

ĶđŚĢķšῨ ĺỞĦĵēŚįĠĶ Ủ(4)

ĹĸĺὶĵĞŚ nķľ ╗ľ ͒ĦĹēH! 

 Ὗ В ὥ
d

В ὥ ὦ
d

В ὦ
d

    (6A4.7)  

Ǌ( an- bn)ľ╟ ἽּוĨŚŗĕĺἨř Ǌbnľ ᴙἽּוĶľđŚě ᴁẐĬĽőĽľщ

ĺĹŚŗĕĺἨŚ!ᵭĶ ĚŚŗĕĺ Ǌbnľ ⱧԆẪMĽѯ Žƭķ͇ĞĽӒת

Ľꞈᵧṥ Ľ ķĨŚĽě ēGₑ 2H!ĬĕĨŚķ Ǌ( an- bn)ľ ֕Ӕ ꞈᵧṥ

Ľ ĺĹŚĚŘ ֩ѕ SGₑ 1AHĽכĺŗŘĹēỦĺĹŚ! 

 ĢĽ ⁯Ķ ὶš⁮ŐŚĮŐĺ ≥ ꞈᵧṥ š ֕Ӕ ǧ( r )ķ͇Ӕ ǥ( r )

ĺ ĠŚ! 

 
ȿἺȿ

‪Ἲ ‰Ἲ  (6A4.8)  

ǧ( r )ľ r¦dĶ r - 3ŗřꜙĞἽּוĨŚőĽš◑Ņ!Ģśľ 6.1 ╜[2] Ķ╝ ĦĮŗĕ

ĺ ě╟ ἽּוĨŚĮŐĽ ᴙĶđŚ!ĬĽῺḀ ǥ( r ) =1/ r -ǧ( r )ľ r¦dĶǥ

( r )¦r - 1 ĳōř≥ ꞈᵧṥ ĺ֕ĴĞ!ĢśŘšẠĲĵ Ủ(3)Ľ Uš֕Ӕ USR

ķ͇Ӕ ULR
ǑG Ķľ ĺ ULRHĺ ĠŚ! 

 Ὗ Ὗ Ὗ     (6A4.9)  

ĮįĦ  

 Ὗ В В ήή
i

ȟἘἶɴ ἠ
‪Ἲ Ἲ Ἐἶ  (6A4.10)  

 Ὗ В В ήή
i

ȟἘἶɴ ‰Ἲ Ἲ Ἐἶ  (6A4.11)  

ĢĢĶ USRľ Ln«R3 ĨĹŞİ ᵊ Ľ֩ѕ Ľ ĺĹĲĵēŚě ֕Ӕ įĚ

Ř ᴕԄľ Ỹ֩ѕ ķĬĽἾřG ľ minimum imageHįĠĽ ĺĹŚ!ˢ Ủ

ķĦĵľ(10)ĽōōĶ ē!ˢ  Ủ (11)  Ľ͇Ӕ ULR
Ǒľ ҁḀš śĵ Ħכ

ĹēķẠėŚכĺĹŘĹēĽĶ ˀͮĶῧĦĞ╝ ĨŚ! 

 

[3] ͇Ӕ  ĺ ᷆ 

 ˀͮ Ủ(11)Ľ͇Ӕ ULR
ǑĽѲ Ľˢ Ủ ĳōřǥ( r )ĺ֥ Ĺכš śĩ

ĺ ҾŐŚ!Ģśľ  ᴙἽּוĨŚ ĹĽĶ ˋě !͇ĞĚŘĽѲ ľἾѻ↑š

6A4. 2  ֩ ֪ᶇ ֩ ֪

ᶍ ᴻ  








































































































































































































































































































































































































































































































































































































































